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ABSTRACT 

The physical, chemical and microstructural properties of 

corn from three production areas-- U.S.A., Ontario and Alberta, 

were compared and discussed relevant to distilling. 

The major chemical constituent in corn was starch. Alberta 

corn was found to have less starch compared to corn from U.S.A. 

or Ontario. Sucrose, the main sugar, did not vary consistently 

and was low in content for all areas. When the structural 

carbohydrates were compared, the pentosan content and the glucan 

associated with fiber were higher in Alberta corn compared to 

corn from U.S.A. or Ontario. This data supported the observation 

that Alberta corn generally yields less alcohol. 

Based on the physical characteristics of the kernel, Alberta 

corn had a larger germ and a smaller endosperm, indicative of a 

higher lipid content and a lower starch content respectively, 

compared to corn from U.S.A. or Ontario. Examination of the 

endosperm by scanning electron microscopy revealed that in 

Alberta corn, the endosperm was almost completely horny, typical 

of flint corn. In U.S.A. and Ontario corn, it consisted largely 

of floury endosperm, typical of dent corn. The starch granules 

in corn endosperm were found to have hollow cores, which were 

larger in granules from floury endosperm. 

When starch was prepared from selected corn samples and the 

properties measured, viscoamylography indicated that Alberta 

starch had slighty higher viscosities compared to starch from 

U.S.A. or Ontario corn. 
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1. INTRODUCTION 

Corn (Zea mays L.) is a major grain crop in North America 

having principal usage as a high energy feed, a source of 

industrial starch, a base for the manufacture of high fructose 

corn syrup and an adjunct in alcohol production. Yellow dent 

corn is the highest yielding and most popular biotype of corn 

grown in the USA and Eastern Canada. Due to its greater 

tolerance of drought and cold temperature, the yellow flint 

biotype is most commonly grown in Western Canada. 

1 

During the 1960's, Joseph E. Seagram and Sons Ltd. sponsored 

an extensive agronomic program to establish the production of 

corn cultivars which would be suitable for mashing in their 

Gimli, MB and New Westminister, BC distilleries. The most 

successful regions for grain corn were Southern Manitoba and 

Southern Alberta. The Central Canadian Distillers Corp., 

Weyburn, SK, found that slower fermentations and lower alcohol 

yields were characteristic of flint corn obtained from Carmen, MB 

as compared to dent corn from North Dakota. Starch analyses 

conducted by the Crop Science Department showed that samples of 

both types of corn contained 70 - 71 % starch (F. Sosulski, 

Department of Crop Science, University of Saskatchewan, 

Saskatoon, SK, personal communication). 

More recently, Palliser Distillers Ltd., Lethbridge, AB, 

invited Agriculture Canada, Research Station, Lethbridge, AB to 
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evaluate the characteristics of flint corn grown locally at Bow 

Island, AB as compared to commercial dent corn obtained from 

Ontario and Midwestern U.S.A. The specific problem with the 

locally grown flint corn occurred, in particular, during mashing. 

The Alberta corn mash was more viscous and required a longer 

cooking time to achieve gelatinization of the starch than was 

necessary for the dent type (M. s. Kaldy, Agriculture Canada, 

Research Station, Lethbridge, AB, personal communication). These 

conditions impeded the production of alcohol and adversely 

affected plant efficiency and the economics of production. 

To gain further insight into this problem, cooking trials of 

U.S.A., Ontario and Alberta corn were done. These trials showed 

that Alberta corn, for the same cooking conditions, was 

undercooked (M.s. Kaldy personal communication). 

The present research project was undertaken to characterize 

the physical and chemical differences between the dent and flint 

corns grown in their areas of adaptation. The objective was to 

examine the physical characteristics of the biotypes, determine 

their composition of constituents important in mashing and to 

evaluate the functional properties of the grains and isolated 

components such as the starch. In particular, the study was 

directed towards the quantitative and qualitative characteristics 

of the pentosans in the corn endosperm that could affect 

viscosity characteristics of the corn slurry, and the thermal 

viscosity and gelatinization characteristics of the corn starch. 



2 . LITERATURE REVIEW 

2.1 Background 

2.1.1 Botanical Description 

Corn or maize (Zea mays, L.) is an annual grass with solid 

furrowed stems and alternate, broadly linear leaves. The root 

system is fibrous. It is a cross-pollinating species. Corn is 

monoecious with the male flowers arranged in terminal panicles 

called tassels. The female flowers are clustered in a spike on 

an axillary spadix called a cob, which is enclosed by modified 

leaves making up the husk. The yellowish styles or corn silk 

hang out of the husk in a tuft of threads. Corn normally 

develops one or two ears per plant. The one-seeded fruit is 

usually yellow in color but may range in color from white to 

black. From 300 - 1000 kernels arranged in rows can develop on 

the cob. 

3 

Corn is indigenous to the Americas and is thought to have 

originated in Mexico. The wild progenitor is theorized to be 

either teosinte (Z. mexicana) or an extinct wild pod corn. Corn 

spread north to Canada and south to Argentina. Following the 

European discovery of the western hemisphere, corn spread to 

Europe and from there to the rest of the world. 

2.1.2 Chemical Composition 

Watson {1987) reported that the major component of the dent 

corn kernel, starch, constituted over 70 % of the dry matter 
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{Table 2.1). Protein, fiber, fat and ash contents are much lower 

at 9, 9, 4 and 1 %, respectively. Sugars constitute about 3 % of 

the dry matter. 

Fiber or structural carbohydrates were present in 

significant amounts {Table 2.1). Neutral detergent fiber content 

was 9.5 %, being composed of 3.3 % cellulose and 6.2 % pentosan 

as xylose (Watson 1987). This is the only reference which deals 

with these two components in whole corn. 

The major minerals were phosphorus, potassium and magnesium 

which were 0.29, 0.37, and 0.14 %, respectively {Table 2.1). The 

sum of starch, protein, fat, ash, sugar and neutral detergent 

fiber was 99.0 %. 

2.2 Biotypes 

2.2.1 Description of Biotypes 

The corn seed or kernel consists of a pericarp, aleurone, 

endosperm and embryo. The haploid number of chromosomes is 10. 

The pericarp or seed coat, which covers the kernel and 

furnishes protection, is the transformed ovary wall. Thus it is 

exclusively maternal tissue. Sometimes the tip cap, the place 

where the kernel was attached to the cob, is considered 

separately from the pericarp. However, since it is relatively 

small, for the purpose of this discussion the pericarp will 

include the tip cap. During commercial processing the pericarp, 

which accounts for 5 - 6 % of the kernel, makes up most of the 

bran fraction (Wolf et al, 1952). 
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Table 2.1 Chemical composition of corn, expressed as percent of 
dry matter (Watson 1987). 

Component 

Starch 

Protein (N x 6.25) 

Fat 

Ash (oxide) 

Sugars 

Neutral Detergent Fiber 

Cellulose 

Pentosans (as xylose) 

Phosphorus 

Potassium 

Magnesium 

Sum of starch, 
protein, fat, ash, 
sugar and fiber 

Amount 

71.7 

9.5 

4.3 

1.4 

2.6 

9.5 

3.3 

6.2 

0.29 

0.37 

0.14 

99.0 



The aleurone layer is a single layer of cells lying 

immediately under the pericarp (Zuber and Darrah 1987). The 

aleurone cells have two sets of chromosomes from the female 

parent and one set from the male parent, making them 3n. During 

processing the aleurone usually remains with the pericarp and, 

thus, is part of the bran fraction (Watson 1987). 

6 

The endosperm, which is also 3n, makes up most of the 

kernel, usually 80- 85% by weight (Zuber and Darrah 1987). The 

cells are filled with starch grains. 

The embryo or germ, which is 8 - 10 % of the kernel weight, 

is actually a young dormant plant (Zuber and Darrah 1987). Some 

writers, however, use the term "germ" to refer to the embryo and 

scutellum (Watson 1987). It is 2n with one set of chromosomes 

from each parent. It constitutes the germ fraction during 

processing and contains protein and lipid. 

Based on endosperm characteristics, five general biotypes of 

corn are delineated: pop, flint, dent, floury and sweet (Watson 

1987). Sweet corn is unique compared to the other four classes 

because the endosperm consists of sugars and dextrins, and will 

not be considered further. 

As far as the other classes are concerned, two types of 

endosperm can be readily observed (Wolf et al 1952). Horny or 

corneous endosperm is hard and vitreous or shiny in appearance, 

resembling horn. Floury endosperm is soft and mealy, easily 

ground up and opaque or chalky in appearance. The ratio of horny 

to floury determines the biotype. In general, popcorn has a 
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large proportion of horny endosperm around a small central core 

of floury endosperm. Floury corn has an endosperm that is almost 

entirely floury. Flint corn has a thick, hard, vitreous 

endosperm surrounding a small floury, granular center, similar to 

popcorn but the kernel is much larger. Dent corn has horny 

endosperm at the back and sides of the kernel while the central 

core extending to the crown of the kernel is soft and floury. 

The ratio of horny to floury endosperm in dent corn is about 2:1. 

The endosperm characteristics affect the way the kernel 

dries upon maturity. Floury corn shrinks uniformly. Flint and 

popcorn also shrink uniformly but not as much and remain 

vitreous. In dent corn, the floury endosperm shrinks more than 

the horny endosperm. Consequently, as the center of the kernel 

dries and shrinks, the crown collapses and forms the 

characteristic indentation. Neither flint nor popcorn is dented 

because the crown is supported by the thick layer of horny 

endosperm. 

The ratio of horny to floury endosperm in dent corn varies 

and is caused by inheritable and environmental influences. 

Consequently, dent corn hybrids can be classified as hard, 

intermediate and soft, where hard has the most horny endosperm 

and soft, the most floury (Watson, 1987). While the horny to 

floury ratio can be determined by staining and microscopic 

analysis, test weight and density values show the highest 

correlation with hardness (Pomeranz et al 1986). The average 

density for dent corn has been reported as 58.3 lbfbu or 72.7 



kgfhl. Since flint and popcorn kernels contain a denser horny 

endosperm, they have a greater density than dent corn. 

2.2.2 Chemical Composition of Dent and Flint Biotypes 

8 

Earle et al (1946) reported the chemical composition of 

whole kernel and kernel components of dent and flint corn on a 

percent basis for each component and as a percent of the total in 

the kernel (Tables 2.2a and 2.2b). Comparison of the chemical 

composition for whole kernel showed that dent corn had more 

starch but less fat and protein compared to flint. As far as the 

distribution of kernel components was concerned, dent corn had a 

larger endosperm and a smaller germ compared to flint corn which 

accounted for the higher fat and lower starch content of flint 

corn. 

Comparison of the proximate composition based on a percent 

of the total in the kernel, showed that dent endosperm had more 

fat and ash but less protein compared to flint endosperm (Table 

2.2a). As far as the germ was concerned, dent germ contained 

more of the kernel protein but less fat and ash compared to flint 

germ. Table 2.2b showed that endosperm contained most of the 

starch and protein while the germ contained most of the fat and 

ash. Based on the unaccounted for material, pericarp and tip cap 

contained most of the fiber. 



Table 2.2a Composition of kernel and kernel components in corn, 
expressed as percent of dry matter (Earle et al 1946). 

9 

Percent Starch 
of Whole 

Fat Protein Ash 
(N X 6.25) 

Sugar Difference 

Endosperm 

Dent 82.9 87.6 0.8 8.0 0.3 0.6 2.7 

Flint 80.6 84.7 0.8 12.8 0.2 0.7 0.8 

Germ 

Dent 11.1 8.3 33.2 18.4 10.5 10.8 18.8 

Flint 13.5 8.0 35.3 20.2 9.5 10.0 17.0 

Peri carp 

Dent 5.3 7.3 1.0 3.7 0.8 0.3 86.9 

Flint 5.1 7.0 1.0 4.6 1.2 0.3 85.9 

Tip Cap 

Dent 0.8 5.3 3.8 9.1 1.6 1.6 78.6 

Flint 0.8 5.3 3.7 9.2 1.4 1.4 79.0 

Whole 

Dent 100.0 73.4 4.4 9.1 1.4 1.9 9.8 

Flint 100.0 67.8 5.6 13.6 1.5 2.0 9.5 



Table 2.2b Composition of kernel components in corn, expressed 
as percent of the total in the kernel dry (Earle et al 1946). 

Starch Fat Protein Ash Sugar 

Endosperm 

Dent 98.1 15.4 73.8 17.9 28.9 

Flint 97.9 11.5 77.3 12.5 29.9 

Germ 

Dent 1.5 82.6 26.2 78.4 69.3 

Flint 1.5 87.1 20.4 82.9 68.7 

Peri carp 

Dent 0.6 1.3 2.6 2.9 1.2 

Flint 0.5 0.9 1.7 3.9 0.8 

Tip Cap 

Dent 0.1 0.8 0.9 1.0 0.8 

Flint 0.1 0.6 0.5 0.8 0.6 

10 



11 

2.3 Corn Culture 

Corn is grown over a wide range of climatic conditions 

although the most successful areas are in the middle latitudes. 

Climate is the key to determining production areas (Benson and 

Pearce 1987). Temperature and moisture are important in 

determining whether corn can adapt to an area. Length of growing 

season is also a limiting factor. An important environmental 

factor is solar radiation. Based on weather conditions, annual 

yield can vary by 20 % in the u.s. Corn Belt. 

Low temperature is the most common cause of slow emergence 

of corn seedlings (Benson and Pearce 1987). Germination nearly 

stops at 10 °C as does radicle and shoot elongation, which can be 

a problem in northern areas. This growth is also inhibited at 

the upper range of 40 °C. The optimum temperature is 30 °C. 

During the development of the later vegetative stages, 

temperatures of 21 oc (daily min) and 32 °C (daily max) give the 

fastest rate of development. Optimum temperatures for corn 

development, however, are not optimum for maximum grain yields. 

Highest corn yields are associated with daytime maximums of 24 -

30 oc if rainfall is optimum. Cool nights and sunny days are 

considered ideal. 

The corn growing areas of Canada are situated at the 

northern edge of the continental corn growing areas. There is 

a rapid decrease in growing season towards the north in Canada, 

as measured on the Corn Heat Unit (CHU) maturity index. Hybrids 



are rated by this system (Hilliard and Daynard 1974) and 

recommended for specific CHU zones. 
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Studies with a short season maize hybrid in Ontario showed 

that the best day/night temperature regime was 25/15 oc (Badu

Apraku et al 1983). At this regime, the largest whole plant 

weight, grain weight per plant and kernel size was obtained as 

compared to regimes such as 35/15 and 35/25 °C. Another study 

with Ontario corn also established that the rate of grain filling 

and mature kernel size are dependent upon endosperm starch 

granule number (Reddy and Daynard 1983). 

Around Lethbridge, Alberta the growing season is about 120 

days. At Bow Island to the east, the season may be up to 130 

days if the spring is early (M. MacDonald, Agriculture Canada, 

Research Station, Lethbridge, Alberta, personal communication). 

Since water is supplied by irrigation, growing season and 

temperature become the key factors in crop production. At the 

end of the growing season, corn is harvested at 25 - 27 % 

moisture and is artificially dried down to 15.5 % moisture for 

immediate sale and 14.0 % for storing (M. MacDonald, personal 

communication). High temperatures during drying are avoided 

since they can adversely affect starch recovery (Weller et al 

1988). The average test weight is 70 kg/hl (56 lbfbu). If there 

are more CHU during the growing season, the test weight can be as 

high as 72 kgfhl. In Canada, No 1 and No 2 grade corn have 

minimum test weights of 68 and 66 kgfhl, respectively, compared 

with U.S.A. where they are 70 and 61.5 kg/hl, respectively. The 



distillery may purchase corn with a test weight as low as 69 

kgfhl (54 lbfbu) but not any lower (S. Heller, Palliser 

Distilleries, Division of Gilbey Canada, 2925 9 Ave. N., 

Lethbridge, Alberta, personal communication). 
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Major problems have yet to be overcome in breeding grain 

corn for southern Alberta (M. MacDonald, personal communication). 

The first goal is to develop cultivars suitable for shorter 

growing seasons. Cultivars have already been developed for 2150 

CHU, which restricts adaptability to areas in southern Manitoba 

and Medicine Hat-Bow Island, Alberta. Cultivars that would 

mature with only 1900 CHU are required to extend the range of 

crop production and to minimize crop failures. The stock 

strength should be increased to prevent problems such as lodging, 

and grain quality needs to be improved to provide higher alcohol 

yield. 

Originally it was thought that better cultivars could be 

developed for Alberta by crossing cold tolerant flint, that could 

be grown in Alberta, with high yielding American dent corn (M. 

MacDonald, personal communication). This was originally how the 

high yielding dent of the American corn belt was developed; early 

flowering northern flints were crossed with a late flowering 

southern dent called gourdseed (Zuber and Darrah 1987). However, 

it was found that flint x flint also produced improved hybrids so 

more of these crosses were utilized in selecting suitable 

cultivars for western Canada. 

Reddy and Daynard (1983) also reported that a flint-dent 
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hybrid with a large kernel size could have a greater yield than a 

small kernel dent hybrid. This was possible because grain yield 

was found to be dependent upon endosperm starch granule number 

which was related to endosperm cell number. Consequently, it is 

possible for a flint hybrid to have a better yield than a dent 

hybrid. 

2.4 Starch Content Versus Growing Season 

Many industrial users of Ontario corn have discriminated 

against corn from areas with shorter growing seasons (lower CHU) 

because they considered the quality inferior. Hilliard and 

Daynard (1974) compared test weight, kernel size, starch content 

and protein content of grain corn from a range of CHU areas in 

Ontario over a 2 yr period. The study found that corn from low 

CHU regions tended to be lower in test weight and kernel size 

compared to higher CHU regions. Test weight correlated with CHU 

(r=0.6) and 100-kernel weight (r=0.6), the r-values being 

significant at 1 %. There were no significant correlations 

between test weight and either starch or protein contents. This 

implied that the level of starch and protein in mature corn was 

not influenced by test weight. The authors speculated that the 

lower test weights of corn from the short season areas may be due 

to genetic and agronomic factors. Since corn from these areas 

was harvested at higher moisture levels than corn from longer 

season areas, it was artificially dried which could lead to 

reduced test weights, especially if excessive temperatures were 
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used. Also, high moisture at harvest and high temperatures 

during drying have been shown to adversely affect starch recovery 

(Weller et al 1988). 

2.5 Kernel Carbohydrates 

The developing endosperm in a corn kernel contains cells of 

varying physiological ages. A major gradient of cell maturity 

exists from the central crown regions, containing the most 

mature, to the basal endosperm (Boyer and Shannon 1987). A minor 

gradient forms from the central crown region to the peripheral 

cells adjacent to the aleurone. Since not all the cells are the 

same age, analysis of kernel composition represents the average 

of the population. 

2.5.1 Sugars 

At maturity, sugars comprise only 2 % of the kernel dry 

weight in dent corn according to Boyer and Shannon (1987). The 

primary monosaccharides are glucose and fructose which occur in 

approximately equal proportions. sucrose is the major 

disaccharide. The content of sugars is higher in sweet corn for 

which much data has been published. 

2.5.2 Structural Carbohydrates 

Cellulose fibers are the basic structural units of plant 

cells. Cellulose is a linear homopolymer of D-glucose linked 

beta (1-->4), with a degree of polymerization of 10,000 (Aspinall 
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1982). The beta (1-->4) linkage of cellulose results in each 

adjacent residue being rotated 180 o about the molecular axis 

relative to the previous residue, producing a chain that is like 

a flat ribbon (Zobel 1988). This shape permits high density 

packing which gives the cellulose chain a great deal of strength. 

Associated with the cellulose are a number of other 

polysaccharides called the matrix polysaccharides. An important 

component of the matrix polysaccharides are polymers called 

pentosans or, alternatively, arabinoxylans or hemicellulose. 

They are polymers of 5-carbon sugars consisting of a backbone of 

beta (1-->4) linked xylose with various degrees of branches of 

(1-->3) linked L-arabinose. Corn hemicellulose has been shown to 

consist of 90 - 95 % xylose and arabinose (Oomiya and Imazoto 

1982) . 

2.5.3 Phytoglycogen 

Sweet corn has been shown to contain significant amounts of 

a water soluble storage polysaccharide called phytoglycogen 

(Garwood et al 1976). Small amounts occur in other corn 

biotypes. Phytoglycogen is an alpha (1-->4) glucan with 

extensive alpha (1-->6) branching similar to animal glycogen but 

of higher molecular weight. Phytoglycogen is considered to be 

intermediate between glycogen and starch. 

2.5.4 Starch 

Starch is a homopolymer of D-glucose consisting of two 
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fractions, amylose (25 - 30 %) and amylopectin (70 - 75 %) in 

normal corn (Shannon and Boyer 1987). Amylose is a linear alpha 

(1-->4) linked glucan with a degree of polymerization 1,500 -

6,000, MW = 200,000 - 250,000. Amylopectin contains linear 

regions of alpha (1-->4) glucose units with periodic branching of 

linear regions occurring at alpha (1-->6) bonds. The degree of 

polymerization is 3 x 105 3 x 106 with MW 50 - 500 x 10
6 

(Zobel 1988). 

Amylose and amylopectin are arranged structurally in an 

insoluble starch granule. The starch granule is synthesized in 

an organelle called the amyloplast (Boyer and Shannon 1987). The 

exact nature of the synthesis and incorporation of amylose and 

amylopectin into the starch granule is unknown. However, growth 

rings can be visualized microscopically after mild acid 

treatment. When starch granules are first synthesized, they are 

round but as the endosperm becomes packed, they take on polygonal 

shapes. Horny endosperm is more tightly packed, therefore, the 

granules have more angular faces. The granules are about 6 - 15 

~m with an average of 11 ~min diameter (McCluskey et al 1980). 

Amylopectin is believed to be responsible for the 

crystallinity of starch (Boyer and Shannon 1987). This 

crystallinity can be demonstrated by the birefringence of 

polarized light and X-ray diffraction. Mutant waxy maize, which 

contains solely amylopectin, has the same crystalline properties 

as those from normal starch. High amylose starches, on the other 

hand, do not have a high degree of crystallinity and the 
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amorphous regions are thought to be responsible for the irregular 

shapes of the starch granules {Boyer and Shannon 1987). 

Amylose in the granule, because it is arranged amorphously, 

is first leached out of the granule upon heating in water or 

after mild acid treatment. The alpha {1-->4) linkages in amylose 

impart a gradual, natural twist to the polymer {Zobel 1988). A 

helix is produced where 6 glucosyl residues repeat at 21 A 

intervals. Two helices can associate, which is the form of 

amylose in native starch and retrograded amylose. The interior 

of the helix is composed of hydrogen and oxygen atoms while the 

exterior consists mainly of carbon atoms. A hydrophobic surface 

results. It is further believed that, in Type A starches, which 

include cereal starches, six double helices are arranged 

hexagonally about a central double helix. In Type B starches, 

the central axis consists of water (Lineback 1984). 

2.6 Physical Properties of Starch 

The physical properties of starch, which are important in 

industrial applications, can be measured by viscoamylography, 

differential scanning calorimetry {DSC), polarized light 

microscopy and X-ray crystallography, as well as other techniques 

(Atwell et al 1988). The two that will be discussed in relation 

to starch properties are viscoamylography and DSC. 

The Brabender viscoamylograph can be used to measure the 

changes in viscosity of a starch suspension during a cycle of 

heating, resting, cooling and resting at specific temperatures 
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(Mazurs et al 1957). A starch slurry is prepared and heated at a 

rate of 1.5 °C/min from 50 °C to a temperature of 95 oc in 30 

min. The temperature is maintained at 95 °C for 1 h then cooled 

at a rate of 1.5 °C/min back to 50 °C in 30 min. It is held at 

50 °C for 1 h. The changes in viscosity are recorded 

graphically. Based on the graph, certain events are noted. 

The pasting temperature is the temperature where the 

viscosity reaches a maximum during the initial heating cycle. It 

indicates that gelatinization has occurred, i.e. the molecular 

order of the starch granule has collapsed along with other 

changes such as granular swelling, crystallite melting, viscosity 

development, starch solubilization and loss of birefringence 

(Atwell et al 1988). 

Viscosity changes, depending on starch type, can occur when 

the starch solution goes through the remainder of the high 

temperature resting, cooling and low temperature resting cycles. 

When starch is rested at 50 oc, the presence of an event called 

retrogradation is searched for. If retrogradation occurs, it is 

the increase in viscosity when starch molecules, particularly 

amylose, begin to reassociate into an ordered structure. 

Differential scanning calorimetry (DSC) has been developed 

for studying the phase transitions that starches undergo when 

heated in the presence of water by measuring the heat flow 

(Kugimiya et al 1980, Eberstein et al 1980). Most starches show 

an irreversible endothermic gelatinization in the temperature 

range of 65 - 75 °C. Consequently, the temperature and enthalpy 
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of gelatinization and the temperature range over which 

gelatinization occurs can be measured. For some starches 

including normal corn, a second reversible endothermic transition 

near 100 oc is observed which is interpreted as being due to a 

helical amylose-lipid complex (Kugimiya et al 1980). This 

transition can be reduced or eliminated by methanolic extraction 

of the starch. 

Based on DSC studies, corn starch was shown to have a 

gelatinization temperature of 72 oc and an enthalpy change of 3.2 

calfg (Kugimiya et al 1980). An enthalpy of 0.4 calfg was 

calculated for the 97 oc transition. From a second study, corn 

starch was shown to have a gelatinization temperature of 70.6 oc, 

an enthalpy of 3.3 calfg and a gelatinization range of 65 - 77 oc 

(Eberstein et al 1980). 

2.7 Lipid-Amylose Interactions 

Due to its helical nature, amylose can form complexes with 

fatty acids (Mikus et al 1946) or monoglycerides (Eliasson and 

Krog 1985). These lipid-amylose inclusion complexes were shown 

to be resistant to amylolytic hydrolysis under certain conditions 

(Murtagh 1974) and could also interfere with amylose 

determination by iodine binding since the occluded lipid 

prevented the binding of iodine (Morrison and Laignelet 1983, 

Krueger and Strobl 1984). The completeness of fermentation is 

often assessed by testing for the presence of starch with iodine. 

Also, the thermal stability and the resistance to amylolysis of 



monoglyceride-amylose complexes increased with increasing chain 

length and decreased with increasing unsaturation of the 

monoglyceride (Eliassen and Krog 1985). 
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Studies have shown, however, that amylose-lipid complexes 

may not be as severe a problem in mashing as was first thought. 

Thermostable a-amylase, Termamyl (Novo), can hydrolyze 88% of 

fully saturated amylose:lipid (5:1) at 100 oc for 15 min where 

the fatty acids were oleic and palmitic (Holm et al 1983). 

However, fully saturated amylose:lipid would not occur under 

normal mashing conditions. The same study showed that in rat 

intestines, saturated amylose-lipid complexes, based on stearic 

and palmitic acids, were digested (although more slowly than free 

amylose). DSC studies have also shown that fatty acid-amylose 

complexes dissociated at 88 - 115 oc and that the temperature of 

dissociation was dependent upon the chemical conditions under 

which the complex was prepared (Raphaelides and Karkalas 1988). 

In addition, conditions for mashing have been determined to 

minimize the formation of lipid-amylose complexes (Murtagh 1974). 

2.8 Mashing and Fermentation 

Mashing is the process where the ingredients or substrates 

for fermentation are converted into a form that can be utilized 

by yeasts during the fermentation process. Generally, the 

process involves cooking and enzyme treatments to convert the 

starch into sugars; some hydrolysis of other components such as 

nitrogenous and other growth factors also occurs. Fermentation 
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is the process where the yeast metabolizes the sugars and these 

other nutrients prepared during mashing and produces ethanol as a 

by-product. The mashing and fermentation process can be 

summarized as follows {Maisch 1987): 

Mashing 
enzymes 

{C6H100 5 ) n + nH20 ----> nC6H120 6 

starch 
162 

+ water 
18 

----> glucose 
180 

Fermentation 
yeast 

C6H120 6 ----> 2C2H50H + 2C02 

glucose ----> 
180 

ethanol 
2 X 46 

92 

+ carbon dioxide 
2 X 44 

88 

The fermentation reaction is anaerobic. During 

fermentation, cell growth and multiplication of the yeast also 

occur. The glycolytic degradation of glucose for these processes 

results in the theoretical conversion of nearly half of the 

glucose to carbon dioxide. The majority of the rest of the 

glucose is converted to ethanol. In actuality, the yield of 

ethanol is close to 90 % of theoretical. Some carbohydrate is 

converted to cells and some to minor end products of metabolism 

such as glycerol and organic acids. 



23 

2.8.1 Enzymes used during mashing 

During the mashing process, enzymes are used to convert 

gelatinized starch into sugars that can be utilized by the yeast 

at fermentation. Two major enzyme treatments are generally 

involved. The first enzyme treatment, referred to as 

liquefaction since the viscosity of the mash is reduced, produces 

dextrins. The second enzyme treatment produces sugars, mostly 

glucose, by a process referred to as saccharification. Other 

minor reactions, involving enzymes such as proteases and cytases, 

also occur. 

The mode of action of these enzymes is different. The 

liquefaction enzymes attack chemical bonds in the interior of the 

starch polymer and are classed as endoamylases. The 

saccharification enzymes attack chemical bonds at certain 

terminal positions of a molecule and are called exoamylases. 

Enzymes are also temperature and pH sensitive so that these 

parameters must be considered. 

Based on these considerations, three commercial enzyme 

preparations, produced by Novo (Lachine, PQ), are potentially 

available for use in mashing (Boyce 1986). Termamyl and BAN are 

both a-amylases, suitable for liquefication of starch, with the 

former having a higher temperature stability. SAN is an 

amyloglucosidase suitable for the saccharification of dextrins, 

that are produced during the first stage of mashing. The 

properties of these enzymes are summarized in Table 2.3. 



Table 2.3 Properties of enzymes suitable for use in mashing (Boyce 1986, Keesey 1987, 
Saito 1973). 

Novo 
Product 

Source Type Action Temperature pH Cofactor Bonds 
Cleaved 

Termamyl Bacillus a-amylase 
licheniformis 

BAN Bacillus a-amylase 
subtilis 

en do 

en do 

SAN Aspergillus 
niger 

amyloglucosidase exo 

90 5 - 9 ca 
up to 

105 

70 6 - 7 Ca 
tolerates 

pH 4.6 

60 4 - 4.5 

a(1-->4) 

a(1-->4) 

a(1-->4) 
slowly: 
a(1-->6) 

24 
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2.8.2 Mashing and fermentation process 

Corn is used in the production of neutral spirits because of 

its low cost and high starch content. The distiller's aim is to 

produce a high grade ethanol free of congeners, flavor or 

aromatic compounds. Because of this, liquefaction of corn starch 

can be done with fungal or bacterial a-amylase. This is in 

contrast to the production of whiskeys and beer where the 

presence of congeners is necessary and, consequently, expensive 

malts are used for enzyme sources. 

The following description of the process is based on 

Nagodawithana (1987). It represents a generalized account; each 

distillery has its own process adapted to meet the special needs 

for its own situation. The corn is ground using a hammer mill. 

The particle size distribution is such that at least 90 % of the 

ground material passes through a 20 mesh screen. Large particles 

are avoided because they are not fully hydrated and gelatinized 

when the mash is cooked. Finer particles are also avoided 

because it makes the separation of the final beer (the alcohol 

solution after fermentation) difficult to separate from the spent 

distiller's grain. 

A slurry is formed from the ground corn with water, and the 

pH is adjusted to about 6.3 with calcium hydroxide. The next 

step is gelatinization. Some a-amylase is added at this step to 

prevent excessively high viscosities during gelatinization. The 

slurry is gelatinized by raising the temperature to 100 oc with a 

holding time of 30 - 60 min in the case of atmospheric cooking. 
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When pressure cookers are used, cooking is done by the high 

temperature short time (HTST) method at 160 oc for 5 min. After 

atmospheric cooking, the mash is then quickly cooled using 

vacuum. With pressure cooking, the vessel is flashed to 

atmospheric pressure and a vacuum is drawn. The a-amylase 

activity at this point is greatly reduced or absent due to the 

high temperatures used during gelatinization. 

The gelatinized starch is further liquefied to reduce the 

viscosity with more a-amylase. Fungal alpha-amylases are added 

at 63 oc during cooling. Since bacterial alpha-amylases are high 

temperature tolerant, they can be added at about 85 oc or higher 

depending on the heat stability of the enzyme. The total solids 

in the slurry are adjusted to 20 - 25 % (w/v) using stillage 

(distillery waste liquor) and water. Stillage is added in the 

range of 10 - 30 % to provide nutrients, increase buffering 

capacity and reduce water consumption; the process is called 

slopping back. Through the use of dilute hydrochloric acid, the 

pH is adjusted to 4.5. Saccharification is initiated at 60 oc in 

the presence of amyloglucosidase. 

After the saccharified mash is cooled in a fermentor to 30 -

32 °C, the mash is pitched with highly active dry distiller's 

yeast at a level of 0.24 - 1.20 kg/1000 L mash. Compressed yeast 

may also be used. The selection of the yeast is based on alcohol 

tolerance and production, and resistance to higher temperatures. 

The fermenting medium is mixed and fermented for 48 - 72 h. 

When the fermentation is complete, the beer is normally 
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distilled in a multi-column continuous distillation unit {Bluhm 

1983). The process is very complex since the distillate from one 

column is fed into another column for further purification. The 

first column separates the volatile organic compounds from the 

mash. They consist of ketones, aldehydes, ethanol and fusel oils 

of various boiling points along with some water. Then these 

volatile organics are separated on a selective distillation 

column. The more volatile aldehydes and ketones that come off the 

top of the column with ethanol are directed to the aldehyde 

column. The aldehyde column distills off the aldehydes and 

ketones, and the ethanol is sent for redistilling. The fusel 

oils along with any ethanol that come off the bottom of the 

selective distillation column are sent to the fusel oil column 

where they are distilled off and any ethanol, also separated, is 

directed for redistilling. Finally any ethanol that has come off 

any of these columns is distilled to about 95 % {vfv) ethanol in 

the product concentrating column. 

The concentrated ethanol may be further treated with 

activated charcoal to reduce the level of congeners in the 

distillate. Neutral grain spirits are often used for blending. 

2.8.3 Critical points during fermentation 

During the fermentation process, certain critical points 

have to be examined to ensure that the fermentation process 

proceeds to the optimum: 

1. The distiller's yeast can utilize all the available 



28 

carbohydrate at 16 - 20 % sugar. Higher sugar concentrations can 

cause fermentation difficulties due to osmotic pressure. Also 

problems such as high viscosity may be encountered. 

2. Ethanol has an inhibiting effect on yeast growth and 

alcohol production. Therefore, this puts an upper limit on the 

yield of alcohol. 

3. The optimum temperature for distiller's yeast is 28 - 30 

°C. High temperatures can cause a loss in viability. 

4. Trace amounts of oxygen are required for yeast growth 

for the synthesis of unsaturated fatty acids and sterols for 

membrane snythesis and activity. 

5. Yeasts have nutritional requirements that must be met 

during fermentation to ensure that yeast growth and ethanol 

production can occur. 

If these conditions are not satisfied, fermentation may 

cease prematurely. This is referred to as a stuck fermentation. 

Generally, mash from a stuck fermentation can be blended with 

other mashes to use up the unfermented sugars. 

2.8.4 Influence of grain on fermentation 

2.8.4.1 Grain maturity 

VanCauwenberge {1985) examined the effect of grain maturity 

on the efficiency of alcohol conversion. Corn was collected 

from plants at several stages of maturity beginning 32 days after 

silking and each week thereafter until maturity. In order to 

compensate for differences in starch content and to ensure that 
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the mash contained 20 % sugar, distiller's solubles, i.e. 

solution left after distillation of alcohol from fermented mash, 

were added, the amount depending on maturity. The results of 

mashing and fermentation of the samples showed that there were no 

significant differences in the efficiency of alcohol conversion 

among the samples. The results implied that corn grain maturity 

has no effect on the efficiency of alcohol conversion. 

2.8.4.2 Starch recovery 

Starch recovery has been shown to be affected by the drying 

time of grain (Weller et al 1988). The yield of starch 

decreased as air drying temperature increased. This is of 

practical importance when corn is harvested before complete 

maturity and the moisture level is high. The corn then has to be 

artifically dried to a moisture level suitable for storage, which 

is the situation in Alberta. If excessive temperatures are used, 

starch recovery is lower. The same condition may apply to 

mashing and alcohol recovery. 
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3. MATERIALS AND METHODS 

3.1 Materials 

Samples of commercial dent and flint corn were collected 

from Palliser Distillers Ltd. as they arrived from production 

areas in the Midwest U.S.A., Ontario and Alberta over a one year 

period. Individual samples were bulked in proportions which 

represented the total supplies utilized by the distillery, and 

are simply designated according to production area. 

In addition, specific lots of corn from each of the three 

production areas over various years were obtained to constitute 

replicates of the biotype and area for evaluation of the 

variability in specific chemical, physical and functional 

properties. This was to ensure that the data would be suitable 

for statistical analysis. 

All samples were hand picked to remove any broken and 

damaged kernels, and any foreign material. The 51 corn samples 

collected are listed in Table 3.1. 

3.2 Seed Preparation 

For most purposes the corn grain was ground to pass a 0.5 mm 

screen in a laboratory size hammer mill. The particle size 

approximated that obtained by the commercial grinding process. 
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Table 3.1 Description of corn samples studied 

Year Harvested Location Sample Numbers 

1981 Alberta 1 - 6 

1984 Alberta 7 - 14, 19 - 22 

1984 Ontario 15 

1984 U.S.A 16 - 18 

1985 Alberta 23, 26 - 31 

1985 U.S.A 24, 32 - 37 

1985 Ontario 25, 38 - 43 

1986 Alberta 44, 45, 47, 49 - 51 

1986 Ontario 46 

1986 U.S.A 48 
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3.3 Proximate and Physical Analysis 

Approved Methods of AACC (1983) were used for moisture, 

protein, ash and fat determinations. Standard methods were also 

used for bulk density and kernel weight. Flint and dent features 

were examined for 100 kernels of each sample. 

3.4 sugars 

3.4.1 Sugars Extracted with a Ternary Solvent 

The solvent for extracting sugars was prepared by mixing 

methanol: chloroform: water (MCW) in a ratio of 12: 5: 3 by 

volume (Haissig and Dickson 1979). At these ratios, the solvent 

is monophasic. 

Samples of ground corn (50 mg) were weighed into 16 x 125 mm 

culture tubes. Three ml MCW were added, 1 ml at a time, to each 

tube with vortexing after each ml. The samples were sonicated 

using a SonBlaster ultrasonic generator (Narda Ultrasonics Corp) 

for 10 min and then rested for 10 min to allow the solids to 

settle. The samples were centrifuged with an SS-1 centrifuge 

(Ivan Sorval Inc) for 10 min at 1100 x G and the supernatants 

carefully decanted and collected. After adding another 2 ml MCW 

to the residues, the samples were vortexed. After 10 min, the 

samples were vortexed again and centrifuged for 10 min at 1100 x 

G. The supernatants were carefully decanted into the previous 

ones for a total volume of 5 ml. To separate the MCW extracts 

into two layers, one containing sugars and the other lipids, 3 ml 

water were added to the 5 ml of extract. The volume of the polar 
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fraction of methanol and water was 6.75 ml, which was withdrawn. 

The chloroform layer was discarded. Glucose, sucrose and 

fructose analyses were conducted on the aqueous phase. 

Glucose was determined using glucose oxidase as described by 

Henry (1985). The glucose oxidase solution was prepared by 

dissolving 12.4 g disodium hydrogen phosphate, 7.1 g sodium 

dihydrogen phosphate monohydrate, 2.0 g benzoic acid, 0.1 g 

4-aminophenazone, 1.5 g p-hydroxybenzoic acid, 20 mg glucose 

oxidase (Grade II, activity 200 Unitsjmg at 25 oc, Boehringer 

Mannheim, Montreal, PQ) and 5 mg peroxidase (Grade II, activity 

200 Unitsjmg at 25 oc, Boehringer Mannheim) in 1 L distilled 

water. Five ml of the glucose oxidase solution were added to 

duplicate 1 ml aliquots of sugar extract. For a standard, 0.2 ml 

of 100 ~gjml glucose were diluted with 0.8 ml and 5 ml of color 

reagent added. A blank was also included. The mixture was 

incubated at 40 °C for 15 min and the absorbance read at 510 nm 

on a Spectronic 70 (Bausch and Lomb). Based on the standard 

absorbance, the amount of glucose in the sample was calculated. 

Sucrose was determined by the increase in glucose after 

inversion (Blakeney and Mutton 1980). Maleic acid buffer was 

prepared by dissolving 5.8 g maleic acid and 2.1 g sodium 

hydroxide in 1 L and adjusting to pH 5.5. The invertase solution 

was prepared by dissolving 12.5 mg of purified invertase from~ 

utilis, activity 325 Ujmg at 25 oc (Boehringer Mannheim, Lachine, 

PQ) in 50 ml of maleic acid buffer, pH 5.5. Duplicate aliquots 

of 0.5 ml from each methanol-water sample extract were mixed with 



34 

0.4 ml invertase solution and left for 0.5 h at room temperature. 

Standards of glucose and sucrose at 100 ~gfml were prepared in a 

similar way. From the samples and standards, 0.2 ml aliquots 

were first removed and saved for the determination of fructose. 

To the remaining volume of 0.7 ml, 5 ml of glucose oxidase 

reagent were added and the amount of total glucose present after 

inversion was determined as described earlier for glucose. By 

subtracting the amount of glucose present before inversion from 

the total amount after inversion, the glucose resulting from the 

inversion of sucrose was calculated. Since 100 g of glucose were 

produced from the inversion of 190 g sucrose, the factor of 1.9 

was used to convert the net glucose value to sucrose. 

Total fructose was determined calorimetrically with 0.02 M 

2-thiobarbituric acid (Blakeney and Mutton 1980). To the 

duplicate aliquots of 0.2 ml saved from sucrose analysis, 1 ml 

fresh 2-thiobarbituric acid color reagent (TBA), 0.144 gin 50 

ml, and 1 ml of concentrated HCl were added with mixing. The 

inversion was not necessary since TBA measures free and bound 

fructose, but was done to provide consistent results. A sample 

blank and fructose standard of 100 ~gfml were also included with 

each analysis. The tubes were heated in a boiling water bath for 

6 min. After cooling to room temperature, 1 ml water was added 

and the absorbance read at 430 nm. The amount of fructose due to 

sucrose was calculated by dividing the previously determined 

sucrose content by 1.9. This value was subtracted from the total 

fructose and the amount of fructose present, i.e. free, in the 
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sample was calculated. 

A computer program was written to calculate the 

concentration of each sugar. All data are expressed as a percent 

of sample and calculated on a dry weight basis. 

3.4.2 Sugars Extracted by Homogenization in 80 % Methanol 

In this method, the sugars were extracted with 80 % 

methanol, purified, derivatized and analyzed by gas 

chromatography as described in Method 8 of Pierce (1988). 

Ground corn samples (2.000 g) were weighed into 50 ml 

beakers. Exactly 15 ml of 80 % methanol (vfv) were added and the 

samples extracted for 2 min using a Polytron homogenizer. The 

slurries were poured into 50 ml centrifuge tubes and centrifuged 

at 3000 x G for 15 min at room temperature. The supernatants 

were carefully decanted into 25 ml volumetric flasks. The 

extraction was repeated with 10 ml 80 % methanol. The 

supernatants were combined with the previous ones and diluted to 

25 ml. 

Exactly 5 ml aliquots of the methanolic extracts of samples 

were slowly added with constant agitation to 1.25 ml aliquots of 

1.8% barium hydroxide (1.8 gin 100 ml water). The mixtures 

were allowed to react for 30 min. To precipitate any excess of 

barium ions, 1.25 ml of 2.0 % zinc sulfate (3.562 g zinc sulfate 

heptahydrate in 100 ml water) were added to each sample. The 

samples were then centrifuged at 3000 x G for 15 min. The 

supernatants, now freed of any non-carbohydrate material, were 



decanted and saved. Three ml aliquots of the purified extracts 

were placed in vials, evaporated to dryness at 50 °C under 

nitrogen and saved for derivatization. 
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A sugar standard was prepared by dissolving 250 mg each of 

glucose, fructose, sucrose, maltose and raffinose in 80 % 

methanol in a 25 ml volumetric flask. Several aliquots of 0.125 

ml were placed into 3.5 ml vials and evaporated at 50 oc under 

nitrogen to complete dryness. After cooling to room temperature, 

0.5 ml oxime internal standard reagent (STOX) was added to each 

vial. The vials were capped tightly, thoroughly mixed and heated 

at 75 oc for 30 min. Upon cooling to room temperature, the vials 

were opened and 0.5 ml hexamethyl disilazane (HMOS) was added 

with mixing. This was followed by the addition of 50 ul 

trifluoroacetic acid (TFA). The vials were capped, shaken for 30 

sec and heated at 75 °C for 30 min to bring about derivatization. 

The gas chromatograph was a Hewlett-Packard 5880 A Series, 

containing a 1: 23 splitter and a flame ionization detector, also 

Hewlett-Packard. The data was compiled by a Spectra-Physics 4100 

computing integrator. A Hewlett-Packard Ultra 1 capillary column 

was packed with methyl silicone, gum phase. The carrier gas was 

helium at a flow rate of 25 mljmin. The initial oven temperature 

was 200 oc and the chromatograph was programmed to increase at 10 

°C/min to 320 oc after 6 min. The average time for separation 

was 20 min. 

From each standard run, the peak areas were collected. 

Fructose and glucose gave twin peaks so the areas had to be 
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summed. Several standard runs were made and the peaks areas 

averaged for each sugar. The peak areas were correlated with the 

concentration of the sugar. Standard runs were also made during 

the sample runs to ensure that the chromatograph was operating 

reproducibly. 

The dry samples were derivatized as described for the 

standard sugars and run on the gas chromatograph. The peak areas 

for each sugar in each sample were collected. The internal 

standard was first examined to determine the recovery of the 

derivatization. Based on the known theoretical yield, the other 

peaks were appropriately scaled. From the peak areas of the 

standard runs, the concentrations of the peaks in the sample runs 

were calculated. For each sample, the concentration of each 

sugar was expressed as a percent of sample and converted to a dry 

weight basis. 

To compare the yield of sugars by GC after extraction with 

80 % methanol, glucose, fructose and sucrose were determined 

calorimetrically as described in Sec. 3.4.1. This was done on 

sample extracts after purification with barium hydroxide and zinc 

sulfate. The volumes from this extract used for analysis were 

glucose, 0.2 ml; sucrose, 0.1 ml diluted with 0.2 ml water before 

inversion; and fructose, 0.2 ml. 

3.4.3 Sugars by Sonication in 80 % Ethanol 

Samples of ground corn (100 mg) were weighed into a 16 x 125 

mm test tubes. Five ml of hexane were added and the tubes placed 
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in an ultrasonic bath at ambient temperature for 10 min to remove 

lipids (Theander and Westerlund, 1986). The samples were then 

centrifuged for 10 min at 1000 x G and the supernatants 

discarded. The extraction was repeated a second time. 

To remove the alcohol soluble sugars, 3 ml of 80 % ethanol 

were added to the lipid extracted corn samples. The samples 

were placed in the ultrasonic bath at ambient temperature for 15 

min. Following centrifugation at 1000 x G for 10 min, the 

supernatants were collected. The residues were resuspended in 3 

ml of 80 % ethanol and sonicated for another 15 min. The samples 

were centrifuged as previously described and the supernatants 

combined with first extracts. The residues were washed twice 

with 2 ml 80 % ethanol and centrifuged as previously described. 

The supernatants were combined with the two previous extracts and 

the volume brought to 10.0 ml. 

The glucose, fructose and sucrose present in the alcohol 

extracts were determined calorimetrically as described in Sec. 

3.4.1. and the volumes used as described in Sec. 3.4.2. 

3.4.4 Sugars Extracted by Heating in 80 % Ethanol 

The extraction was based on the method of Henry (1985) with 

modification. 

Ground corn samples (100 mg) were weighed into 16 x 125 mm 

culture tubes. Three ml of 80 % ethanol were added and the 

samples heated at 80 °C for 10 min. After cooling to room 

temperature, the samples were centrifuged at 1500 x G for 10 min. 
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The supernatants were carefully collected. Another 3 ml of 80 % 

ethanol were added and the samples rested at room temperature for 

10 min. Centrifugation was done as before and the supernatants 

combined with the first extracts. The extraction was repeated 

another two times with 2 ml 80 % ethanol at room temperature. 

After centrifugation, the supernatants were combined to give a 

total volume of 10.0 ml. 

The glucose, fructose and sucrose present in the alcohol 

extracts were determined colorimetrically as described in Sec. 

3.4.1. and the volumes used as described in Sec. 3.4.2. 

3.5 Fermentable Glucose and Starch 

A standard formula, taking into account the conditions used 

during colorimetric analysis, was developed to calculate 

fermentable glucose and starch on a percent basis. The formula 

is: 

X (%) = Ax X 
-3 

X D.F. X H.F. X 10 ~g X 100 

Aatd mg Sample (mg) 

where Ax is the absorbance of the unknown, Aatd is the absorbance 

of the standard, c~d is the concentration of the standard, D.F. 

is the dilution factor which represents the dilutions during the 

analysis, H.F. is the hydrolysis factor which is 0.9 for 

polysaccharides and 1 for monosaccharides, 10~ converts from ~g 

to mg, 100 converts to percent and sample is the sample weight in 

milligrams. For each colorimetric analysis, the formula for 

calculating the result will be given in this format. 
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3.5.1 Starch by Acid Hydrolysis 

Starch was determined by acid hydrolysis based on the method 

of Woodman (1941) with modifications. 

Dry, ground samples (50 mg) containing about 50 - 100 % 

starch were weighed into a 16 x 125 mm culture tubes. Lipids 

were removed by adding 10 ml of diethyl ether to the samples in a 

fumehood and vortexing or shaking briefly. After standing for 10 

min at room temperature, the samples were centrifuged in a 

fumehood for 5 min at 1200 x G. Due to a build up of ether 

vapors, the lid of the centrifuge was left open. The supernatant 

was then carefully decanted. The procedure was repeated a second 

time and the samples were allowed to dry so that no residual 

ether was left. 

To remove sugars, 10 ml of 80 % ethanol (vjv) were added to 

the samples followed by incubation in a water bath at 50 °C for 

30 min. The samples were vortexed briefly every 10 min. The 

samples were then cooled to room temperature and centrifuged for 

10 min at 1200 x G. The supernatant was carefully decanted. The 

procedure was repeated a second time, except that the samples 

were left in ethanol at room temperature for 10 min. 

The soluble polysaccharides were removed as described for 

sugars, except that 40 % ethanol (vjv) was used. Also 10 % 

ethanol was tried as a solvent but it removed substances which 

stained positive with iodine. 

Eight ml water and 0.8 ml of 7.6 N HCl were added to the 
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samples. The tubes were capped with aluminum foil and placed in 

an oil bath at 105 °C for 2.5 h to hydrolyze the starch. The 

tubes were vortexed every 10 min for the first half hour and then 

every half hour for 2 h. Vortexing was necessary to provide 

consistent results. After hydrolysis, the tubes were removed 

from the oil bath and cooled to room temperature. The pH was 

brought to about 3 with 1 ml of 5.8 N NaOH. 

The hydrolyzate was poured from the culture tube into a 50 

ml graduated cylinder and the tube was rinsed twice with water. 

The graduated cylinder was made up to volume. If the insoluble 

material did not settle, the solution was filtered through 25 mm 

Whatman GF/A glass microfiber filter. 

Total sugar was determined using the method of Dubois et al 

(1956). Exactly 0.25 ml of solution were diluted to 5 ml and a 1 

ml aliquot pipetted in triplicate into a large (22 x 175 mm) test 

tube. One ml of 5 % phenol was added. From a dispenser, 5 ml of 

concentrated sulfuric acid were carefully added within 5 sec, 

such that the stream of acid was directed perpendicularly to the 

surface of the solution. The tube was immediately vortexed twice 

for about 2 sec. The color developed within 30 min and was read 

at 490 nm. A glucose standard of 40 ~g/ml was run along with the 

unknown samples as well as a blank. From the absorbance of the 

standard, the concentration of glucose was calculated. The 

amount of starch was obtained by multiplying the glucose value by 

0.9. The starch content was expressed as a percent of the total 

sample using the following formula: 



Starch (%) = 72 
~~ 

3.5.2 Fermentable Glucose Determined by Enzyme Hyrolysis 

In this method, the sugars were not removed and, 

consequently, were measured with the starch. 

42 

Corn samples (50 mg) were weighed into 16 x 125 mm culture 

tubes and 3 ml of water were added. The tubes were vortexed to 

ensure that the samples were entirely wet. The tubes were then 

placed in an oil bath at 100 oc and heated for 2 h to gelatinize 

the starch. The tubes were shaken every 10 min for the first 

half hour and every half hour thereafter. After cooling to room 

temperature, 3 ml of 4 M KOH (112 g in 0.5 L) were added to 

release any enzyme resistant starch (Englyst et al 1983). The 

tubes were left at room temperature for 30 min with agitation 

every 10 min. The samples were poured in 50 ml beakers and 2 ml 

of 6 M acetic acid were added to bring the pH to near 7. Then 

2.5 ml acetate buffer pH 4.8 containing calcium chloride were 

added (Budke 1984). After adding 14 ml of water, 0.25 ml each of 

BAN 120L and SAN 200L (Novo, Lachine, PQ), diluted by 1/10, were 

added and the samples incubated for 2 h at 55 oc. The samples 

were cooled to room temperature and the volumes checked to ensure 

that they were 25 ml. A 1 ml aliquot was taken and diluted to 10 

ml. From this solution 0.2 ml aliquots were used for the 

analysis of glucose using glucose oxidase, described in Sec. 

3.4.1, and total sugar using phenol and sulfuric acid, described 
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in Sec. 3.5.1. 

The reducing sugar content was determined in duplicate by 

the methods of Lever (1972) and Blakeney and Mutton (1980), using 

p-hydroxybenzoic acid hydrazide (HBH). The alkaline diluent for 

the HBH reagent was prepared by dissolving in 1 L 14.704 g 

trisodium citrate (0.5 M), 1.47 g calcium chloride (0.01 M) and 

20 g sodium hydroxide (0.5 M). The citrate and the chloride were 

dissolved separately in water and mixed together. The sodium 

hydroxide was dissolved and the solution was brought to volume. 

HBH color reagent was prepared by dissolving 3 g HBH in 200 ml of 

alkaline diluent. The reagent was stable overnight at 4 oc but 

was discarded if a yellow color developed. 

Aliquots of 0.2 ml were pipetted out in triplicate and 1.5 

ml of HBH were added. The tubes were mixed and heated in a 

boiling water bath for 4 min. The tubes were removed and cooled 

in cold water for about 1 min. Five ml of water were added and 

the absorbances were read at 415 nm. Appropriate blanks and 

standards were used. 

Using a factor of 0.9 to correct for the hydrolysis of 

starch, fermentable glucose was calculated as follows: 

Fermentable glucose (%) = 45 x Ax 
~~ 

3.5.3 Starch by Enzyme hydrolysis 

To extract sugars and lipids from the samples, the MCW 

solvent was used as described in Sec. 3.4.1. Exactly 3 ml MCW 
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were added to 50 mg of ground corn samples in 16 x 125 culture 

tubes. The tubes were vortexed, sonified for 10 min, left at 

room temperature for 10 min and then centrifuged for 10 min at 

1100 x G. The solvent was carefully decanted. The extraction 

was repeated a second time with 2 ml of MCW and the supernatants 

were combined. The corn samples were air dried and analyzed for 

starch by the method described for fermentable glucose in Sec. 

3.5.2. 

3.5.4 Fermentable Glucose 

Fermentable glucose was determined on selected samples in 

the distillery by the customary procedure (S. Heller, personal 

communication), described as follows. About 0.5 g of ground corn 

samples were accurately weighed into 125 ml Erlenmeyer flasks, 

and 100 ml of distilled water and 2 drops of anti-foam were 

added. The flasks were boiled for 30 min with mild stirring 

using a stirring hotplate. Water was added to bring the volume 

back to 100 ml and the flasks cooled to about 60 °C. Exactly 0.2 

ml a-amylase (BAN 120L) were added and the samples were mixed and 

incubated at 60 oc for 15 min. Then 0.2 ml glucoamylase (SAN 

200L) were added. The samples were mixed and incubated at 60 oc 

for 30 min. The samples were cooled and diluted to 100 ml in 

volumetric flasks. The solutions were filtered under vacuum 

through a Whatman GF/A filter. A blank solution was also 

prepared without sample but using enzymes. 

The glucose concentration was determined using a YSI Model 
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percent starch was calculated from the glucose content using a 

conversion factor of 0.9. Based on the starch content, the 

theoretical yield of alcohol can be estimated by the following 

formula (S. Heller, personal communication): 

Yield = % starch 
100 

X 0.7195 L ethanol 
kg grain 
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where the starch and the weight of grain are on a moisture basis. 

The values were compared with those obtained by the glucose 

oxidase colorimetric test for glucose (Henry, 1985) as described 

in Sec . 3 . 4 • 1 . Starch was calculated as follows using a 

hydrolysis factor of 0.9: 

Starch (%) = 1.8 
Aatd x Sample (mg) 

3.5.5 Starch and Fermentable Glucose Using Enzymes 

In this study, the method of Budke (1984) with modifications 

was compared with various sample treatments to remove sugar and 

lipids before starch determination. 

3.5.5.1 Sample Unextracted 

A pH 4.8 acetate buffer was prepared by dissolving 330 g 

sodium acetate in 1 L water, adding 240 ml acetic acid and, when 

cool, diluting to 2 L. Calcium chloride reagent was prepared by 

dissolving 0.625 g in 100 ml water. 

Ground samples of corn (100 mg) were weighed into large (20 

x 150 mm) culture tubes. Ten ml of water were added with mixing 
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to ensure that no sample adhered to the walls of the tube. 

Sample blanks were also included with each analysis. The samples 

were boiled for 2 h with occasional shaking. After cooling to 

room temperature, any significant loss in volume was made up with 

distilled water and 2 ml acetate buffer and 0.2 ml calcium 

chloride solution were added with mixing. Then 0.5 ml Termamyl 

120L, an a-amylase (Novo, Lachine, PQ), and 0.8 ml Diazyme L-200, 

an amyloglucosidase (Miles, Elkhart, IN), were added with 

thorough mixing. The samples were then hydrolyzed at 55 oc in an 

oven with gentle mixing every 15 min. 

After cooling to room temperature, the samples were poured 

into 50 ml volumetric flasks, diluted to volume and mixed. The 

sample solutions were then filtered through Whatman No. 42 filter 

paper, discarding the initial volume of filtrate. The filtrates 

were collected and stored until analysis. 

The samples were analyzed for glucose with a YSI analyzer. 

Before analysis, however, the samples were equilibrated for at 

least 2 h at room temperature. A glucose standard of 200 mg/ 100 

ml was used to calibrate the instrument and the calibration 

checked periodically during the analysis. The net readings in 

mg/100 ml were determined after subtracting the readings for the 

blank. A correction factor of 0.9 was used to account for 

hydrolysis. The percent starch was calculated as follows: 

Starch (%) = Net Reading x 0.9 
4 

The samples were also analyzed for glucose using the glucose 

oxidase colorimetric method as described under Sec. 3.4.1. 



3.5.5.2 Sample After Extraction of Sugars 

The samples were extracted with 80 % ethanol to remove 

sugars (Henry 1985). 
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Ground corn samples (100 mg) were weighed into 16 x 125 mm 

culture tubes and 3 ml of 80 % ethanol added. The samples were 

heated in a water bath at 80 oc for 10 min. After cooling to 

room temperature, the samples were centrifuged at 1500 x G for 10 

min. The supernatants were decanted and the extraction repeated 

with 3 ml of 80 % ethanol but at room temperature. The 

extraction was again repeated two more times at room temperature 

with 2 ml 80 % ethanol. 

The extracted residue was analyzed as described previously 

in Sec. 3.5.5.1. 

3.5.5.3 Sample after Extraction of Lipids and Sugars 

Starch was determined after the lipids were extracted with 

acetone (Englyst 1984) and the sugars with 80 % ethanol (Henry 

1985). 

Ground corn samples (100 mg) were weighed in 16 x 125 mm 

culture tubes and 10 ml of acetone added. The samples were 

vortexed and rested for 0.5 h. The samples were then centrifuged 

at 1500 x G for 10 min and the supernatant discarded. Extraction 

with 80 % ethanol followed by enzymatic hydrolysis were performed 

as previously described in Sec. 3.5.5.2. 



3.6 Pentosans 

Pentosans were determined by the method of Hashimoto et al 

(1987). 

3.6.1 Total Pentosan 

48 

Duplicate samples of ground corn (10 mg) were weighed into 

16 x 125 mm screw cap culture tubes, 2 ml of water and 2 ml of 4 

N HCl (330 ml cone diluted to 1 L) were added. The tubes were 

sealed with teflon-lined screw caps and placed in a magnetically 

stirred oil bath at 100 oc for 2.5 h. After hydrolysis, the 

tubes were cooled to room temperature and 4 ml of 2 N sodium 

carbonate (24.802 g/200 ml) added to nearly neutralize the 

solution. The solution was left for 1 h to allow the reaction to 

come to completion. 

Fresh compressed baker's yeast (Saccharomyces cerevisiae) 

was purchased locally and kept not more than 1 wk under 

refrigeration. A yeast suspension (625 mg/25 ml) in 0.2 M sodium 

phosphate buffer pH 7 (1.5869 g monobasic hydrate and 7.6384 g 

disodium heptahydrate in 200 ml) was prepared and stirred for 0.5 

h. Four ml of this yeast suspension were added to each sample 

and the samples incubated uncapped at 37 °C for 1 h with 

vortexing every 20 min to ferment the glucose present. No 

physical changes were apparent during the fermentation process. 

The samples were cooled for 5 min, poured into a 16 x 100 mm 

disposable culture tubes and centrifuged for 15 min at 1000 x G. 

The supernatants were carefully decanted and saved. 



49 

To ensure that the yeast used in the fermentation was 

active, a yeast control was also prepared. One ml of a solution 

containing 20 mg/ml glucose and 120 ~g/ml xylose in reagent blank 

solution was mixed with 2 ml 4 N HCl and 4 ml 2 N sodium 

carbonate. It was then treated in the same manner as the unknown 

samples. 

To quantitate the amount of total pentosan, 60 ml of color 

reagent were prepared daily by mixing 60 mg orcinol in 60 ml of 

concentrated HCl and adding 0.6 ml of 10 % ferric chloride (16.67 

g hexahydrate in 100 ml). Quadruplicate aliquots of 0.5 ml 

supernatant were pipetted into a 22 x 175 mm test tubes. Exactly 

1.5 ml water and 2 ml of color reagent were also added and the 

tubes vortexed immediately. A standard of 25 ~g/ml xylose and a 

reagent blank were also included. The tubes were heated in a 

boiling water bath for 30 min and cooled 1 min in cold tap water. 

The absorbance was measured at 670 nm and 600 nm to remove any 

interference from glucose (Kunerth and Youngs, 1984). The net 

absorbance (A670 - A600) of the standard xylose was compared with 

the net absorbance of the samples and the amount of xylose in 

the samples calculated. After multiplying by 0.88 to correct for 

hydrolysis, the percent pentosan was calculated. 
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3.6.2 Enzyme Extractable Pentosan 

The enzyme used for the extraction of pentosan was cellulase 

type V, crude powder from Trichoderma viride (Sigma Chemical Co, 

St Louis, MO) which, besides cellulase activity, contained some 

xylanase and xylosidase activities. The cellulase activity was 4 

unitsjmg and the activities of the other enzymes were not given. 

A 0.5 % enzyme solution (wfv) in 0.1 M sodium acetate buffer, pH 

4.5 - 4.6, was prepared. 

Ground corn samples (100 mg) were weighed into a 30 ml 

beakers and 10 ml of 0.1 M sodium acetate buffer, pH 4.5 - 4.6, 

and 0.2 ml of cellulase solution were added. The mixtures were 

gently stirred for 20 h at room temperature with a magnetic 

stirrer. The solutions were poured into a centrifuge tube and 

centrifuged at 1000 x G for 10 min. Two ml aliquots were 

pipetted into 16 x 125 mm screw cap culture tube and 2 ml of 4 N 

HCl added. The tubes were sealed and heated in a stirred oil 

bath at 100 °C for 2 h. The hydrolyzates were cooled to room 

temperature. 

To eliminate the glucose present in the hydrolyzates so that 

it would not interfere with the determination of xylose, a 

glucose oxidase solution was prepared by dissolving 6.2 g 

disodium hydrogen phosphate, 3.5 g sodium dihydrogen phosphate 

hydrate, 0.2 g benzoic acid and 100 mg glucose oxidase (Grade II, 

activity 200 Unitsjmg at 25 oc, Boehringer Mannheim, Montreal, 

PQ) in 100 ml of water. To a 5 ml aliquot of hydrolyzate from 

each sample were added with mixing 1.9 ml 6 N NaOH, which brought 
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the pH to about 13. Then 2 ml of glucose oxidase solution were 

added which brought the pH to 7. A blank was similarly prepared. 

The samples were then incubated at 37 oc for 24 h. A 2 ml 

aliquot from each sample was analyzed for xylose as described 

under Sec. 3.6.1 and the percent pentosan calculated. 

3.6.3 Soluble Pentosan 

Ground corn samples {100 mg) were weighed into a 30 ml 

beakers and 10 ml of 0.1 M sodium acetate buffer, pH 4.5 - 4.6, 

{6.6 ml cone acetic acid and 13.61 g sodium acetate trihydrate in 

1 L) were added. The solution was stirred for 2 h at room 

temperature with a magnetic stirrer. From this point the 

procedure was the same as that for enzyme extractable pentosan. 

3.7 Non-starch Polysaccharides 

3.7.1 Extraction and Hydrolysis of Fiber Components 

Total fiber, glucose associated with fiber and uronide 

{pectic substances) were determined as described by Faulks and 

Timms {1985), but scaled down by a factor of 2. 

Ground corn samples {100 mg) were weighed into 20 x 150 ml 

culture tubes. A 0.1 M tris-maleate buffer {pH 6.7) in 0.0025 M 

calcium chloride was prepared by dissolving 12.12 g tris 

{hydroxymethyl) methane {THAM), 11.61 g maleic acid, 3.85 g NaOH 

and 0.28 g calcium chloride in 1 L. Five milliters of this 

buffer was added to each sample. A small stirring bar was then 

added and each solution was stirred for 10 min at 100 °C. While 
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at this temperature, 0.1 ml of diluted (1/25) Termamyl solution 

(120L, Novo Laboratories Ltd, Lachine, PQ) was added and the 

solution stirred for another 15 min. The heating was stopped and 

40 ml of ethanol were added. The tubes were placed in an ice 

bath for 30 min to precipitate any solubilized fiber. After 

centrifugation at 2000 x G for 15 min, the supernatants were 

discarded and the precipitates were allowed to air dry. The 

precipitates were then dispersed in 1 ml dimethyl sulfoxide by 

stirring for 5 min at 100 °C. An amyloglucosidase solution was 

prepared by dissolving 35 mg amyloglucosidase (lyophilized, 

activity 6 Unitsfmg at 25 °C, Boehringer Mannheim, Montreal, PQ) 

in 3 ml of 3.2 M ammonium sulfate (21.2 gf 50 ml). Four ml of 

0.1 M pH 4.6 acetate buffer (2.9 ml glacial acetic acid and 6.66 

g sodium acetate trihydrate in 1 L water) and 0.1 ml of 

amyloglucosidase suspension were added to each sample. The 

samples were then thoroughly mixed and incubated at 37 oc for 35 

min. The residue was recovered by ethanol precipitation and 

centrifugation as described previously, then oven dried at 100 °C 

for 15 min. 

After cooling to room temperature, 1 ml of 12 M (72%) 

sulfuric acid (640 ml concentrated acid diluted to 1 L) was added 

to each sample. The precipitates were dispersed with a stirring 

bar and incubated at 35 oc for 1 hr. Then 11 ml of water were 

added and the tubes were heated and stirred at 100 °C. After 1 

hr, 2 ml aliquots were removed for the analysis of uronides 

(pectic substances). The tubes were removed after heating for an 
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additional hour and the hydrolyzates saved for the determination 

of total fiber and glucose and pentosan associated with fiber. 

3.7.2 Uronide 

The total uronide was determined by the method of Scott 

(1979), but scaled down to 60%. Three ml of concentrated 

sulfuric acid were added to 0.18 ml of sample hydrolyzates and 

0.18 ml of chloride-borate (2 g sodium chloride and 6 g boric 

acid in 100 ml). Each tube was immediately vortexed vigorously. 

All the tubes were heated for 40 min in a water bath at 70 oc. 

After cooling to room temperature by placing in cold water for 1 

min, 0.12 ml of 3,5-dimethylphenol color reagent (0.1 g in 100 ml 

glacial acetic acid) were added to each tube and vortexed 

immediately. Between 10 and 15 min after the addition of the 

color reagent, the absorbances of the tubes were first read at 

450 nm and then at 400 nm using water as a blank. A standard of 

50 ~gfml of galacturonic acid in 1 M sulfuric acid was included 

in the course of each determination, as well as a reagent blank. 

After correcting for the absorbance of the blank, the difference 

between the absorbances at 450 and 400 nm was compared with the 

same difference for the standard, and the amount of uronide was 

calculated using the following formula: 

Uronide (%) = 0.54 x Ax 
~td 
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3.7.3 Total Fiber 

The fiber content of the acid hydrolyzate was determined by 

measuring the amount of reducing sugar using 3-hydroxybenzoic 

acid hydrazide (HBH) (Lever 1972, Blakeney and Mutton 1980), as 

described in Sec. 3.5.2. 

For determining the reducing sugar content, 0.1 ml sample 

hydrolyzate and 0.1 ml 2 M NaOH were pipetted in a test tube and 

5 ml HBH added. A standard of 100 ~gfml glucose and a water 

blank were included with each analysis. The test tubes were 

heated in a boiling water bath for 4 min. After cooling for 1 

min in cold water, the absorbances were read at 415 nm. By 

comparing the sample absorbances with the absorbance of the 

standard, the amount of reducing sugar as glucose was calculated. 

The amount of glucose was used to calculate the percent fiber and 

expressed on a dry weight basis. Since the determination is 

empirical, no hydration factor was used and calculated as 

follows: 

Fiber (%) = 2.4 x Ax 
Aatd 

3.7.4 Glucans Associated with Fiber 

The percent glucans associated with fiber was determined by 

analyzing the amount of glucose using the glucose oxidase reagent 

as described previously under sugars in Sec. 3.4.1. Sample 

hydrolyzate (0.2 ml) was mixed with 0.07 ml of 5.8 M sodium 

hydroxide to bring the pH close to 7. An enzyme blank and a 

reagent blank were included with each analysis. After adding 5 
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ml of color reagent to each sample, the tubes vortexed and 

incubated at 40 °C for 15 min. The absorbance was then read at 

510 nm. The absorbance of the standard glucose was used to 

calculate the percent glucans associated with fiber as follows: 

Glucans associated with fiber (%) = 1.08 x Ax 
Aatd 

3.7.5 Pentosan Associated with Fiber 

The pentosan content of the sample hydrolyzate was 

determined using orcinol/HCl as described under pentosan in Sec. 

3.6.1. An aliquot of 0.1 ml was diluted to 1 ml with water and 1 

ml of color reagent was used for the analysis. The following 

formula was used for the calculation: 

Pentosan (%) = 4.32 x Ax 
Aatd 

3.8 Water Soluble Polysaccharide 

The procedure for water soluble polysaccharide (WSP) was 

based on the methods of Shannon (1968) and Garwood et al (1976). 

The residue remaining after extraction with 80 % ethanol from 

Sec. 3.4.5 was suspended in 10 ml of 10 % ethanol and held 

overnight at 4 °C. The sample was centrifuged at 1000 x G for 10 

min and the supernatant collected. The residue was washed four 

times with 10 ml portions of 10 % ethanol by suspension and 

centrifugation. The polysaccharides were hydrolyzed with 0.2 ml 

glucoamylase (SAN 200L) for 30 min at 60 oc. 

Glucose was determined using glucose oxidase as described in 
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Sec. 3.4.1. 5 ml of glucose oxidase solution were added to 0.2 

ml of WSP extract. All glucose determinations were done in 

duplicate. Based on the standard absorbance, the percent WSP was 

calculated. 

3.9 Kernel Components 

One corn sample from each of Ontario (25) and U.S.A. (24), 

and two samples from Alberta (23, 49) were selected for 

separation of kernel components. The kernels were steeped for 3 

h in 0.1 % sodium metabisulfite solution at 50 °C (Tan and 

Morrison 1979). The kernels were hand dissected with a razor 

blade into pericarp, germ and endosperm. 

dried carefully overnight at about 30 oc 

The components were 

and then for 8 h at 50 

oc. Pericarp, endosperm and germ weights were determined on these 

samples and ground for further analysis. 

3.10 Starch Isolation 

Starch was isolated from corn using the method of Watson 

(1964). One corn sample from each of ontario (25) and US (24), 

and two samples from Alberta (23, 49) were selected. A solution 

containing 1.11 g sodium metabisulfite in 750 ml distilled water 

was prepared equivalent to 0.10 % sulfur dioxide. Clean, sound, 

whole corn on a moisture basis (300 g) were added to the 

metabisulfite solution and the mixture maintained at 50 °C for 24 

h with intermittent gentle agitation of the solution. The pH was 

periodically checked to ensure that it was 4 - 5. If the pH was 
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at 7, the steeping solution was drained off and replaced. After 

24 h, the steepwater was drained off and the swollen seeds rinsed 

with water. 

Since, in the commercial preparation of corn starch where 

degermination precedes starch extraction, the samples were 

degermed by hand to ensure that the isolated starch was 

comparable to that produced commercially. 

About 250 ml of seed were ground with 250 ml of water in an 

800 ml Waring blender cup for 3 min at full speed. The ground 

slurry was screened through a 100 mesh wire screen and the 

residue was washed free of starch. The filtrate was then 

successively passed over 200 mesh and 400 mesh screens. The 

screens were shaken to increase the speed of filtration. 

To separate the starch gluten slurry that passes through the 

finest screen, the mixture was allowed to stand for 1 h, 

whereupon the water and gluten layers were removed by suction. 

The starch layer was resuspended and resettled. The starch was 

filtered on a Buchner funnel and thoroughly washed with distilled 

water. The filter cake was then dried overnight at 40 oc. 

To provide a contrast with the properties of corn starch, 

starch was also isolated from locally grown potatoes, based on 

the method of Schoch (1957}. 

About 1.1 kg of peeled potato tubers were blended in stages 

where a given amount of potato was blended with 2 to 3 volumes 

distilled water for 5 min in a blender at a low rheostat setting 

to minimize damage to the starch granules. The slurry was 
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screened through a 100 mesh sieve and the starch washed through 

with a jet of water. The pulp was returned to the blendor and 

reground with enough water to make a thin slurry. The second 

slurry was passed through the screen and the pulp discarded. The 

slurries were combined by pouring them through a 200 mesh sieve 

into a 2 L graduated cylinder. The starch was allowed to settle 

for a few hours and the supernatant decanted. The starch was 

resuspended in a minimum of distilled water and filtered on a 

Buchner funnel. The filter cake was collected and dried 

overnight at 40 oc. The weight of starch was recorded. 

Chemical analysis was done on the various starches as 

described in Sec. 3.3. 

3.11 Oil Extraction and Fatty Acid Analysis 

The total lipids in corn pericarp, germ and endosperm, and 

whole corn were extracted with chloroform/methanol (CM) (2:1 vfv) 

at a sample:solvent ratio of 1:4. Each sample was extracted 

consecutively with CM four times for 5, 5, 3 and 2 min, 

respectively. Supernatants were combined and washed with 0.04 % 

calcium chloride in a separatory funnel. The organic layer was 

drawn off. The solvent was evaporated and the purified lipids 

were taken up in ether for lipid analysis. 

The purified lipids were derivatized for fatty acid 

analysis. Known concentrations of heptadecanoic acid (C17:0) 

were added to all lipid samples as internal standard. Methyl 

esters of the fatty acids were prepared by the procedure of 
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Metcalfe et al {1966}, dissolved in carbon disulfide and 

duplicate aliquots injected onto a Hewlett-Packard Model 5880A 

gas chromatograph equipped with a flame ionization detector and 

connected to a Spectra-Physics SP 4100 computing integrator. A 

capillary column of fused silica {30 m x 0.25 mm) coated with 

Durabond-wax JON was used. Initial column temperature of 180 oc 

was held for 2.0 min, after which the temperature was programmed 

to 240 oc at 8.0 °C/min. The injector temperature was 250 oc and 

detector temperature was 300 oc. The flow rate of the helium 

carrier gas was 40 mlfmin. Eluted fractions were plotted and 

measured, as a percentage by weight, on a Hewlett-Packard 

Automation System 3385A plotter integrator. Sample components 

were identified by co-chromatography with known standard fatty 

acids. 

Based on the areas of the standard fatty acids, the amount 

of fatty acids in the kernel components were determined. The 

results were expressed as percent fatty acid of the total fatty 

acids by weight. 

3.12 Extraction of Total Lipids 

3.12.1 Extraction with Water-saturated n-Butanol 

Lipids were extracted with water-saturated n-butanol based 

on the method of Tan and Morrison (1979). 

Water-saturated n-butanol was prepared by mixing volumes of 

n-butanol and water {WSB} in 4 to 1 ratio (vfv). Samples of 

starch {1.000 g) were weighed into 16 x 125 mm culture tubes and 
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10 ml WSB added. The samples were heated 1 h at 90 - 95 oc with 

vortexing every 15 min. After cooling to room temperature, the 

samples were centrifuged for 15 min at 1500 x G. The 

supernatants were collected into previously weighed 50 ml beakers 

and placed under a fumehood to evaporate the WSB solvent. The 

extraction was repeated for another four times and the 

supernatants added to the appropriate 50 ml beaker. After all 

the WSB had evaporated, the beakers were heated at 100 oc for 30 

min, cooled in a desiccator for 20 min and the weight of residue 

recorded. The percent lipid was calculated and expressed on a 

dry weight basis. 

3.12.2 Separation of Nonpolar and Polar Lipids 

The lipids were extracted and separated based on the method 

of Zadernowski and Sosulski {1978) with modifications. 

The extracting solvent was prepared by mixing chloroform and 

methanol {CM) in a 2 to 1 ratio {vjv). Selected ground corn 

samples and the prepared starch samples {1.000 g) were weighed 

into 16 x 150 culture tubes and 20 ml CM added. The samples were 

stirred 1 h with a magnetic stirrer and then centrifuged for 10 

min at 1200 x G. The supernatants were decanted into previously 

weighed 50 ml beakers and placed under a fumehood to allow the 

solvent to evaporate. The extraction with CM was repeated 

another two times and the extracts combined. When the solvent 

had completely evaporated, the sample residues were dried 0.5 h 

at 100 °C. After cooling in a desiccator for 20 min, the samples 



were weighed and the weights recorded. The lipids were then 

fractionated by solvent extraction instead of silicic acid. 
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The beakers containing the dried CM residue were cooled to 4 

°C. Hexanes {10 ml} at the temperature were added to each sample 

and the solutions were swirled. The beakers were swirled after 

2.5 min and the solvents decanted after 2.5 min more into 

previously weighed aluminum dishes. The extraction was repeated 

a second time but the corresponding time periods were 5 min. The 

second extract was decanted into the first and the aluminum 

dishes were left in a fumehood to evaporate the solvent (about 1 

h). The aluminum dishes were then heated for 30 min at 100 oc 

and after cooling to room temperature for 20 min in a desiccator, 

the weights were recorded. Based on the amount of material 

extracted with hexanes, the percent nonpolar lipid was calculated 

and expressed on a dry weight basis. 

The beakers containing the remainder of the CM extract were 

placed at room temperature and 10 ml methanol added with 

swirling. The beakers were swirled after 5 min and the solvents 

decanted after 5 min more into previously weighed aluminum 

dishes. The extraction was repeated with 10 ml methanol but the 

beakers were sonicated for 1 min after adding methanol before 

being treated as previously described. The second extract was 

combined with the first and the aluminum dishes were placed under 

a fumehood to evaporate the methanol (about 2 h). After heating 

for 30 min at 100 c, the aluminum dishes were cooled for 20 min 

in a desiccator and weighed. The percent polar lipid was 



calculated and expressed on a dry weight basis. 

3.13 Fermentable Glucose in Kernel Components 

Fermentable glucose in pericarp, germ and endosperm were 

determined by the method of Rasmussen and Henry (1990) with 

modification. 
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Samples of dry pericarp (20 mg), germ (20 mg) and endosperm 

(50 mg) were accurately weighed into 16 x 125 mm culture tubes 

and 0.5 ml dimethyl sulfoxide were added. Two blank tubes were 

also included. The samples were heated and stirred on a magnetic 

stirrer at 100 °C for 10 min. While at this temperature, 5 ml 

0.1 M sodium acetate buffer, pH 5, and 20 ~1 Termamyl 120 L 

(Novo, Lachine, PQ) were added and the samples stirred for 30 

min. After cooling to room temperature, 50 ~1 of the Aspergillus 

niger amyloglucosidase (20 mg/ 4 ml water, activity 6 Unitsjmg at 

25 °C) (Boehringer Mannheim, Montreal, PQ) were added and the 

tubes capped and incubated at 60 oc overnight. The samples were 

cooled to room temperature, centrifuged at 1200 x G and the 

supernatants collected. 

For the analysis of glucose, 1 ml hydrolyzate for pericarp 

and germ was diluted to 4 ml and 0.25 ml hydrolyzate for 

endosperm was diluted to 5 ml. From these solutions, 0.2 ml were 

used for the determination of glucose using glucose oxidase, as 

described in Sec. 3.4.1. However, after incubation at 40 oc for 

15 min, the samples were left at room temperature for 1 h. The 

net absorbances were determined and compared to the standard 



absorbance. The amount of glucose was converted to fermentable 

glucose using a factor 0.9. 

3.14 Non-starch Polysaccharides 

3.14.1 Non-starch polysaccharides in kernel components 
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The procedure described in Sec. 3.7 was repeated for the 

isolated kernel components. The amount of sample used was 20 mg 

for seed coat, 50 mg for germ and 100 mg for endosperm. The 

following dilutions were applied. For the analysis of pentosan, 

the seed coat hydrolyzate was diluted by a factor of 10 and the 

germ hydrolyzate by a factor 5. For the analysis of uronide, the 

seed coat hydrolyzate was diluted by a factor of 2. The 

monosaccharide standards were the same as those described in 

Sec. 3.7. 

3.14.2 Non-starch Polysaccharide in Starch 

The procedure from Sec. 3.7 was repeated with 200 mg of the 

extracted starch samples. The following aliquots were used for 

analysis: fiber, 0.1 ml; pentosan, 0.5 ml; cellulose, 0.2 ml; and 

uronide, 0.18 ml. 

3.15 Amylose in Corn Starch 

The amylose content of starches prepared from corn from 

three production areas was determined according to the method of 

Knutson (1986). A solution that extracted the starch and also 

contained the color reagent was prepared by dissolving 0.76 g 
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iodine (0.006 M) in 1 L 90% dimethyl sulfoxide (vjv). Samples of 

starch (20 mg) were dissolved in 40 ml of this solution and 

heated in a water bath at 50 °C for 16 hr overnight. A potato 

amylose standard of 10 mg was simultaneously run. After cooling 

to room temperature, 1 ml from each sample was diluted with 8 ml 

of water and vortexed vigorously. When the maximum intensity was 

reached after 30 min, the absorbance was measured at 600 nm. 

Apparent amylose, uncorrected for amylopectin, was calculated 

from the amylose standard. The formula for correcting for 

amylopectin was given by the following equation: 

% Apparent amylose - 6.2 
% Amylose = 

0.938 

The amount of starch extracted by the dimethyl sulfoxide 

solvent was determined colorimetrically using phenol and sulfuric 

acid (Dubois et al 1956) for each sample. A 0.25 ml aliquot of 

sample solution was diluted to 2.5 ml with 90% dimethyl 

sulfoxide. From the diluted solution, 0.2 ml was pipetted into a 

test tube and 0.8 ml water and 1 ml 5% phenol were added with 

mixing. A corn starch standard and a glucose standard of 100 

~g/ml in 90% dimethyl sulfoxide were also included. From a 

dispenser, 5 ml of concentrated sulfuric acid were added and each 

tube immediately vortexed vigorously. The tubes were placed for 

40 min in a water bath at 70 °C. After cooling in cold water for 

2 min and transfering to a spectrophotometric tube, the 

absorbances were read at 490 nm. By comparing the unknown 

absorbances to the absorbance of the corn starch standard, the 



amount of starch extracted by the solvent was calculated using 

the following formula: 

Starch (%) = 200 x Ax 
Aatd 
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The amount of amylose was then expressed as a percent of the 

starch to give the percent amylose and the results expressed on a 

dry weight basis. 

3.16 Differential Scanning Calorimetry (DSC) 

Gelatinization and other phase transition temperatures were 

recorded on a Du Pont Model 990 differential scanning calorimeter 

with a 910 cell base. Water (11 ~1) was added with a 

microsyringe to corn starch (3.0 mg) in DSC pans. The pans were 

then sealed, reweighed and allowed to stand for 1 h at room 

temperature. The amount of water added was expressed as the 

volume fraction of water, 0.85, which equalled the total volume 

of added water (density 1.00) divided by the total volume of 

starch (density 1.55) plus water. 

The analyses were performed at a heating rate of 5 °C/min 

using empty pans as a reference. The cell calibration 

coefficient was determined from the known heat of indium fusion 

(6.79 calfg) and from specific heat vs temperature of a sapphire 

standard. Transition temperatures were recorded from a plot of 

change in enthalpy vs temperature (30- 140 °C). The onset (To), 

peak (Tp) and end of transition (Tm) were given in °C. The 

change in enthalpy was calculated in Jfg and calfg starch unit. 



66 

3.17 Brabender Viscosity Curves 

A Brabender Viscoamylograph, Model VA-1A equipped with a 700 

cmg cartridge, was used to study the pasting properties of the 

corn starches according to the procedure described by Mazurs et 

al (1957). 

3.18 Degree of Syneresis 

The gels (40- 60 g), obtained after cooling heated starch 

slurries to 50 °C in the viscoamylograph bowl, were analyzed for 

the degree of syneresis by measuring the liquid exuded after a 

storage period of 7 days at +4 and -15 oc. The amount of exudate, 

expressed as the percentage weight loss by the gel, was 

determined by thawing the frozen gels at room temperature and 

centrifuging at 8,000 x G for 15 min (Yang et al 1980). 

3.19 Water Binding Capacity 

The water binding capacity was determined by the procedure 

of Medcalf and Gilles (1965) with modifications. Duplicate 

samples of starch, equivalent to 2.5 g on a dry basis, were 

weighed out into previously weighed 50 ml centrifuge tubes. 

After adding 30 ml water, the samples were stirred for 1 h. The 

samples were centrifuged at 1500 x G for 10 min. It was not 

possible to let the tubes drain for 10 min as the starch would 

also flow out, so the water was quickly decanted and the excess 

water was wiped off with a tissue. Potato starch had to be done 

carefully as some starch could still be decanted. 
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3.20 Enzymatic Hydrolysis 

Enzymatic hydrolysis studies were done using a crystalline 

suspension of porcine pancreatic a-amylase (Boehringer Mannheim, 

Montreal, PQ) in 0.5 M saturated sodium chloride containing 3 mM 

calcium chloride, in which the concentration of a-amylase was 10 

mgjml and the specific activity was 1000 units per mg protein. 

One unit was defined as the a-amylase activity which liberated 1 

mg maltose in 3 min at 20 oc at pH 6.9. 

The procedure used was that of Knutson et al (1982) with 

minor modifications. Starch granules (60 mg) were suspended in 

distilled water (30 ml) and 5 ml aliquots were placed in a 

constant temperature water bath (37 °C). Then 8.0 ml of 0.1 M 

citrate phosphate'buffer (pH 6.9), containing 0.006 M sodium 

chloride and 2.0 ml water, were added to the slurry. The mixture 

was gently stirred before adding 5.4 ~1 a-amylase suspension. 

Then 1.0 ml aliquots were removed at specified time intervals, 

pipetted into 6.0 ml of 95 % ethanol and centrifuged. 

Aliquots of the supernatant were analyzed for soluble 

carbohydrate using maltose as a standard. The sugars were 

determined as reducing sugar (Blakeney and Mutton 1980) and total 

sugar (Dubois et al 1956). Controls without enzyme, but 

subjected to the above experimental conditions, were run 

concurrently. The reducing and total sugars were calculated 

after subtracting the values of the controls from the samples and 

comparing to the standards. The results were expressed 

graphically. 



68 

3.21 Scanning Electron Microscopy (SEM} 

The microstructure of corn kernels was examined using 

scanning electron microscopy (SEM). Corn samples were selected, 

one each from U.S.A. and Ontario, and two from Alberta. The 

whole kernels were soaked in a solution containing 0.10 % sulfur 

dioxide for 20 h at 50 °C. The seeds were cut longitudinally 

along the major axis with a razor, fixed in glutaraldehyde and 

stained with osmium tetroxide. They were passed through a series 

of aqueous ethanol solutions with increasing ethanol 

concentration to 100 % to remove any water present. The seeds 

were freeze dried, mounted on circular aluminum stubs and and 

coated with 20 nm of gold. They were then examined with a 

scanning electron microscope at an accelerating potential of 10 

kV. 

The granule morphology of the starch before and after 

treatment with hog pancrease a-amylase was also studied using 

SEM. Starch samples were dried overnight at 40 oc and mounted on 

circular aluminum stubs with double sticky tape. They were then 

coated with 20 nm of gold and examined with a scanning electron 

microscope at an accelerating potential of 5 kv. 
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3.22 Statistical Analysis 

For each type of chemical analysis, a one-way analysis of 

variance (Steel & Torrie 1980) was carried out to compare the 

three production areas. The means for pairs of areas were 

compared using the least significant difference (LSD) test at the 

5 % significance level. 

Correlations were then done to compare the various chemical 

methods for determining fermentable glucose and starch, and 

sugars. Correlations were determined for all pairs of data for 

the methods under consideration and analyses of variance were 

carried out to compare the mean levels after variation due to 

samples was taken into account (Steel & Torrie 1980). 
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4 RESULTS 

4.1 Starch and Fermentable Glucose 

The major carbohydrate source in the mashing of corn is 

starch. At the distillery the parameter, fermentable glucose, is 

measured. How are the two quantities related? If starch is 

measured, only the glucose released by the hydrolysis of starch 

should be considered. Fermentable glucose, on the other hand, is 

the potential glucose available for fermentation, and is also 

called available glucose (Budke 1984}. It includes glucose 

released by amylolytic degradation and from sugars initially 

present. Clearly then, if there are no sugars present, the two 

values would be identical. 

The starch contents, in three series of corn samples, were 

determined by acid hydrolysis (Woodman 1941}, and the results are 

given in the first column of Table 4.1. This method was used so 

that the amount of starch in corn could be compared with the 

older literature. Acid hydrolysis is not specific for starch and 

hydrolysis of sugars will also occur. This can be overcome by 

extracting the sugars prior to hydrolysis. The hydrolysis 

conditions are optimized for starch hydrolysis but some non

starch polysaccharides are probably hydrolyzed as well. If total 

sugars are then measured, all of sugars released will be 

quantitated. 

The Ontario samples had the highest mean starch content 

which was 80.3 %with a range of 77.6 - 82.1 % and standard 

deviation 1.4% {Table 4.1). This was closely followed by the 
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Table 4.1 The contents of starch and fermentable glucose, 
determined by acid and enzyme hydrolysis, in corn samples from 
three production areas, expressed as percent of dry weight. 

Production Starch Fermentable Glucose True Starch * 
Area and 
Sample No. 

AH RS TS G1 RS TS G1 

U.S.A. 
16 81.8 77.3 73.8 70.1 72.4 76.1 67.8 
17 80.0 75.6 70.0 68.7 71.4 72.1 68.5 
18 79.7 75.4 72.9 72.8 71.6 71.8 71.1 
24 80.1 76.5 76.4 70.5 68.3 71.5 71.1 
32 80.3 75.8 75.3 75.6 73.1 77.6 80.4 
33 79.4 74.6 80.2 72.2 78.3 76.7 73.2 
34 80.4 81.4 80.3 77.8 81.0 79.2 74.4 
35 79.4 77.5 77.7 72.5 79.9 74.6 72.5 
36 77.1 80.2 79.7 70.8 81.6 74.2 69.3 
37 77.3 77.8 75.5 74.5 76.4 75.3 75.3 
48 78.8 78.4 77.6 80.6 66.0 76.7 76.8 

Mean 79.5 77.3 76.3 73.3 74.5 75.1 72.8 
S.D. 1.3 2.0 3.1 3.4 5.0 2.4 3.6 

Ontario 
15 81.8 74.4 75.1 67.7 70.5 79.6 72.9 
25 79.5 75.8 69.5 68.3 73.0 72.8 66.3 
38 79.1 80.3 79.4 79.6 67.8 74.1 74.9 
39 79.3 78.2 78.4 75.7 68.9 75.2 74.3 
40 77.6 77.7 78.9 72.2 71.5 76.8 77.3 
41 80.9 77.3 78.0 78.2 68.3 76.9 74.8 
42 81.7 76.1 77.7 76.3 73.7 77.6 76.5 
43 82.1 74.1 74.3 75.8 70.0 77.7 73.9 
46 81.0 78.7 79.2 81.3 72.8 80.4 75.5 

Mean 80.3 77.0 76.7 75.0 70.7 76.8 74.0 
S.D. 1.4 1.9 3.1 4.5 2.0 2.3 3.0 

* Abbreviations: AH acid hydrolysis, RS reducing sugar, TS total 
sugar, G1 colorimetric glucose. 
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Table 4.1 cont'd 

Production Starch Fermentable Glucose True Starch * 
Area and 
Sample No. AH RS TS Gl RS TS Gl 

Alberta 
1 76.2 70.1 80.4 70.5 67.9 66.5 69.4 
2 77.6 64.5 71.9 76.1 73.5 75.5 75.9 
3 73.7 70.9 76.9 72.8 69.6 70.1 70.5 
4 75.5 69.2 73.6 71.7 74.4 74.7 75.3 
5 74.8 68.2 76.7 71.8 76.0 74.6 69.8 
6 73.9 71.7 74.0 69.8 71.4 75.0 68.0 
7 79.4 78.3 76.3 67.8 75.2 75.2 73.5 
8 77.8 71.4 72.8 73.1 76.7 77.3 76.6 
9 77.4 77.0 74.8 72.2 71.9 71.9 69.4 
10 80.0 76.3 74.4 68.7 70.2 70.9 70.6 
11 80.1 73.1 72.2 70.6 68.2 74.2 70.5 
12 76.0 72.6 73.2 67.8 72.5 73.4 72.5 
13 78.4 75.2 66.8 60.7 76.0 79.1 69.5 
14 77.3 75.5 74.4 70.4 72.1 75.2 70.8 
19 76.3 70.0 67.8 67.0 67.6 66.0 75.0 
20 75.4 71.4 64.6 67.2 68.4 69.4 74.2 
21 75.2 70.6 65.4 66.1 69.6 66.1 68.4 
22 75.3 73.2 68.9 58.7 69.6 65.3 69.9 
23 79.8 70.1 65.2 59.8 76.3 69.6 68.5 
26 78.3 75.6 74.9 79.9 75.7 76.0 78.7 
27 75.6 73.6 68.2 73.5 69.6 76.6 76.3 
28 76.9 71.3 74.3 75.6 76.7 77.9 80.2 
29 75.1 73.7 73.9 71.8 71.0 79.5 79.4 
30 77.9 77.2 70.8 72.9 74.3 76.0 82.5 
31 76.8 77.0 71.0 71.1 74.5 78.5 77.6 
44 77.2 72.1 72.8 68.8 70.4 77.2 73.7 
45 75.5 73.2 78.1 72.9 72.4 79.1 75.0 
47 76.7 71.5 73.8 73.3 65.1 75.6 69.2 
49 75.4 77.8 80.1 76.1 67.0 75.7 71.5 
50 75.3 72.4 71.6 70.0 66.0 67.0 61.2 
51 75.2 75.1 74.2 78.5 72.5 72.7 68.4 

Mean 76.6 72.9 72.7 70.6 71.7 73.6 72.6 
S.D. 1.7 3.1 4.0 4.8 3.3 4.2 4.4 

U.S.A. 79.5a** 77.3a 76.3a 73.3ab 74.5a 75.1ab 72.8a 
Ontario 80.3a 77.0a 76.7a 75.0a 70.7b 76.8a 74.0a 
Alberta 76.6b 72.9b 72.7b 70.6b 71. 7b 73.6b 72.6a 

Mean 77.9 74.6 74.2 71.9 72.1 74.5 72.9 

* Abbreviations: AH acid hydrolysis; RS reducing sugar, TS total 
sugar, Gl colorimetric glucose. 

** Means followed by the same letter in the same column are not 
significantly different at the 5 % level. 
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U.S.A. samples where the mean was 79.5 % with a range of 77.1 -

81.8 % and standard deviation 1.3 %. The Alberta samples had the 

lowest mean, 76.6 %with a range of 73.7 - 80.1 % and standard 

deviation 1.7 %. Compared to the mean of Ontario and U.S.A. 

samples, the Alberta samples had 3 % less starch, significant at 

the 5 % level. 

The data for fermentable glucose and true starch are also 

presented in Table 4.1. The difference between the two was that 

the sugars were extracted from the latter. Enzyme hydrolysis 

specific for starch was done since this measurement better 

represented the carbohydrate available for living organisms such 

as yeast. After enzyme hydrolysis, the reducing sugar, total 

sugar as total carbohydrate, and glucose were measured. 

The data for fermentable glucose indicated that the mean 

for Ontario corn, 77.0 %with range 74.1 - 80.3 % and standard 

deviation 1.9 %, and for U.S.A. corn, 77.3 % with range 75.4 -

81.4 % and standard deviation 2.0 % were nearly equivalent in 

reducing sugar (Table 4.1). The same was true for total sugar 

where the means for Ontario and U.S.A. were 76.7 % and 76.3 %, 

with ranges 69.5 - 79.4 % and 70.0 - 80.3 %, respectively. For 

the Alberta samples, the mean reducing and total sugar were 

identical, 72.9 % and 72.7 %with ranges 64.5 - 79.4 % and 64.6 -

80.4 %, respectively. The Alberta samples have about 5 % less 

fermentable glucose, measured by reducing and total sugar, 

compared to the mean for Ontario and U.S.A which was significant 

at the 5 % level. When the glucose content was measured, Ontario 
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corn had the highest mean, 75.0 %, followed by U.S.A. corn with a 

mean 73.3 %, and again, Alberta had the lowest mean, 70.6 %. 

This was about 5 % less than the means for the other two areas. 

However, the mean for U.S.A. corn was not significantly different 

from the other two areas but the means for Ontario and Alberta 

were significant at the 5 % level. Comparing the method of sugar 

analysis, reducing and total sugar gave similar results (75.7 and 

75.2 %, respectively) which were higher than those determined by 

glucose analysis (73.0 %). Since reducing and total sugars gave 

the same result, this indicated that dextrins were not present 

after enzyme hydrolysis. 

When the true starch content was determined by reducing 

sugar, the U.S.A. samples had the highest mean, 74.5 %, but the 

range 68.3 - 81.6 %, and standard deviation 5.0 % were high 

(Table 4.1). The mean for U.S.A. corn was significantly highest 

at the 5 % level from the means for Ontario and Alberta. The 

mean for the Alberta samples, 71.7 %, was similar to that of the 

Ontario samples, 70.7 %, and was not significantly different. 

When true starch was determined by total sugar analysis, 

Ontario corn had the highest mean, 76.8 %, range 72.8 - 80.4, 

standard deviation 2.3 (Table 4.1). This was followed by the 

U.S.A. samples with mean 75.1 %, range 71.5 - 79.2, standard 

deviation 2.4. Alberta had the lowest mean 73.6 %, range 66.0 -

79.5, standard deviation 4.2. The mean for U.S.A corn was not 

significantly different from the means for Ontario and Alberta. 

However, the mean for Ontario was significantly higher at the 5 % 



level than the mean for Alberta. Compared to the other two 

locations, Alberta had about 3 % less starch. 
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Based on glucose analysis, Ontario had the highest mean, 

74.0 %, range 66.3 - 77.3 %, standard deviation 3.0 % (Table 

4.1). However, U.S.A. and Alberta were very similar, mean 72.8% 

and 72.6 %, ranges 67.8 - 80.4 % and 61.2 - 82.5 %, standard 

deviation 3.6 % and 4.4 %, respectively. However, the means for 

all three areas were not significantly different from each other. 

These results were not consist with the starch and fermentable 

glucose data. The variability was apparently due to the variable 

levels of sugars in the corn samples. 

The method of hydrolysis used in the distillery for 

fermentable glucose was used to verify the method and as a basis 

for comparison between a glucose selective electrode, YSI 

analyzer, with a colorimeter using glucose oxidase for a few 

selected samples (Table 4.2). When fermentable glucose was 

measured with the YSI glucose selective electrode, the means for 

Ontario and U.S.A. were identical, 71.3 %. The ranges were 69.5 

- 72.2 % and 69.9 - 74.5 % with standard deviations of 0.9 % and 

0.7 %, respectively. Alberta corn had the lowest mean, 70.6 % 

with range 66.5 - 74.5 % and standard deviation 1.9 %. However, 

the means were not significantly different at the 5 % level. 

When the same hydrolyzates were analyzed for glucose, 

U.S.A. corn had the highest mean, 70.2 %, range 65.8 - 73.2 %, 

standard deviation 2.2% (Table 4.2). The mean for Ontario was 

68.7 %, range 64.2 - 73.2 %, standard deviation 2.8 %, which was 



Table 4.2 The contents of fermentable glucose in corn samples 
from three production areas after hydrolysis by the Palliser 
Distilleries Ltd. procedure and glucose analysis using a YSI 
analyzer and colorimeter, expressed as percent of dry weight. 

Production 
Area 

U.S.A. 

Ontario 

Sample 
No. 

16 
17 
18 
24 
32 
33 
34 
35 
36 
37 

Mean 
S.D. 

15 
25 
38 
39 
40 
41 
42 
43 

Mean 
S.D. 

Fermentable Glucose 

YSI-P* G-P 

71.6 69.6 
71.1 68.4 
71.8 68.3 
69.9 65.8 
71.6 69.7 
71.7 69.9 
71.0 71.9 
70.5 72.2 
71.8 72.8 
72.4 73.2 

71.3 70.2 
0.7 2.2 

72.2 65.1 
69.5 64.2 
72.5 71.8 
71.2 69.9 
71.2 70.7 
71.1 72.1 
70.4 67.1 
72.2 69.1 

71.3 68.7 
0.9 2.8 

* Abbreviations: YSI-P is glucose determined using a YSI 
analyzer, G-P is glucose determined using a colorimeter. 
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Table 4.2 cont'd 

Production Sample Fermentable Glucose 
Area No. 

YSI-P* G-P 

Alberta 
7 73.1 68.4 
8 71.9 67.8 
9 70.4 67.8 
10 69.7 67.5 
11 71.9 66.8 
12 68.6 61.4 
13 68.9 64.5 
14 66.5 60.8 
23 69.1 64.3 
26 69.8 66.1 
27 70.2 67.6 
28 71.7 68.4 
29 70.6 69.3 
30 72.0 69.9 
31 74.5 70.0 
44 70.8 67.5 

Mean 70.6 66.7 
S.D. 1.9 2.7 

U.S.A. 71.3a** 70.2a 
Ontario 71.3a 68.8ab 
Alberta 70.6a 66.8a 

Mean 71.0 68.2 

* Abbreviations: YSI-P is glucose determined using a YSI 
analyzer, G-P is glucose determined using a colorimeter. 
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** Means followed by the same letter in the same column are not 
significantly different at the 5 % level. 
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not significantly different from the other two locations. Again, 

Alberta corn had the lowest mean, 66.7 % with range 61.4 - 70.0 % 

and standard deviation 2.7 %, which was significantly different 

from U.S.A. but not Ontario corn. Alberta had 4 % less 

fermentable glucose compared to Ontario and U.S.A. 

Comparison of glucose analysis with a selective electrode 

versus colorimetry, showed that the selective electrode gave 

higher results and had a lower standard deviation (Table 4.2). 

The results using this method are comparable with fermentable 

glucose shown in Table 4.3. 

The data for fermentable glucose and true starch contents 

of corn samples, using a very heat stable a-amylase for 

hydrolysis, and glucose analysis by either selective electrode, a 

YSI analyzer, or colorimeter are presented in Table 4.3. The 

first three columns were based on the YSI analyzer and the latter 

three on using a colorimeter for glucose analysis. The mean 

fermentable glucose in column one were nearly identical for 

Ontario and U.S.A. samples with means 68.1 % and 67.9 %, ranges 

66.5 - 70.4 % and 58.2 - 70.4 %, standard deviations 1.1 % and 

3.1 %, respectively. However, the mean for Alberta corn was 67.4 

% with range 64.2 - 71.9 % and standard deviation 1.8 %, which 

was not significantly different at 5 % from the other two areas. 

Starch determined after sugar extraction (YSI-S) was nearly 

identical for U.S.A. and Ontario corn where the means were 69.2 % 

and 68.9 %with ranges 67.8 - 72.3 % and 66.5 - 70.4 %, standard 

deviations 1.3% and 1.2% (Table 4.3). The mean for Alberta 
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corn was 66.6 %with range 53.7 - 69.5 % and standard deviation 

2.7 % which was significantly different at the 5 % level from the 

other two areas. Alberta corn had about 4 % less starch than 

corn from either U.S.A. or Ontario. 

True starch, after lipid and sugar extraction, was very 

similar for all production areas (Table 4.3). None of the means 

were significantly different from each other at the 5 % level. 

For U.S.A. corn, the mean was 71.9 %, range 69.4 - 72.9 %, 

standard deviation 0.9 %. For Ontario corn, the mean was 71.0 %, 

range 69.6 - 72.9 %, standard deviation 1.0 %. Although Alberta 

had a similar mean, 70.8 %, the range 67.5 - 78.2 % and standard 

deviation 2.7 %were higher. 

When fermentable glucose was determined by glucose analysis 

(G2), U.S.A. corn had the highest mean 71.4% with range 60.2-

75.7 and standard deviation 4.2 (Table 4.3). This mean was 

significantly different at 5 % from the other two areas. The 

Alberta and Ontario samples were nearly identical with means of 

69.0 % and 68.7 %, ranges 63.8 - 73.9 % and 66.4 - 73.1 %, and 

standard deviations of 2.5 % and 2.1 %, respectively. The 

results were similar to YSI analysis, although the order of the 

means is different. 

Starch determined after sugar extraction using glucose 

analysis (G2-S) was nearly identical for U.S.A. and Ontario corn 

where the means were 66.9 % and 66.5 %, ranges 63.3 - 68.0 % and 

64.7 - 70.0 %, respectively, and identical standard deviations 

1.6% (Table 4.3). The mean for Alberta was 64.4 %, with range 
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Table 4.3 The contents of fermentable glucose and starch in corn 
samples from three production areas as determined by various 
treatments before enzyme hydrolysis and analyzed for glucose 
using a YSI analyzer and colorimeter, expressed as percent of dry 
weight. 

Production Ferm.* True Starch Ferm. True Starch 
Area and Glue. Glue. 

Sample No. YSI YSI-S YSI-LS G2 G2-S G2-LS 

U.S.A. 
16 70.4 69.1 72.9 74.0 66.9 71.3 
17 69.1 68.8 72.1 74.4 65.5 72.2 
18 68.6 69.4 71.9 72.7 67.8 70.4 
24 68.6 68.1 72.6 73.2 67.5 69.2 
32 68.8 71.1 72.4 71.0 68.5 69.6 
33 58.2 72.3 72.6 60.2 68.7 67.7 
34 69.6 67.8 72.2 74.0 67.8 67.2 
35 69.2 68.2 71.2 75.7 66.8 67.3 
36 67.9 68.7 69.4 68.9 63.3 67.0 
37 68.3 69.1 72.1 73.0 65.1 68.0 
48 68.7 68.2 71.4 67.9 68.0 68.0 

Mean 67.9 69.2 71.9 71.4 66.9 68.9 
S.D. 3.1 1.3 0.9 4.2 1.6 1.7 
Ontario 

15 70.4 70.4 72.9 73.1 65.6 71.8 
25 67.4 67.9 69.6 71.8 67.3 68.0 
38 68.0 70.1 70.3 68.6 65.8 64.4 
39 67.6 68.1 70.9 67.7 64.7 66.8 
40 69.2 69.0 70.5 68.2 66.2 67.9 
41 67.8 66.5 71.9 66.7 65.6 68.8 
42 66.5 69.6 69.9 66.4 65.6 66.9 
43 67.4 69.0 71.0 67.5 68.1 66.1 
46 68.6 69.9 71.9 68.0 70.0 69.2 

Mean 68.1 68.9 71.0 68.7 66.5 67.8 
S.D. 1.1 1.2 1.0 2.1 1.6 2.0 

*Abbreviations: Ferm. Glue. fermentable glucose, YSI glucose 
analysis using a YSI analyzer, G2 glucose analysis using a 
colorimeter, S sugars extracted from sample prior to starch 
analysis, LS lipids and sugars extracted from sample prior to 
starch analysis. 
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Table 4.3 cont'd 

Production Ferm.* True Starch Ferm. True Starch 
Area and Glue. Glue. 

Sample No. YSI YSI-S YSI-LS G2 G2-S G2-LS 

Alberta 
1 67.5 69.5 72.9 70.0 67.4 71.6 
2 68.7 67.4 69.6 66.3 65.6 65.7 
3 69.5 67.1 69.1 66.7 64.8 65.5 
4 68.8 64.4 68.8 64.3 60.1 64.1 
5 66.5 64.1 68.0 63.8 60.8 62.5 
6 66.7 64.1 66.5 66.3 60.2 61.8 
7 69.5 68.5 67.5 70.0 63.7 62.2 
8 69.8 66.8 71.9 70.8 62.5 67.0 
9 69.9 68.9 68.6 70.2 64.3 65.6 
10 69.0 67.7 70.3 69.1 64.4 67.8 
11 71.9 68.1 71.2 71.9 64.5 70.1 
12 68.6 65.9 70.1 69.4 63.1 67.2 
13 68.6 67.3 68.8 69.9 63.0 67.0 
14 69.3 67.1 69.8 69.3 64.6 68.7 
19 64.9 68.6 69.3 68.9 64.6 69.6 
20 66.2 65.9 69.6 66.2 63.2 69.0 
21 64.2 65.0 68.7 66.6 64.3 68.4 
22 66.3 67.5 74.0 70.5 66.2 71.6 
23 64.2 66.9 70.4 71.1 64.5 65.6 
26 67.5 68.0 73.0 73.3 66.7 65.5 
27 66.9 66.1 74.9 71.8 65.1 66.9 
28 65.5 67.3 76.7 71.0 66.2 66.5 
29 67.0 68.6 78.2 73.9 68.0 67.5 
30 68.0 67.0 75.0 71.7 67.4 66.9 
31 67.2 69.1 71.4 71.2 68.1 66.5 
44 68.2 68.0 71.3 68.7 66.5 67.7 
45 67.7 67.5 71.3 67.4 67.1 67.3 
47 65.3 66.5 68.2 66.9 66.7 65.5 
49 66.6 67.6 71.9 67.1 66.9 69.3 
50 64.4 65.2 68.4 66.4 63.1 65.7 
51 66.2 53.7 68.7 67.3 54.2 67.3 

Mean 67.4 66.6 70.8 69.0 64.4 66.9 
S.D. 1.8 2.7 2.7 2.5 2.8 2.3 

U.S.A. 67.9a** 69.2a 71.9a 71.4a 66.9a 68.9a 
Ontario 68.1a 68.9a 71.0a 68.7b 66.5a 67.8ab 
Alberta 67.5a 66.6b 70.8a 69.0b 64.4b 66.9b 

Mean 67.7 67.6 71.1 69.4 65.3 67.5 

*Abbreviations: See previous page. 
** Means followed by the same letter in the same column are not 
significantly different at the 5 % level. 



54.2 - 68.1 % and standard deviation 2.8 %. Alberta had the 

lowest mean which was significantly different at 5 % from the 

other two areas. Alberta, therefore, contained about 4 % less 

starch. 
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Starch determined after lipid and sugar extraction by 

glucose analysis (G2-LS), showed that the results were similar 

for all areas (Table 4.3). For U.S.A. corn, the mean was 68.9 %, 

range 67.0 - 72.2 %, standard deviation 1.7 %. For Ontario corn, 

the mean was 67.8 %, range 64.4 - 71.8 %, standard deviation 2.0 

%. The means for U.S.A. and Ontario were not significantly 

different at 5 %. The Alberta samples had a lower mean, 66.9 %, 

but a larger range, 61.8 - 71.6 %, and standard deviation 2.3 %. 

The mean for Alberta was significantly different at 5 % from 

U.S.A. but from Ontario. 

When all methods are compared in Table 4.3, YSI analysis 

gave comparable results to glucose analysis (G2), although 

glucose analysis tended to have a higher standard deviation. 

Since the values for starch increased when the lipids and sugars 

were both extracted compared to sugar extraction alone, this 

suggests that the presence of lipids can affect the functioning 

of the YSI analyzer and, also, interfere with the colorimetric 

determination of glucose using glucose oxidase. 

When all the methods were compared, either the u.s.A. or 

Ontario samples had the highest mean fermentable glucose or true 

starch content but the results varied depending on the methods 

used for analysis (Table 4.4a). Starch hydrolysis using BAN and 



SAN appeared to give higher results compared to hydrolysis with 

Termamyl and Diazyme when the G1 and G2 series were compared. 
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The means for methods based on the determination of reducing or 

total sugar were significantly higher at the 5 % level in most 

cases, compared to methods where only glucose was determined. 

Alberta samples tended to have lower values, generally 4 -5 % 

less. The highest mean value for starch content was 78.8 % 

determined by acid hydrolysis but this determination probably 

also included some non-starch polysaccharide. The mean starch 

contents varied from 65.3 - 74.5 % depending on the method used. 

In some instances, starch was higher than fermentable glucose, 

even when measured by the same method, eg. Alberta G1. This was 

due to the large variations that occurred in the analytical 

methods. Generally, however, each method was usually consistent. 

The differences between the overall means for fermentable glucose 

(71.0 %) and starch (70.1 %) were probably not significant due to 

the standard errors of the determinations. 

When the data from the various methods were correlated, 

generally low correlations were found with a few exceptions 

(Table 4.4b). This again points to the large variations in the 

individual methods. 
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Table 4.4a Means and standard deviations for fermentable glucose 
and starch determined by various methods in corn from three 
production areas, expressed as percent of dry weight, from Tables 
4.1 - 4.3. 

U.S.A. Ontario Alberta 
Method* 

Mean SD Mean SD Mean SD Mean 

Fermentable Glucose 

Gl 73.3 3.4 75.0 4.5 70.6 4.8 71.9 abx** 
RS 77.3 2.0 77.0 1.9 72.9 3.1 74.6 c 
TS 76.3 3.1 76.7 3.1 72.7 4.0 74.2 c 
YSI-P 71.3 0.7 71.3 0.9 70.6 1.9 71.0 X 

G-P 70.2 2.2 68.7 2.8 66.7 2.7 68.2 y 
YSI 67.9 3.1 68.1 1.1 67.4 1.8 67.7 dy 
G2 71.4 4.2 68.7 2.1 69.0 2.5 69.4 X 

Mean 71.0 ± 1.0*** 

Starch 

Gl 72.8 3.6 74.0 3.0 72.6 4.4 72.9 a 
RS 74.5 5.0 70.7 2.0 71.7 3.3 72.1 ab 
TS 75.1 2.4 76.8 2.3 73.6 4.2 74.5 c 
YSI-S 69.2 1.3 68.9 1.2 66.6 2.7 67.6 dy 
YSI-LS 71.9 0.9 71.0 1.0 70.8 2.7 71.1 bx 
G2-S 66.9 1.6 66.5 1.6 64.4 2.8 65.3 
G2-LS 68.9 1.7 67.8 2.0 66.9 2.3 67.5 dy 

Mean 70.1 + 1.3*** 

* Abbreviations: Hydrolysis with BAN and SAN, Gl glucose 
colorimetrically, RS reducing sugar, TS total sugar, YSI-P 
glucose analyzer and G-P glucose calorimetrically with method 
used in distillery. Hydrolysis with Termamyl and Diazyme, YSI 
glucose analyzer, G2 glucose calorimetrically, -s sugars and 
-LS sugars and lipids removed before hydrolysis. 

** Means in the last column followed by the same letter are not 
significantly different at the 5 % level. For the comparison of 
fermentable glucose methods YSI-P and G-P, x and y are used to 
indicate that only 34 samples were available for analysis 
compared with 51 for all the other methods. 

*** Standard error. 



Table 4.4b Correlation coefficients comparing the various methods for determining 
fermentable glucose and starch. 
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FGG1* FGRS FGTS FGYP FGGP FGYS FGG2 STG1 STRS STTS STSY STLY STSG STLG 

FGG1 
FGRS 
FGTS 
FGYP 
FGGP 
FGYS 
FGG2 
STG1 
STRS 
STTS 
STSY 
STLY 
STSG 
STLG 
STAH 

0.34 
0.64 
0.32 
0.54 
0.13 

-0.11 
0.46 

-0.01 
0.49 
0.00 
0.17 
0.19 

-0.16 
0.19 

0.47 
0.26 
0.58 
0.28 
0.35 
0.14 
0.17 
0.35 
0.30 
0.17 
0.31 
0.15 
0.48 

0.25 
0.54 
0.15 

-0.15 
0.18 
0.14 
0.40 
0.26 
0.08 
0.23 

-0.09 
0.21 

0.69 
0.01 

-0.01 
0.35 
0.05 
0.30 
0.47 
0.16 
0.28 
0.07 
0.15 

-0.06 
-0.02 

0.33 
0.23 
0.22 
0.36 
0.19 
0.31 

-0.09 
0.08 

0.54 
0.13 
0.01 
0.26 
0.10 
0.02 
0.01 
0.15 
0.28 

0.12 
0.19 
0.09 
0.23 
0.50 
0.30 
0.39 
0.33 

0.20 
0.55 
0.29 
0.54 
0.37 

-0.05 
0.13 

0.36 
0.07 
0.07 

-0.06 
-0.25 

0.15 

0.22 
0.29 
0.27 

-0.17 
0.36 

0.35 
0.81 
0.30 
0.51 

0.56 
0.47 
0.18 

0.38 
0.45 0.31 

*The abbreviations for the various methods are as follows: FG Fermentable Glucose. ST 
Starch. Hydrolysis with BAN and SAN, G1 glucose colorimetrically, RS reducing sugar, 
TS total sugar, YP glucose analyzer and GP glucose colorimetrically with method used in 
distillery. Hydrolysis with Termamyl and Diazyme, YS glucose analyzer, G2 glucose 
colorimetrically, -s- sugars and -L- sugars and lipids removed before hydrolysis and 
glucose determined with -Y glucose analyzer or -G colorimetrically. AH acid hydrolysis. 
The methods are in the same order as listed in Table 4.4a. 
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4.2 Sugars 

Initially, the sugars were determined calorimetrically 

after extraction with MCW (Haissig and Dickson 1979) and the 

results shown in Table 4.5. Sucrose was the predominant sugar 

(1.47 %) with only traces of glucose (0.16 %) and fructose (0.37 

%) found. U.S.A. corn had the highest mean sucrose content, 1.67 

%, range 1.42 - 1.83 % and standard deviation 0.15 %, and highest 

total sugar content, 2.25 %, range 2.04 - 2.44 % and standard 

deviation 0.15 %. The means for sucrose and total sugar in 

U.S.A. corn were significantly different at the 5 % level from 

Ontario and Alberta corn. Ontario corn had the lowest sucrose 

and total sugar contents, 1.28 % and 1.61 %, with ranges 1.15 -

1.40 % and 1.49 - 1.77 %, respectively, and identical standard 

deviations 0.09 %. Sucrose and total sugar were intermediate for 

the Alberta samples, 1.46 % and 2.04 %, respectively, compared to 

the other two locations. The respective ranges 0.93 - 2.14 % and 

1.69 - 2.77 %, and standard deviations 0.28 % and 0.26 %, were 

higher indicating a greater variation in Alberta samples. 

Ontario and Alberta corn were not significantly different at the 

5 % level in sucrose content but were different in total sugar 

content. 

The data for sugars, extracted by homogenization in 80 % 

methanol and analyzed by GC, are shown in Table 4.6. Raffinose 

was found but no maltose was detected. The chromatograms 

confirmed that the predominant sugar was sucrose but the levels 

were twice those in Table 4.5 and the standard deviations were 
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Table 4.5 The contents of sugars in corn samples from three 
production areas as determined calorimetrically after extraction 
with MCW, expressed as percent of dry weight. 

Production 
Area and 

Sample No. 

U.S.A. 
16 
17 
18 
24 
32 
33 
34 
35 
36 
37 
48 

Mean 
S.D. 

Ontario 
15 
25 
38 
39 
40 
41 
42 
43 
46 

Mean 
S.D. 

Glucose 

0.19 
0.18 
0.23 
0.14 
0.16 
0.11 
0.16 
0.14 
0.16 
0.18 
0.19 

0.17 
0.03 

0.05 
0.09 
0.09 
0.11 
0.10 
0.10 
0.11 
0.11 
0.14 

0.10 
0.02 

Sugar 

Fructose Sucrose Total 

0.43 1.83 2.44 
0.52 1.71 2.41 
0.57 1.42 2.21 
0.43 1.56 2.13 
0.39 1.84 2.39 
0.32 1.69 2.13 
0.38 1.57 2.10 
0.35 1.61 2.09 
0.37 1.80 2.34 
0.43 1.82 2.43 
0.36 1.48 2.04 

0.41 1.67 2.25 
0.07 0.14 0.15 

0.15 1.40 1.59 
0.18 1.22 1.49 
0.31 1.37 1.77 
0.24 1.39 1.74 
0.25 1.30 1.65 
0.17 1.31 1.58 
0.29 1.21 1.61 
0.24 1.15 1.50 
0.22 1.21 1.56 

0.23 1.28 1.61 
0.05 0.09 0.09 
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Table 4.5 cont'd. 

Production Sugar 
Area and 

Sample No. Glucose Fructose Sucrose Total 

Alberta 
1 0.05 0.19 1.90 2.15 
2 0.06 0.26 1.37 1.69 
3 0.11 0.29 1.48 1.87 
4 0.10 0.31 1.70 2.11 
5 0.05 0.35 1.39 1.79 
6 0.13 0.30 1.86 2.29 
7 0.17 0.39 1.33 1.89 
8 0.19 0.39 1.31 1.90 
9 0.27 0.43 1.47 2.17 

10 0.20 0.52 1.72 2.45 
11 0.24 0.54 1.50 2.28 
12 0.19 0.43 1.11 1.74 
13 0.20 0.43 1.78 2.41 
14 0.25 0.42 1.29 1.97 
19 0.11 0.44 1.57 2.12 
20 0.16 0.42 1.47 2.06 
21 0.13 0.42 1.47 2.02 
22 0.12 0.33 1.35 1.80 
23 0.19 0.42 0.93 1.54 
26 0.29 0.48 1.14 1.92 
27 0.26 0.48 1.38 2.12 
28 0.27 0.38 1.03 1.68 
29 0.26 0.48 1.36 2.11 
30 0.30 0.47 1.17 1.94 
31 0.28 0.46 1.11 1.85 
44 0.15 0.29 1.52 1.96 
45 0.23 0.43 1.15 1.81 
47 0.20 0.37 1.59 2.16 
49 0.16 0.48 2.14 2.77 
50 0.12 0.40 1.84 2.36 
51 0.17 0.46 1.68 2.30 

Mean 0.18 0.40 1.46 2.04 
S.D. 0.07 0.08 0.28 0.26 

U.S.A. 0.17a* 0.41a 1.67a 2.25a 
Ontario O.lOb 0.23b 1.28b 1.61b 
Alberta 0.18a 0.40a 1.46b 2.04c 

Mean 0.16 0.37 1.47 2.01 

* Means followed by the same letter in the same column are not 
significantly different at the 5 % level. 
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Table 4.6 The contents of sugars in corn samples from three 
productions areas, extracted with 80 % methanol and determined by 
gas chromatography, expressed as percent of dry weight. 

Production Sugar 
Area and 

Sample No. Glucose Fructose Raffinose Sucrose Total 

U.S.A. 
16 0.28 0.27 0.19 2.56 3.29 
17 0.27 0.25 0.21 2.54 3.26 
18 0.29 0.38 0.19 2.82 3.68 
24 0.20 0.18 0.26 2.60 3.22 
32 0.17 0.14 0.15 2.53 3.00 
33 0.19 0.14 0.21 2.82 3.35 
34 0.17 0.20 0.28 2.76 3.40 
35 0.22 0.23 0.23 3.22 3.90 
36 0.24 0.20 0.26 2.93 3.64 
37 0.14 0.19 0.24 2.98 3.55 
48 0.30 0.23 0.23 2.98 3.73 

Mean 0.22 0.22 0.22 2.79 3.46 
S.D. 0.05 0.06 0.04 0.21 0.25 

Ontario 
15 0.12 0.07 0.32 3.48 3.99 
25 0.21 0.18 0.23 3.60 4.22 
38 0.17 0.14 0.28 3.59 4.18 
39 0.18 0.12 0.23 3.49 4.02 
40 0.18 0.13 0.23 3.76 4.30 
41 0.16 0.10 0.41 3.59 4.27 
42 0.21 0.17 0.18 3.85 4.39 
43 0.20 0.19 0.41 3.70 4.51 
46 0.21 0.13 0.27 3.80 4.41 

Mean 0.18 0.14 0.28 3.65 4.25 
S.D. 0.03 0.04 0.08 0.13 0.16 
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Table 4.6 cont'd 

Production Sugar 
Area and 

Sample No. Glucose Fructose Raffinose Sucrose Total 

Alberta 
1 0.10 0.08 0.29 2.28 2.75 
2 0.15 0.10 0.34 3.03 3.62 
3 0.21 0.20 0.36 3.30 3.13 
4 0.14 0.18 0.32 2.51 3.14 
5 0.10 0.08 0.45 3.26 3.90 
6 0.22 0.21 0.25 2.30 2.97 
7 0.41 0.40 0.35 3.74 4.90 
8 0.40 0.35 0.49 3.61 4.85 
9 0.48 0.46 0.46 3.60 4.99 

10 0.33 0.30 0.37 3.35 4.35 
11 0.42 0.40 0.39 3.31 4.52 
12 0.42 0.48 0.32 3.94 5.15 
13 0.30 0.33 0.32 2.89 3.84 
14 0.56 0.62 0.44 3.85 5.47 
19 0.18 0.13 0.33 2.55 3.18 
20 0.22 0.19 0.40 2.55 3.36 
21 0.20 0.16 0.42 2.80 3.57 
22 0.20 0.13 0.32 3.12 3.76 
23 0.50 0.58 0.14 4.77 5.99 
26 0.55 0.64 0.17 4.29 5.64 
27 0.41 0.44 0.18 3.70 4.73 
28 0.46 0.75 0.16 5.41 6.77 
29 0.40 0.51 0.13 4.71 5.76 
30 0.47 0.63 0.14 4.79 6.03 
31 0.55 0.61 0.14 4.43 5.71 
44 0.24 0.18 0.31 3.53 4.26 
45 0.41 0.28 0.29 4.08 5.06 
47 0.31 0.18 0.25 3.03 3.77 
49 0.20 0.14 0.20 2.20 2.74 
50 0.19 0.14 0.25 2.70 3.28 
51 0.22 0.16 0.30 2.56 3.23 

Mean 0.32 0.32 0.30 3.40 4.34 
S.D. 0.14 0.20 0.10 0.84 1.10 

U.S.A. 0.22a* 0.22ab 0.22a 2.79a 3.46a 
Ontario 0.18a 0.14a 0.28ab 3.65b 4.25ab 
Alberta 0.32b 0. 32b 0.30b 3.40b 4.34b 

Mean 0.28 0.27 0.28 3.31 4.13 

* Means followed by the same letter in the same column are not 
significantly different at the 5 % level. 
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also greater. The quantification of sugars by this method 

produced higher yields of sugars compared to MCW extraction and 

colorimetric determination. For this analysis, Ontario corn was 

found to have the highest sucrose content, 3.65 %, with range 

3.48 - 3.85 % and standard deviation 0.13 %. The corresponding 

mean for Alberta corn was lower, 3.40 %, with range 2.28 - 4.79 % 

and standard deviation 0.84 %, indicating a greater variation. 

However, with regard to total sugar, Alberta corn had the highest 

mean, 4.34 %, with range 2.74 - 6.77 % and standard deviation 

1.10 %. Ontario corn was close to Alberta in total sugar content 

with mean 4.25 %, range 3.99 - 4.51 % and standard deviation 0.16 

%, showing less variation than for Alberta. However, Ontario and 

Alberta were not significantly different in either sucrose or 

total sugar content. U.S.A. corn had the lowest sucrose and 

total sugar contents, 2.79 % and 3.46 %, respectively, with a 

standard deviation similar to that for Ontario. U.S.A. corn was 

significantly different at 5 % from both Ontario and Alberta corn 

in sucrose content but only different from Alberta in total sugar 

content. The levels of raffinose found for all locations, 0.13 -

0.49 %, were comparable to the levels of glucose and fructose. 

The differences in glucose, fructose and raffinose among the 

areas were small although some differences were significant. The 

Alberta samples had the largest ranges and standard deviation 

compared to the other two locations. There was a trend for 

glucose and fructose to be equal when the mean for each area was 

considered. 
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Table 4.7 The contents of sugars in corn samples from three 
growing areas extracted with 80 % methanol, purified and 
determined calorimetrically, expressed as percent of dry weight. 

Production 
Area and 

Sample No. 

U.S.A. 
16 
17 
18 
24 
32 
33 
34 
35 
36 
37 
48 

Mean 
S.D. 

Ontario 
15 
25 
38 
39 
40 
41 
42 
43 
46 

Mean 
S.D. 

Glucose 

0.19 
0.19 
0.20 
0.14 
0.11 
0.11 
0.15 
0.11 
0.14 
0.11 
0.19 

0.15 
0.04 

0.08 
0.10 
0.08 
0.09 
0.08 
0.09 
0.10 
0.09 
0.10 

0.09 
0.01 

Sugar 

Fructose Sucrose Total 

0.31 1.76 2.26 
0.20 1.53 1.93 
0.61 1.28 2.10 
0.30 1.46 1.90 
0.28 1.56 1.95 
0.17 1.70 1.99 
0.20 1.59 1.94 
0.18 1.42 1.72 
0.19 1.55 1.88 
0.17 1.48 1.76 
0.31 1.52 2.02 

0.27 1.53 1.95 
0.12 0.12 0.14 

0.21 1.32 1.61 
0.23 1.08 1.41 
0.13 1.37 1.58 
0.15 1.25 1.49 
0.14 1.20 1.41 
0.15 1.38 1.61 
0.15 1.18 1.43 
0.14 1.33 1.56 
0.15 1.28 1.53 

0.16 1.27 1.51 
0.03 0.09 0.08 
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Table 4.7 cont'd 

Production Sugar 
Area and 
Sample No. Glucose Fructose Sucrose Total 

Alberta 
1 0.05 0.11 1.92 2.08 
2 0.09 0.17 1.37 1.63 
3 0.14 0.28 1.65 2.06 
4 0.10 0.30 1.75 2.14 
5 0.06 0.23 1.41 1.71 
6 0.15 0.27 1.82 2.24 
7 0.20 0.32 1.22 1.74 
8 0.18 0.28 1.21 1.67 
9 0.24 0.45 1.34 2.03 

10 0.21 0.35 1.42 1.98 
11 0.23 0.29 1.43 1.95 
12 0.19 0.33 1.14 1.66 
13 0.18 0.29 1.66 2.12 
14 0.25 0.40 1.23 1.88 
19 0.13 0.22 1.78 2.13 
20 0.16 0.25 1.50 1.92 
21 0.14 0.19 1.33 1.66 
22 0.12 0.15 1.36 1.64 
23 0.19 0.30 1.02 1.50 
26 0.24 0.43 1.02 1.68 
27 0.21 0.39 1.16 1.76 
28 0.20 0.35 0.92 1.46 
29 0.18 0.31 1.01 1.51 
30 0.22 0.33 1.07 1.63 
31 0.27 0.46 1.06 1.79 
44 0.13 0.23 1.32 1.67 
45 0.17 0.19 1.19 1.55 
47 0.16 0.22 1.42 1.80 

Mean 0.17 0.29 1.35 1.81 
S.D. 0.05 0.09 0.26 0.22 

U.S .A. 0.15a* 0.27a 1.53a 1.95a 
ontario 0.09b 0.16b 1.27b 1.51b 
Alberta 0.17a 0.29a 1.35b 1.81c 

Mean 0.15 0.25 1.46 1.86 

* Means followed by the same letter in the same column are not 
significantly different at the 5 % level. 
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Table 4.8 The contents of sugars in corn samples from three 
production areas extracted by sonication in 80 % ethanol and 
determined calorimetrically, expressed as percent of dry weight. 

Production 
Area and 
Sample No. 

U.S.A. 
16 
17 
18 
24 
32 
33 
34 
35 
36 
37 
48 

Mean 
S.D. 

Ontario 
15 
25 
38 
39 
40 
41 
42 
43 
46 

Mean 
S.D. 

Glucose 

0.35 
0.36 
0.42 
0.67 
0.34 
0.30 
0.31 
0.28 
0.27 
0.20 
0.42 

0.36 
0.12 

0.21 
0.75 
0.24 
0.29 
0.29 
0.32 
0.27 
0.29 
0.39 

0.34 
0.15 

Sugar 

Fructose Sucrose Total 

0.20 2.47 3.02 
0.22 2.14 2.72 
0.24 2.46 3.12 
0.52 1.51 2.70 
0.31 2.28 2.93 
0.24 2.16 2.70 
0.25 2.25 2.81 
0.16 2.24 2.68 
0.19 2.01 2.47 
0.13 2.07 2.40 
0.17 2.31 2.90 

0.24 2.17 2.77 
0.10 0.25 0.21 

0.70 1.82 2.74 
0.19 1.67 2.61 
0.02 2.06 2.32 
0.00 2.68 2.97 
0.00 2.32 2.61 
0.00 2.47 2.79 
0.06 2.19 2.52 
0.00 2.78 3.07 
0.17 1.78 2.34 

0.13 2.20 2.66 
0.21 0.38 0.24 
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Table 4.8 cont'd 

Production Sugar 
Area and 

Sample No. Glucose Fructose Sucrose Total 

Alberta 
1 0.64 0.49 1.13 2.26 
2 0.90 0.72 0.90 2.52 
3 0.63 0.44 1.18 2.25 
4 1.03 0.90 1.01 2.94 
5 1.27 1.48 0.22 2.97 
6 1.46 1.71 0.42 3.59 
7 0.41 0.00 1.28 1.69 
8 0.46 0.69 2.31 3.46 
9 0.45 0.80 2.06 3.31 

10 0.41 0.70 2.15 3.26 
11 0.40 0.81 2.25 3.46 
12 0.47 0.43 2.68 3.58 
13 0.42 0.64 2.61 3.67 
14 0.55 0.68 2.09 3.32 
19 0.40 0.45 2.40 3.25 
20 0.46 0.22 2.20 2.88 
21 0.69 0.50 2.18 3.37 
22 0.75 0.70 1.83 3.28 
23 0.62 0.22 1.82 2.66 
26 0.88 0.67 2.58 4.13 
27 0.49 0.03 2.47 2.99 
28 0.49 0.00 2.37 2.86 
29 0.48 0.00 2.57 3.05 
30 0.53 0.16 2.46 3.15 
31 0.39 0.14 2.20 2.73 
44 0.33 0.00 2.76 3.09 
45 0.50 0.00 3.02 3.52 
47 0.72 0.30 2.03 3.05 
49 0.50 0.18 2.89 3.57 
50 0.47 0.00 3.14 3.61 

Mean 0.61 0.47 2.04 3.12 
S.D. 0.26 0.42 0.73 0.49 

U.S.A. 0.36a 0.24ab 2.17a 2.77a 
Ontario 0.34a 0.13b 2.20a 2.66a 
Alberta 0.61b 0.47a 2.04a 3.12b 

Mean 0.50 0.36 2.10 2.96 

* Means followed by the same letter in the same column are not 
significantly different at the 5 % level. 
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The same extraction procedure used in the above study by GC 

was repeated but the analysis was done calorimetrically (Table 

4.7). However, the levels of sugars detected were low compared 

to GC but were the same as in Table 4.5 where MCW was the 

extracting solvent. U.S.A. had the highest mean sucrose and 

total sugar content, 1.76 % and 2.26 %, respectively, which were 

significantly different at 5 % from the other two areas. Also, 

Alberta corn showed the greatest variation in sucrose and total 

sugar contents, as well as ranges and standard deviation. 

Alberta corn was significantly different from ontario corn in 

total sugar but not sucrose content. 

The data for sugar extraction by sonication in 80 % ethanol 

and colorimetric determination are presented in Table 4.8. 

Higher levels of glucose (0.20 - 1.46 %) were obtained compared 

to the previous methods. Part of this is due to the fact corn 

zein proteins are also extracted by alcohol which created 

turbidity during the colorimetric analysis. To minimize this 

effect, small aliquots were used during the determination of 

glucose. Alternatively, the ethanolic extracts could be purified 

by precipitation of protein or centrifugation just before the 

absorbance is measured during colorimetric analysis. Extra steps 

such as these make the method less attractive compared to the 

other procedures. Another problem that occurred during this 

analysis was the inversion of sucrose as can be seen in samples 3 

- 6. This occurred because the extraction was done at room 

temperature and enzymes are still active. 



Table 4.9 The contents of sugars in corn samples from three 
production areas extracted by hot 80 % ethanol and determined 
colorimetrically, expressed as percent of dry weight. 

Production Sugar 
Area and 
Sample No. Glucose Fructose Sucrose Total 

U.S.A. 
16 0.28 0.07 2.79 3.14 
17 0.30 0.13 2.70 3.14 
18 0.32 0.00 2.71 3.03 
24 0.26 0.09 2.47 2.82 
32 0.23 0.00 2.89 3.11 
33 0.15 0.03 2.65 2.84 
34 0.17 0.00 2.83 3.00 
35 0.21 0.06 2.50 2.77 
36 0.19 0.06 2.64 2.89 
37 0.20 0.06 2.47 2.73 
48 0.33 0.00 2.58 2.91 

Mean 0.24 0.05 2.66 2.94 
S.D. 0.06 0.04 0.14 0.14 

Ontario 
15 0.11 0.00 2.09 2.21 
25 0.25 0.00 2.01 2.27 
38 0.17 0.00 2.48 2.66 
39 0.19 0.00 2.43 2.62 
40 0.18 0.00 2.44 2.62 
41 0.15 0.00 2.62 2.76 
42 0.19 0.00 2.31 2.50 
43 0.18 0.00 2.41 2.59 
46 0.17 0.00 2.31 2.48 

Mean 0.18 0.00 2.34 2.52 
S.D. 0.03 0.00 0.18 0.17 
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Table 4.9 cont'd 

Production Sugar 
Area and 

Sample No. Glucose Fructose Sucrose Total 

Alberta 
1 0.49 0.33 1.67 2.50 
2 0.46 0.02 1.89 2.38 
3 0.52 0.17 2.38 3.08 
4 0.62 0.05 2.87 3.55 
5 0.97 0.65 1.09 2.71 
6 0.78 0.55 2.54 3.87 
7 0.35 0.00 2.58 2.93 
8 0.44 0.06 2.74 3.24 
9 0.38 0.08 2.18 2.64 

10 0.34 0.00 2.49 2.83 
11 0.36 0.08 2.26 2.70 
12 0.36 0.00 2.75 3.11 
13 0.29 0.11 2.63 3.03 
14 0.38 0.00 2.61 2.98 
19 0.26 0.00 2.74 3.01 
20 0.35 0.23 2.37 2.95 
21 0.47 0.00 2.59 3.06 
22 0.50 0.00 2.49 2.99 
23 0.28 0.06 2.52 2.85 
26 0.37 0.05 2.47 2.88 
27 0.42 0.23 2.05 2.71 
28 0.37 0.00 2.83 3.20 
29 0.37 0.16 2.09 2.62 
30 0.42 0.00 2.68 3.09 
31 0.35 0.03 2.45 2.83 
44 0.19 0.00 2.88 3.08 
45 0.36 0.00 2.75 3.11 
47 0.48 0.02 2.52 3.02 
49 0.34 0.00 3.34 3.68 
50 0.40 0.00 3.29 3.69 

Mean 0.42 0.10 2.49 3.01 
S.D. 0.15 0.16 0.43 0.34 

U.S.A. 0.24a* 0.05a 2.66a 2.94a 
Ontario 0.18a o.ooa 2.34a 2.52b 
Alberta 0.42b 0.10a 2.49a 3.01a 

Mean 0.34 0.07 2.50 2.91 

* Means followed by the same letter in the same column are not 
significantly different at the 5 % level. 
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The results of the sugar analysis after extraction by 

heating in 80 % ethanol and colorimetric analysis are presented 

in Table 4.9. The use of heat overcame the problem of the 

extraction of protein since the protein was probably denatured by 

heat. In addition to a higher recovery of glucose, levels of 

sucrose were greatly increased, but fructose concentrations 

dropped markedly and in many cases were absent. The highest 

sucrose content was found in U.S.A. corn where the mean was 2.66 

% with range 2.47 - 2.89 % and standard deviation 0.14 %. The 

lowest amount was in Ontario, 2.34 %, range 2.01 - 2.62 %, 

standard deviation 0.18 %. However, the sucrose content was not 

significantly different at the 5 % level for all three areas. 

The highest total sugar was nearly identical for Alberta and 

U.S.A. corn, means 3.01 % and 2.94 %, ranges 2.39 - 3.87 % and 

2.73 - 3.14 %, and standard deviations 0.34 % and 0.14 %, 

indicating a greater variation in the Alberta samples. The means 

for total sugar were not significantly different at 5 % for 

U.S.A. and Alberta. However, the total sugar content for Ontario 

corn, 2.52 %, was significantly the lowest. 

Comparing all the methods, sucrose was found to be the 

predominant sugar (Table 4.10a). Glucose, fructose and raffinose 

make only a minor contribution to the total sugars. The highest 

amount of sucrose was determined by methanolic extraction and 

analysis by GC which was significantly different at 5 % from the 

other methods. The next highest amount was given by hot 

ethanolic extraction and colorimetric analysis which was also 
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Table 4.10a Comparison of means for glucose, fructose, sucrose 
and total sugar content determined by various methods for corn 
from three production areas, expressed as percent of dry weight, 
data from Tables 4.5 - 4.9. 

Extraction/ 
Determination 

80 % Methanol/ 
GC 

80 % Methanol/ 
Colorimetry 

MCW**/ 
Colorimetry 

80 % Ethanol, 
Sonication/ 
Colorimetry 

Boiling 80 % 
Ethanol/ 
Colorimetry 

Mean 

Glucose 

0.28 a* 

0.15 a 

0.16 a 

0.50 

0.34 

0.29 

Sugar 

Fructose Sucrose Total 

0.28 a 3.36 4.20 

0.26 a 1.37 a 1.78 a 

0.37 b 1.44 a 1.98 a 

0.37 b 2.06 2.93 b 

0.07 2.47 2.88 b 

0.27 2.14 2.75 

* Means in the same column followed by the same letter are not 
signficantly different from each other. 

** MCW solvent mixture of methanol, chloroform and water 



Table 4.10b Correlation coefficients comparing various sugar determinations using different methods of analysis. 

GLMG 
MC 
XC 
sc 
HC 

FRMG 
MC 
XC 
sc 
HC 

RAMG 
SUMG 

MC 
XC 
sc 
HC 

TSMG 
MC 
XC 
sc 
HC 

GLMG* GLMC GLXC GLSC GLHC FRMG FRMC FRXC FRSC FRHC RAMG SUMG SUMC SUXC SUSC SUHC TSMG TSMC TSXC TSSC 

0.90 
0.88 0.91 

·0.02 -0.03 ·0.13 
0.06 0.10 0.00 0.87 
0.93 0.85 0.86 0.01 0.09 
0.69 0.80 0.72 0.13 0.22 0.73 
0.56 0.78 0.74 -0.04 0.15 0.54 0.65 

-0.07 0.01 -0.15 0.74 0.70 ·0.07 0.15 0.02 
-0.17 ·0.14 ·0.18 0.63 0.71 ·0.11 0.00 -0.02 0.61 
·0.14 ·0.12 ·0.28 0.13 0.25 ·0.25 -0.15 -0.17 0.44 0.15 
0.66 0.36 0.49 -0.15 -0.15 0.70 0.24 0.03 -0.31 ·0.25 -0.23 

-0.60 -0.35 -0.46 0.12 0.14 -0.60 ·0.30 -0.14 0.36 0.34 0.23 -0.89 
-0.50 -0.22 -0.25 0.02 0.08 ·0.50 -0.17 0.12 0.20 0.23 0.00 -0.83 0.86 
0.30 0.34 0.45 -0.67 -0.59 0.24 0.12 0.33 -0.66 -0.62 -0.24 0.26 ·0.36 -0.09 
0.14 0.33 0.27 -0.32 -0.33 0.12 0.16 0.31 -0.35 -0.57 ·0.22 -0.12 0.05 0.25 0.58 
0.80 0.55 0.63 -0.10 ·0.06 0.83 0.40 0.18 -0.21 ·0.22 ·0.14 0.97 ·0.87 -0.80 0.27 -0.08 

·0.09 0.24 0.07 0.18 0.27 -0.09 0.33 0.33 0.44 0.32 0.13 -0.71 0.79 0.74 ·0.23 0.19 -0.57 
·0.05 0.32 0.26 ·0.02 0.12 -0.06 0.27 0.61 0.15 0.15 ·0.12 ·0.59 0.57 0.85 0.14 0.38 -0.49 
0.34 0.44 0.40 0.27 0.27 0.28 0.37 0.44 0.35 0.03 0.11 0.02 -0.10 0.06 0.42 0.31 0.13 
0.11 0.34 0.22 0.31 0.39 0.12 0.29 0.39 0.19 0.11 -0.06 -0.31 0.29 0.40 0.11 0.71 0.21 

0.77 
0.16 0.29 
0.50 0.53 0.47 

* The abbreviations for the sugars are GL glucose, FR fructose, RA raffinose, SU sucrose, and TS total sugar. The methods for 
sugars are MG methanol extraction and determination by GC, MC methanol extraction and determination colorimetrically, 
XC mixed solvent extraction and determination colorimetrically, SC extraction by sonication in ethanol and determination 
colorimetrically, and HC extraction with hot ethanol and determination colorimetrically. The methods are listed in the same 
order as in Table 4.10a. 
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significantly different. The lowest amounts were found by 

colorimetric analysis after extraction with MCW or extraction by 

homogenization in 80 % methanol and purification which were 

significantly different from the other methods. These results 

were unusual because these two methods provided quite pure sugar 

extractions as the protein in each was removed. Either these 

results were correct and were lower because there was no 

interference from protein, or methanol inhibited the enzymes used 

in the analysis. However, the former seemed unlikely since GC on 

the same methanolic extract gave the highest results. 

The correlations of the methods for sugar analysis showed 

wide variations (Table 4.10b). For a particular method, glucose 

and fructose showed positive correlations with each other. 

sucrose tended to correlate negatively with glucose and fructose 

within a particular method with the exception of GC where the 

correlation was positive. Total sugar tended to correlate 

positively with glucose, fructose and sucrose since it was 

derived from the sum of the latter sugars. Correlations between 

methods were low indicating a large variability in the methods 

used. 

Besides providing the highest amounts of sugars, another 

advantage of GC was that it also quantitated raffinose, in 

addition to the three sugars determined calorimetrically. And if 

other sugars had occurred they too would have been quantified. 

Also, the quantification of each sugar was independent of the 

others since sucrose did not have to be inverted and determined 
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as glucose. The disadvantage of GC was that the sugars had to be 

purified, concentrated and derivatized. However, this should 

remove any interfering materials. Another disadvantage was that 

glucose and fructose chromatographed as two peaks. Since they 

were present in such trace amounts, this created problems in 

quantification. However, this could be overcome by running a 

second analysis at a higher level of sugar concentration to 

provide larger peaks. 

The advantage of the colorimetric determination was that the 

extracts did not require purification, provided there was not too 

much protein present. The colorimetric method was rapid and one 

could handle a large number of samples. The disadvantage was 

that the sugar determinations were co-dependent; glucose had to 

be determined before sucrose and sucrose before fructose. Any 

error during the sequence of analysis would be passed on to the 

following determination. 

4.3 Pentosans 

The data for soluble, enzyme-extractable and total pentosans 

in the corn samples from three locations are presented in Table 

4.11. Soluble pentosan was present in corn in very small 

amounts, 0.06 - 0.25 %. Ontario corn tended to have the highest 

amount of soluble pentosan, 0.19 %, range 0.13 - 0.24 %, standard 

deviation 0.04. Ontario was significantly different at the 5 % 

level from the other two locations. The soluble pentosan 

contents of Alberta and U.S.A. corn were very similar, 0.12 % and 
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0.13 %, respectively. However, the ranges, 0.06 - 0.25 % versus 

0.07 - 0.15 %, and standard deviations 0.06 % versus 0.03 % were 

larger for Alberta indicating a greater variation in soluble 

pentosan content. 

Enzyme-extractable pentosan content was about twice the 

levels for soluble pentosan content in corn (Table 4.11) 

indicating that soluble pentosan was a component of enzyme

extractable pentosan. The enzyme-extractable pentosan content 

ranged from 0.11-0.46 %. The mean contents for each production 

area were very similar, Ontario 0.30 %, U.S.A. 0.28 %, and 

Alberta 0.27 %, as were the ranges and standard deviations. The 

means for enzyme-extractable pentosan were not significantly 

different at the 5 % level. 

Compared to enzyme-extractable pentosans, the levels of 

total pentosan were more than ten times greater with a range of 

2.88- 4.58% (Table 4.11). This indicated that most of the 

pentosan in corn was tightly bound and not easily released by the 

enzyme used in this study. This is in contrast to wheat flour 

pentosan where enzyme-extractable and total pentosan contents are 

equivalent (Kaldy et al 1991). However, this does not imply 

that suitable enzyme(s) could not be found that would 

release pentosan from corn which may have a beneficial effect on 

fermentation by perhaps making some starch more readily 

available. 
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Table 4.11 The soluble (SOP), enzyme-extractable (EEP) and total 
pentosan (TOP) contents in corn samples from three production 
areas, expressed as percent of dry weight. 

Production Production 
Area and Pentosan Area and Pentosan 

Sample Sample 
No. SOP EEP TOP No. SOP EEP TOP 

U.S.A. Alberta 
16 0.07 0.11 4.58 1 0.08 0.30 3.63 
17 0.07 0.20 4.12 2 0.10 0.36 4.67 
18 0.07 0.28 2.91 3 0.10 0.22 4.21 
24 0.13 0.27 4.20 4 0.09 0.25 4.20 
32 0.15 0.30 2.97 5 0.12 0.20 4.71 
33 0.15 0.30 2.90 6 0.12 0.27 4.28 
34 0.15 0.25 2.89 7 0.07 0.27 3.44 
35 0.14 0.32 2.94 8 0.08 0.17 3.80 
36 0.14 0.32 3.65 9 0.07 0.29 3.91 
37 0.14 0.25 2.88 10 0.06 0.27 3.89 
48 0.14 0.46 3.65 11 0.07 0.23 4.45 

12 0.19 0.31 4.51 
Mean 0.12 0.28 3.43 13 0.09 0.19 3.81 
S.D. 0.03 0.08 0.61 14 0.07 0.24 3.99 

19 0.09 0.27 2.91 
20 0.09 0.23 4.21 

Ontario 21 0.10 0.26 4.12 
15 0.14 0.18 3.82 22 0.10 0.15 3.81 
25 0.24 0.29 4.13 23 0.14 0.31 3.89 
38 0.18 0.25 3.32 26 0.17 0.33 2.92 
39 0.24 0.42 4.00 27 0.22 0.38 4.36 
40 0.20 0.36 3.89 28 0.24 0.38 4.51 
41 0.23 0.39 3.35 29 0.25 0.30 3.83 
42 0.18 0.32 2.93 30 0.23 0.29 3.30 
43 0.20 0.28 4.06 31 0.25 0.28 3.40 
46 0.13 0.19 3.86 44 0.13 0.23 3.85 

45 0.22 0.25 3.68 
Avg 0.19 0.30 3.71 47 0.06 0.30 3.44 
S.D. 0.04 0.08 0.39 49 0.16 0.34 4.30 

50 0.17 0.32 4.26 
51 0.07 0.17 3.82 

Mean 0.13 0.27 3.94 
S.D. 0.06 0.06 0.45 

U.S.A. 0.12a* 0.28a 3.43a 
ontario 0.19b 0.30a 3.71ab 
Alberta 0.13a 0.27a 3.94b 

Mean 0.15 0.28 3.69 

* Means in the same column followed by the same letter are not 
signficantly different from each other. 
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The highest total pentosan content was found in Alberta 

corn, mean 3.94 %, range 2.91 - 4.71 %, standard deviation 0.45 % 

{Table 4.11). This value was significantly different at 5% from 

U.S.A. but not from Ontario corn. The lowest content was found 

in U.S.A. corn, mean 3.43 %, range 2.88 - 4.58 %, standard 

deviation 0.61 %, indicating a greater variation than for the 

Alberta samples. Ontario corn had an intermediate total pentosan 

content of 3.71 % and had the smallest range, 2.93 - 4.13 %, and 

standard deviation, 0.39 %, for all the production areas. The 

mean total pentosan content of Ontario corn was not significantly 

different from U.S.A. or Alberta. In general, the mean total 

pentosan content for U.S.A. and Ontario was about 10 % less than 

that for Alberta. However, some Alberta corn samples had low 

pentosan contents suggesting that it may be possible to select 

for certain areas in Alberta to obtain this result. 

These results for total pentosan content are in reverse 

order to the mashing properties of corn for the three production 

areas, where U.S.A. corn is considered superior, followed by 

Ontario and then Alberta. This suggests that pentosans may have 

an adverse influence on mashing properties. 

The effect of pentosan on viscosity was not measured since 

it was not possible to remove the pentosan from corn under the 

conditions used in this study. Howver, with appropriate 

conditions, perhaps alkali extraction, total pentosan could be 

removed and the viscosity of the solutions measured. 
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4.4 Non-starch Polysaccharides 

Total fiber, as determined by the reducing content of the 

fiber hydrolyzate, constituted 6.33 - 8.99 % of the corn samples 

and averaged 7.67% (Table 4.12). The total fiber was lowest for 

the U.S.A. samples, mean 7.50 %, range 6.76 - 8.15 %, standard 

deviation 0.37 %. The means were slightly higher for Ontario and 

Alberta, 7.79 % and 7.72 %, with ranges 7.05 - 8.51 % and 6.26 -

8.99 %, standard deviations 0.43 % and 0.77 %, respectively, 

indicating a greater variation in the Alberta samples. However, 

the results for total fiber were not significantly different at 

the 5 % level. 

The mean uronide contents in corn were very similar for the 

three production areas and constituted only 0.5 % of the dry 

matter (Table 4.12). These results, which were not significantly 

different, suggested that uronides do not play a significant role 

in mashing properties. 

The glucans associated with fiber (GAF) are shown in Table 

4.12. These glucans include cellulose and related polymers such 

as p-glucans, if present. The glucan content was highest for 

Alberta corn, mean 2.36 %, range 1.58 - 3.11 %, standard 

deviation 0.37 %. For U.S.A. and Ontario corn, the means were 

slightly lower and identical, 1.97 %, with ranges 1.64 - 2.39 % 

and 1.73 - 2.12 %, and standard deviations, 0.22 % and 0.12 %, 

respectively. GAF content was significantly higher at 5 % in 

Alberta corn compared to the other two areas. This suggests that 

glucans could also adversely affect mashing properties. 
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Table 4.12 The contents of total fiber (FIB), uronide (URO) I 

glucan associated with fiber (GAF), and pentosan (PEN) in corn 
samples from three production areas, expressed as percent of dry 
weight. 

Production Production 
Area and Area and 
No. FIB URO GAF PEN No. FIB URO GAF PEN 

U.S.A. Alberta 
16 7.30 0.45 2.39 3.82 1 6.45 0.36 2.52 3.76 
17 7.93 0.48 2.24 4.81 2 7.38 0.51 2.74 3.98 
18 7.07 0.51 2.02 4.12 3 7.63 0.56 2.82 4.03 
24 7.40 0.47 2.02 4.20 4 8.42 0.54 2.68 4.55 
32 7.60 0.57 2.15 2.53 5 8.99 0.57 3.11 4.89 
33 7.64 0.54 1.90 2.24 6 8.91 0.51 2.87 4.43 
34 7.36 0.47 1.64 1.93 7 6.97 0.50 2.34 4.51 
35 8.15 0.54 1.67 2.54 8 8.62 0.52 3.00 4.85 
36 7.67 0.47 1.96 2.19 9 8.10 0.51 2.58 4.56 
37 7.63 0.47 1.77 2.26 10 7.03 0.47 2.01 3.96 
48 6.76 0.43 1.88 2.35 11 7.33 0.49 2.13 3.98 

12 7.52 0.58 2.09 4.26 
Mean 7.50 0.49 1.97 3.00 13 6.68 0.46 2.05 3.62 
S.D. 0.37 0.04 0.22 0.97 14 7.61 0.46 2.43 3.90 

19 6.79 0.47 1.95 3.85 
Ontario 20 7.22 0.51 2.00 3.36 
15 7.05 0.46 2.12 3.97 21 8.89 0.54 2.80 3.49 
25 7.98 0.51 2.03 4.31 22 8.15 0.53 2.46 4.54 
38 8.31 0.50 2.02 2.51 23 7.16 0.48 1.92 3.78 
39 8.51 0.53 2.10 2.65 26 8.33 0.53 2.38 3.45 
40 7.81 0.45 1.93 2.34 27 8.99 0.54 2.51 3.70 
41 7.97 0.55 2.02 2.73 28 8.19 0.52 2.30 4.65 
42 7.60 0.49 1.81 2.49 29 8.19 0.48 2.40 4.47 
43 7.37 0.54 1.73 2.43 30 8.45 0.55 2.46 2.37 
46 7.51 0.52 2.01 2.44 31 8.23 0.57 2.46 2.25 

44 7.46 0.53 1.91 2.49 
Mean 7.79 0.51 1.97 2.87 45 6.75 0.49 1.87 2.13 
S.D. 0.43 0.03 0.12 0.69 47 6.26 0.37 1.58 1.81 

49 6.99 0.44 1.97 2.13 
50 8.04 0.45 2.71 2.32 
51 7.48 0.48 2.10 2.52 

Mean 7.72 0.50 2.36 3.63 
S.D. 0.77 0.05 0.37 0.91 

USA 7.50a* 0.49a 1.97a 3.ooa 
ON 7.79a 0.51a 1.97a 2.87a 
AB 7.72a 0.50a 2.36b 3.63b 
Mean 7.67 0.50 2.10 3.17 

* Means in the same column followed by the same letter are not 
signficantly different from each other. 
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Pentosan was the major component of fiber; it averaged 3.17 

%and ranged from 1.81- 4.89% (Table 4.12). Pentosan content 

was highest for Alberta samples which had a mean of 3.63 % with 

range 1.81 - 4.89 % and standard deviation 0.91 %. The pentosan 

content was significantly highest in Alberta corn compared to 

corn from the other two production areas. The mean pentosan 

content was similar for U.S.A. and Ontario, 3.00 % and 2.87 %, 

with ranges 1.93 - 4.81 % and 2.34 - 4.31 %, standard deviation 

0.97 % and 0.69 %, respectively. The variation in the 

determination was higher for Alberta and U.S.A. compared to 

Ontario. Ontario and U.S.A. contained 24 % less pentosan 

compared to Alberta. 

These pentosan values, based on fiber isolation (Table 

4.12), were lower than the values for total pentosan (Table 

4.11), the greatest being for the Ontario samples. This 

difference was not expected since the two assays are considered 

to be measuring nearly the same component. The discrepancy may 

arise either because, in the fiber method, some of the pentosan 

is lost during the removal of starch or, in the total pentosan 

method, interference from glucose overestimates the actual amount 

of xylose present. The former seems more likely but further 

investigation is warranted. 
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When the fiber components in Table 4.12 were compared with 

the value for total fiber, there was a substantial discrepancy. 

Other possible components could be fructans, unlikely in this 

situation, or galactans and mannans, each of which could be 

measured by an appropriate colorimetric test. 

4.5 Water Soluble Polysaccharide 

The contents of water soluble polysaccharide {WSP) are given 

in Table 4.13. WSP is found primarily in sweet corn and is 

present only in small amounts in other genetic lines {Garwood et 

al 1976). It is a small highly branched polymer composed 

completely of glucose. This investigation confirmed the presence 

of WSP in corn at a very low level (0.087 %) compared to starch. 

There was a small effect of production area with Ontario having 

the least amount {0.075 %), which was significantly different at 

the 5 % level, compared to the U.S.A. and Alberta {0.094 and 

0.093 %, respectively). However, WSP was not considered to be a 

significant factor in mashing. 
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Table 4.13 The contents of water soluble polysaccharide (WSP) 
corn samples from three production areas, expressed as percent 
dry weight. 

Production Production 
Area and Area and 

Sample No. WSP Sample No. WSP 

U.S.A. Alberta 
16 0.100 1 0.070 
17 0.115 2 0.065 
18 0.076 3 0.067 
24 0.066 4 0.085 
32 0.067 5 0.063 
33 0.089 6 0.121 
34 0.105 7 0.091 
35 0.071 8 0.073 
36 0.116 9 0.076 
37 0.098 10 0.117 
48 0.133 11 0.073 

12 0.130 
Mean 0.094 13 0.105 
S.D. 0.021 14 0.104 

19 0.111 
Ontario 20 0.084 

15 0.082 21 0.133 
25 0.073 22 0.082 
38 0.068 23 0.072 
39 0.073 26 0.110 
40 0.064 27 0.087 
41 0.086 28 0.088 
42 0.059 29 0.081 
43 0.087 30 0.087 
46 0.080 31 0.078 

44 0.133 
Mean 0.075 45 0.079 
S.D. 0.009 47 0.130 

49 0.070 
50 0.118 
51 0.115 

Mean 0.093 
S.D. 0.022 

U.S.A. 0.094a* 
Ontario 0.075b 
Alberta 0.093a 

Mean 0.087 

* Means in the same column followed by the same letter are not 
signficantly different from each other. 

in 
of 
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4.6 Physical Characteristics of Corn 

To facilitate comparison of selected corn samples and their 

components from each production area, corn samples No. 24 from 

U.S.A. and No. 25 from ontario are referred to as USA and ON in 

the tables and figures. The two samples from Alberta, No. 23 and 

49, are referred to as AB-2 and AB-1 respectively. 

The physical characteristics of selected corn samples are 

presented in Table 4.14. There were small differences in kernel 

density among the samples. Alberta corn was lower in kernel 

weight compared to Ontario and U.S.A. corn, indicating a 

generally smaller kernel size for Alberta corn. 

When the kernels were examined for the indenting crown that 

occurs typically in dent corn, nearly all of the U.S.A. and 

Ontario kernels showed this characteristic (Table 4.14). With 

Alberta corn, 42 % of AB-1 and 22 % of AB-2 showed this 

characteristic. The flint phenotype is expressed as a rounded 

crown and all of the remaining kernels, 58 % of AB-1 and 78 % of 

AB-2 had this characteristic. These flinty kernels could be 

further segregated into those with a vitreous crown and those 

with a floury or opaque crown. A floury crown occurs in dent 

corn and is responsible for the indentation that is produced upon 

drying. Based on this segregation, 97 % of the AB-1 flint and 54 

% of AB-2 flint kernels had floury crowns although they were not 

dented. This phenomenon was either a genetic trait caused by 

crosses between flint and dent or represents immaturity in 

Alberta dent kernels resulting from a shorter growing season. 
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Table 4.14 Physical characteristics and distribution of kernel 
components, expressed as percent of dry weight, in corn samples 
from three production areas. 

Physical Production Area 
Characteristic 

USA ON AB-1 AB-2 

Density 3 
(gfcm ) 1.22 1.18 1.25 1.18 

Mean Kernel 271 276 190 226 
Weight (mg) 

Dent Appearance 97 93 42 22 
(%) 

Flint Appearance 3 7 58 78 
(%) 

Flint with Floury 100 100 97 54 
Crown (%) 

Kernel Component 
(%) 

Peri carp 8.1 9.1 8.5 9.7 

Germ 7.0 7.3 8.9 7.4 

Endosperm 84.9 83.6 82.6 82.9 



The small amount of flint apparent in U.S.A. and Ontario corn 

were actually small and immature kernels. 
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The differences in proportions of kernel components: 

pericarp, germ and endosperm, for selected corn samples show 

significant variation due to genotype and location (Table 4.14). 

U.S.A. corn had the highest proportion of endosperm, followed by 

ontario, with the two Alberta samples being the lowest. Since 

the endosperm contains the starch, the size of the endosperm 

would have an important influence on ethanol yield. 

4.7 Microstructure 

The microstructure, as determined by scanning electron 

microscopy (SEM), is shown for the corn samples from the three 

production areas in Figures 4.1 - 4.3. 

U.S.A. corn showed typical dent features. In Fig. 4.1a, the 

dent in the crown of the kernel was visible. The central portion 

of the kernel, shown in the upper right, contained floury 

endosperm which apppeared granular in texture. The remainder of 

the kernel, containing horny endosperm, looked smoother or more 

vitreous. When floury endosperm was examined more closely, the 

starch granules appeared to be loosely packed and quite round in 

shape (Fig. 4.1b). Horny endosperm was more tightly packed and 

the granules had very angular faces (Fig. 4.1c). Horny granules, 

that had been cut through, showed small hollow centers compared 

to the size of the granule. 

Ontario corn also had features similar to U.S.A. corn. The 
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upper central portion of the kernel contained floury endosperm 

while the lower outer portion contained horny endosperm (Fig. 

4.2a). Examination of the floury endosperm showed that the 

starch granules were quite spherical in shape (Fig 4.2b). Horny 

endosperm was more tightly packed and the granules had angular 

faces {Fig. 4.2c). Again, where horny endosperm had been cut 

through, hollow centers were visible (Fig. 4.2d). 

Alberta corn demonstrated flint characteristics and was 

quite different from U.S.A. and Ontario corn. The outer portion 

of the kernel of Alberta corn contained floury endosperm which 

surrounded a large core of horny endosperm {Fig. 4.3a). In this 

prepartion, some starch granules from floury endosperm had been 

cut through, revealing large hollow centers relative to the size 

of the granules (Fig. 4.3b- c). The granules in horny endosperm 

were very tightly packed {Fig. 4.3d- e), more than in U.S.A. or 

Ontario horny endosperm. Hollow centers were also found in 

granules from from horny endosperm {Fig. 4.3e), but were smaller 

than for floury endosperm. 

The observation of hollow centers in corn starch granules 

was new. Based on the evidence, it appears that starch granules 

are first synthesized as hollow spheres by the endosperm. As the 

starch granules, particularly in horny endosperm, become more 

packed due to space limitations brought about by over growth 

andjor drying upon maturity, the granules impinge upon each other 

and deform. This deformation may be possible because of the 

hollow core, and results in considerable retraction of it. 



a b 0 

Fig. 4.1 Microstructure of U.S.A. corn showing a) whole 

endosperm, b) floury endosperm and c) horny endosperm. 
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a b 

c d 

Fig. 4.2 Microstructure of Ontario corn showing a) whole 

endosperm, b) floury endosperm, c) horny endosperm and d) horny 

endosperm with sectioned starch granules. 



a b 

d e 

Fig. 4.3 Microstructure of Alberta corn showing a) whole 

endosperm, b) floury endosperm, c) floury endosperm with 

sectioned starch granules, d) horny endosperm and e) horny 

endosperm with sectioned starch granules. 

c 
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4.8 Chemical Composition of Corn 

The nitrogen to protein conversion factor used in this study 

was 6.25 so that the protein content could be compared with 

earlier studies where the same factor was also used (Earle et al 

1946, Watson 1987). However, recent work has shown that the 

factor 5.7 is more appropriate, particularly since corn protein 

is high in glutamine and leucine {Sosulski and Imafidon 1990). 

The chemical compositions of the selected corn samples were 

quite similar (Table 4.15). Alberta corn was higher in ash, 

potassium and ether extract content compared to Ontario and 

U.S.A. corn. One Alberta corn sample (AB-1) was the highest in 

ash and phosphate content, and the lowest in protein compared to 

the other corn samples. The Ontario corn sample had the highest 

fiber and the lowest starch content compared to the other 

samples. The recoveries of the chemical components ranged from 

95.0 - 99.4 %. The high recovery of 99.4 % for the Alberta 

sample, AB-2, may be due to the high value obtained for sugar, 

determined by GC, compared to the other samples. 

4.9 Recovery of Starch from Corn and Potato 

The recovery of starch and material from the starch 

extraction for corn is shown in Table 4.16. Data is also 

included for potato starch extracted from locally grown potato. 

The lower starch yield for one Alberta corn sample, AB-1, was 

probably due to the fact that it was the first starch extracted 

and the proper technique was still being developed. Starch 
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Table 4.15 The chemical composition of corn samples from three 
production areas, expressed on a dry weight basis. 

Parameter Production Area 

USA ON AB-1 AB-2 

Phosphate (mgfg) 3.0 3.3 4.3 3.4 

Potassium (mgfg) 3.1 3.7 4.8 4.4 

Magnesium (mg/g) 1.4 1.3 1.4 1.4 

Ash (%) 1.4 1.5 2.0 1.7 

Ether Extract (%) 4.4 4.3 5.2 5.1 

Protein (Nx6.25,%) 10.1 10.7 8.8 10.9 

Fiber (%) * 7.4 8.0 7.0 7.2 

Sum of ash, ether 
extract,protein 23.3 24.5 23.0 24.9 
and fiber (%) 

Starch (%) * 71.1 66.3 71.5 68.5 

Sugar (%) * 3.2 4.2 2.7 6.0 

Sum of ash, ether 
extract, protein, 97.6 95.0 97.2 99.4 
fiber, starch, 
and sugar (%) 

* Fiber is taken from Table 4.12, starch from Table 4.1 and sugar 
from Table 4.6. 
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recovery ranged from 31 - 34 % for corn. The recovery was 

highest for U.S.A. corn and lowest for Alberta corn, AB-2. This 

suggests that starch is more easily released from U.S.A corn, 

followed by Ontario and finally Alberta corn, which can have an 

influence on the alcohol yield of corn. 

The apparent low yield for potato starch, 16%, occurred 

because the yields are expressed on a moisture basis {Table 

4.16). Since potato contains around 80% water, the yield on a 

dry weight basis will be about 5 times higher showing that 

recovery of potato starch is the highest. The moisture contents 

of the corn samples were similar and around 8 % so the starch 

yields will not increase much on a dry weight basis. 

Based on the starch content {Table 4.15), the yield of 

starch was slightly less than 50 % of the actual starch content. 

The recovery of all material, including germ, pericarp and 

starch, that was collected during the starch extraction, ranged 

from 48 - 80 % for corn. The lost material was washed out during 

the extraction. The low yield of starch was probably due to the 

material washed out during extraction and some starch remaining 

with the non-starch material. 
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Table 4.16 Starch and material recovery of corn samples from 
three production areas, and a potato sample, expressed as percent 
of moisture weight. 

Parameter Production Area 

USA ON AB-1 AB-2 Potato 

Starch 34 32 18 31 14 

All Material 80 79 48 78 16 
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4.10 Chemical Composition of Starches 

The ash content of potato starch was the highest (Table 

4.17). Potato starch is known to have a high level of 

phosphorus (Swinkels 1985), which was substantiated by this 

study, but the present results show that the high ash content 

could not be accounted for by phosphorous. The protein content 

of the starches was very low, but the Ontario sample had an 

elevated level. The contents of lipids in the starches followed 

the same pattern as the protein. The potato starch had no 

measurable protein or lipids. This occurs because potato has 

very soluble protein and only a trace of lipid in the tuber. 

The amylose contents in the starches showed wide variation 

from 21.5 - 30.1 % but the two Alberta samples constituted these 

two extremes (Table 4.17). 
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Table 4.17 Chemical composition of starches prepared from corn 
samples from three production areas, and from potato, expressed 
as percent of dry weight. 

Parameter Production Area 

USA ON AB-1 AB-2 Potato 

Amylose 29.2 24.3 30.1 21.5 27.5 

Lipid* 0.76 0.92 0.64 0.77 nd 

Protein** 0.07 0.18 0.09 nd nd 

Ash nd 0.004 0.079 0.005 0.26 

Phosphorus 0.008 0.012 0.009 0.007 0.066 

* Lipid composition determined with water-saturated n-butanol as 
described in Sec. 3.12.1 

** N X 6.25 

nd None detected 
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4.11 Fatty Acid Composition of Lipids in Whole Corn and Kernel 

Components 

The fatty acid compositons of lipids in whole corn and 

kernel components are shown in Tables 4.18 - 4.21. 

The predominant fatty acids in lipids from whole kernel were 

palmitic (16:0), oleic (18:1) and linoleic (18:2) acids (Table 

4.18). In fact, linoleic acid (18:2) constituted 60% of the 

total fatty acids, and the sum of oleic (18:1) and linoleic 

(18:2) was 83 %. Alberta corn tended to have a slightly higher 

amount of palmitic acid (16:0), compared to U.S.A. and Ontario. 

One Alberta corn sample, AB-2, had a lower linoleic acid (18:2) 

and a higher oleic acid (18:1) content compared to the other 

three samples. The fatty acid composition of whole kernel is 

similar to that for dent corn reported by Sosulski and Abdullahi 

(1988). 

Pericarp lipids were lower in linoleic acid (18:2) than 

occurred in whole kernel, but higher in palmitic (16:0), stearic 

(18:0) and linolenic (18:3) acids (Table 4.19). The sum of oleic 

(18:1) and linoleic (18:2) acids was 79 %, a value lower than for 

whole kernel due to the increased level of palmitic acid (16:0). 

There were fewer minor fatty acids in pericarp lipids with one 

Alberta pericarp sample, AB-1, containing most of them. 
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Table 4.18 Fatty acid composition of lipids in whole corn 
samples from three production areas, expressed as percent of 
total fatty acids by weight. 

Fatty Production Area 

Acid* 
USA ON AB-1 AB-2 Mean 

16:0 11.48 11.54 12.52 12.97 12.13 

16:1 0.08 nd** nd 0.21 0.07 

18:0 1.75 1.83 1.80 1.93 1.83 

18:1 22.23 23.36 22.71 25.12 23.36 

18:2 61.62 60.45 60.47 57.29 59.96 

18:3 1.46 1.37 1.25 1.45 1.38 

20:0 0.36 0.42 0.49 0.52 0.45 

20:1 0.32 0.46 0.30 0.32 0.35 

CC20:3 0.06 nd nd nd 0.02 

22:0 0.08 nd 0.25 nd 0.08 

22:1 0.23 0.34 nd nd 0.14 

24:0 0.33 0.22 0.21 0.20 0.24 

* Names of the fatty acids are as follows: 14:0 myristic, 
14:1 myristoleic, 16:0 palmitic, 16:1 palmitoleic, 

SD 

0.74 

0.10 

0.08 

1.26 

1.86 

0.10 

0.07 

0.07 

0.03 

0.11 

0.17 

0.06 

18:0 stearic, 18:1 oleic, 18:2 linoleic, 18:3 linolenic, 
20:0 arachidic, 20:1 11-eicosenoic, 20:2 11,14-eicosadienoic, 
CC20:3 homogamma linolenic, 20:4 arachidonic, 
20:3 11,14,17-eicosatrienoic, 22:0 behenic, 22:1 erucic, 
24:0 lignoceric, 24:1 nervonic. 

** none detected 
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Table 4.19 Fatty acid composition of lipids from pericarp in 
corn samples from three production areas, expressed as percent of 
total fatty acids by weight. 

Fatty Production Area 

Acid* 
USA ON AB-1 AB-2 Mean SD 

14:0 nd** nd 0.08 nd 0.02 0.04 

16:0 13.41 12.98 15.63 15.55 14.39 1.39 

16:1 0.18 nd 0.24 0.34 0.19 0.14 

18:0 2.18 2.08 2.25 2.25 2.19 0.08 

18:1 22.84 23.75 22.31 23.55 23.11 0.66 

18:2 58.29 58.47 54.03 54.00 56.20 2.52 

18:3 2.01 2.15 3.09 2.92 2.54 0.54 

20:0 0.74 0.26 0.55 0.96 0.63 0.30 

20:1 0.36 0.31 0.33 0.42 0.36 0.05 

20:4 nd nd 1.04 nd 0.26 0.52 

24:0 nd nd 0.45 nd 0.11 0.23 

* For the names of the fatty acids, see Table 4.18. 

** none detected 
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Compared to kernel and pericarp lipids, the germ lipids were 

lower in linolenic (18:3) and palmitic (16:0) acids but exhibited 

trace quantities of minor fatty acids (Table 4.20). The sum of 

oleic (18:1) and linoleic (18:2) acids was 85 %, the highest for 

all fractions. Germ lipids were the lowest in linolenic (18:3) 

and palmitic (16:0) acids and highest in oleic acid (18:1) 

compared to the other kernel fractions. 

Endosperm lipids were the most variable in fatty acid 

composition (Table 4.21). The endosperm from Alberta corn 

contained more oleic acid (18:1), and about 50% less linolenic 

acid (18:3) and slightly less palmitic acid (16:0). The 

endosperm from Alberta corn also contained arachidic (20:0) and 

gadoleic (20:1) acids while that from U.S.A. and Ontario 

contained none. The endosperm from ontario corn was highest in 

linoleic (18:2) and palmitic (16:0) acids, but contained no 

stearic acid (18:0). The endosperm from U.S.A. corn was 

particularly low in linoleic acid (18:2) but very high in 

homogamma linolenic (CC20:3) and behenic acids (22:0) compared to 

the other production areas. The sum of oleic (18:1) and linoleic 

(18:2) acids was 77 %, the lowest for all the kernel fractions. 

The endosperm lipids had the highest amount of linolenic acid 

(18:3) compared to the other kernel fractions. The endosperm 

lipids from U.S.A. corn were unique in that they contained 

significant amounts of homogamma linolenic (CC20:3) and behenic 

acids (22:0) compared to all other samples. However, homogamma 

linolenic acid (CC20:3) is not normally found in plants and may 



Table 4.20 Fatty acid composition of lipids from germ in corn 
samples from three production areas, expressed as percent of 
total fatty acids by weight. 

Fatty Production Area 

Acid* 
USA ON AB-1 AB-2 Mean SD 

14:0 0.04 0.04 0.04 0.04 0.04 0.00 

16:0 10.52 10.96 11.82 11.97 11.32 0.69 

16:1 0.08 0.10 0.08 nd** 0.07 0.04 

18:0 1.65 1.63 1.70 1.93 1.73 0.14 

18:1 23.65 24.87 24.32 26.78 24.91 1.35 

18:2 62.01 60.46 59.94 57.10 59.88 2.05 

18:3 0.88 0.91 0.81 0.88 0.87 0.04 

20:0 0.39 0.43 0.47 0.47 0.44 0.04 

20:1 0.30 0.30 0.31 0.31 0.31 0.01 

20:2 0.05 nd 0.06 0.03 0.04 0.03 

CC20:3 nd nd 0.05 nd 0.01 0.03 

22:0 0.13 0.14 0.15 0.14 0.14 0.01 

22:1 0.16 nd 0.06 0.18 0.10 0.08 

24:0 0.15 0.17 0.18 0.16 0.17 0.01 

* For the names of the fatty acids, see Table 4.18. 

** none detected 
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Table 4.21 Fatty acid composition of lipids from endosperm in 
corn samples from three production areas, expressed as percent of 
total fatty acids by weight. 

Fatty Production Area 

Acid* 
USA ON AB-1 AB-2 Mean SD 

14:0 nd** nd 0.13 nd 0.03 0.07 

16:0 14.72 17.66 12.97 13.57 14.73 2.08 

16:1 nd nd 0.17 nd 0.04 0.09 

18:0 2.29 nd 2.13 2.05 1.62 1.08 

18:1 20.28 20.60 22.36 23.59 21.71 1.55 

18:2 50.64 57.00 56.83 55.01 54.87 2.96 

18:3 4.29 4.73 2.06 2.32 3.35 1.36 

20:0 nd nd 0.55 1.76 0.58 0.83 

20:1 nd nd 0.42 1.71 0.53 0.81 

20:2 nd nd 0.51 nd 0.13 0.23 

CC20:3 6.59 nd 0.75 nd 1.83 3.19 

20:3 nd nd 0.82 nd 0.21 0.41 

22:0 1.18 nd 0.10 nd 0.32 0.58 

24:0 nd nd 0.20 nd 0.05 0.10 

* For the names of the fatty acids, see Table 4.18. 

** none detected 
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reflect some kind of contamination. 

4.12 Total, Nonpolar and Polar Lipids in Corn 

The extraction of total, nonpolar and polar lipids with a 

mixture of chloroform and methanol (CM) removed 13 - 17 % of the 

dry matter in corn (Table 4.22). When the dried residue was 

further extracted with solvents to isolate the nonpolar and polar 

lipids, the total weights of lipids represented only a fraction 

of the total CM residue. Washing of the CM extract with aqueous 

calcium chloride removed more than half of the material in the 

extract. The net effect of this treatment was a reduction in the 

amount of polar lipid isolated. These results indicated that CM 

extracted other materials such as hydrophobic zein protein. If 

this protein is not removed, the lipid fraction is over 

estimated, and so these solvents are useful for extracting lipid 

from starch which contains little or no protein. In comparing 

the yields of lipid fractions from the three production areas, 

the Alberta samples appeared to contain more nonpolar lipids, 

i.e. triglycerides, than the Ontario and U.S.A. samples. 

The measurement of nitrogen and phosphorus in polar lipids 

was done to determine if they were present as phosphoglycerides 

(phosphatides) such as phosphatidyl choline or phosphatidyl 

ethanolamine. In phosphatides, the molar ratio of N:P is 1:1. 

On a weight basis, it is approximately 1:2. The data in Table 

4.22 show that the polar lipids contained about 9 % N and 0.25 % 

P which showed that the nitrogen was not present exclusively in 
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Table 4.22 The total, nonpolar and polar lipids in corn from 
three production areas, expressed as percent of dry weight, and 
the nitrogen and phosphorus content of the polar lipids, 
expressed as percent of polar lipid. 

Parameter Production Area 

USA ON AB-1 AB-2 

Crude Extract 13.2 12.8 17.3 13.4 

Nonpolar Lipid 3.31 3.44 4.50 3.66 

Polar Lipid 4.69 4.10 5.05 3.46 

Nonpolar + Polar 8.01 7.53 9.55 7.12 

N in Polar Lipid 5.08 6.00 4.74 4.55 

p in Polar Lipid 0.18 0.15 0.29 0.12 

Crude Extract Treated with Calcium Chloride 

Crude Extract 6.03 5.77 6.58 6.89 

Nonpolar Lipid 3.95 3.80 4.65 4.39 

Polar Lipid 2.16 2.38 2.37 2.00 

Nonpolar + Polar 6.11 6.18 7.02 6.39 

N in Polar Lipid 8.85 9.20 8.76 8.19 

p in Polar Lipid 0.29 0.17 0.26 0.21 



phosphatides. This implied that the nitrogen was probably 

present as hydrophobic proteins or lipoproteins. The 

differences, however, between locations were very small. 

4.13 Chemical Composition of Kernel Components in Corn 
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The chemical composition of kernel components in corn from 

three production areas is presented in Table 4.23. Since there 

was not enough material for the determination of ash, phosphorus 

content is included because it could be done on the same extract 

as used for protein. 

The major component of pericarp from corn was pentosan, 

followed by starch and glucans associated with fiber (Table 

4.23). The pericarp from U.S.A. corn had the highest pentosan 

and lowest starch, protein and phosphorus contents. The pericarp 

from Ontario corn had the highest starch content. 

The major component of corn germ was protein, followed by 

pentosan and starch (Table 4.23). Germ contained five times more 

phosphorus and twice as much protein as pericarp. It contained 

half as much starch and uronide, a third as much pentosan and a 

quarter as much glucan associated with fiber compared to 

pericarp. The unaccounted material for germ was 36 % indicating 

that ash, protein and sugars must be important constituents. The 

germ from Alberta corn had the highest phosphorus, starch and 

pentosan contents but the lowest protein, glucan associated with 

fiber and uronide contents compared to U.S.A. and Ontario. The 

germ from Ontario corn was highest in protein. 
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Table 4.23 The chemical composition of kernel components of corn from three 
production areas, expressed as percent of dry weight. 

Component Phosphorus Protein FG* GAF* Pentosan Uronide Sum 
/Area (Nx6.25) 

Pericarp 

USA 0.00 3.43 10.64 11.57 32.05 2.93 60.6 

ON 0.07 6.06 19.24 11.33 27.68 2.92 67.3 

AB-1 0.16 6.04 15.42 11.41 29.31 2.74 65.1 

AB-2 0.05 5.42 17.24 12.35 27.22 2.48 64.7 

USA 0.31 13.42 7.74 3.51 8.95 1.36 35.3 

ON 0.45 15.99 7.88 3.48 8.91 1.40 38.1 

AB-1 0.66 12.69 9.57 3.02 9.28 1.28 36.5 

AB-2 nd** nd nd nd nd nd nd 

Endosperm 

USA 0.04 6.49 82.81 1.44 1.11 0.17 92.1 

ON 0.05 7.25 84.34 1.55 1.11 0.15 94.4 

AB-1 0.08 6.77 83.58 0.97 0.97 0.16 92.5 

AB-2 0.02 7.24 81.74 1.33 0.89 0.17 91.4 

* FG, fermentable glucose GAF, glucan associated with fiber 
** nd, not determined due to insufficient material 
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The major component of endosperm from corn was starch (Table 

4.23). The next component, which was considerably less, was 

protein. The endosperm from Alberta corn was lower in glucans 

associated with fiber and slightly lower in pentosan compared to 

U.S.A. and Ontario. The endosperm contained most of the starch 

but very little of the glucans associated with fiber, pentosan 

and uronide compared to pericarp and germ. 

4.14 Differential Scanning Calorimetry of Corn and Potato 

Starches 

The data for differential scanning calorimetry of starches 

prepared from corn from three production areas and from potato 

are summarized in Table 4.24. The starch from Alberta corn began 

to gelatinize (To) at a lower temperature than starch from U.S.A. 

or Ontario. The temperature at which the gelatinization peaked 

(Tp) was also at a lower temperature for Alberta starch compared 

to U.S.A. and Ontario. The temperature, at which the 

gelatinization was completed (Tf), was highest for starch from 

Ontario corn, while all other three starches were very similar. 

The temperature range during which gelatinization occurred (Tf -

To), was the shortest for starch from U.S.A. corn, closely 

followed by one Alberta starch, AB-1. The remaining two starch 

samples, AB-2 and ON, were higher and had the same temperature 

range. The enthalpies of Alberta and Ontario corn starch were 

very similar. U.S.A. starch had a slightly higher enthalpy than 

the other starches. The enthalpy of amylopectin, which is based 
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Table 4.24 Differential scanning calorimetry of starches 
prepared from corn samples from three production areas, and from 
potato, temperatures in °C. 

Temperature Enthalpy 

Area Onset Peak Final Range H1* H2* H3* Enthalpy 

To Tp Tf Tf -To /Range 

USA 65.8 69.0 72.8 7.0 13.1 3.12 4.12 0.45 

SD 0.1 0 0.2 0.4 0.9 0.21 0.28 0.01 

ON 66.3 69.8 74.2 7.9 12.3 2.94 4.16 0.38 

SD 0 0.1 0.2 0.2 0.4 0.09 0.13 0.02 

AB-1 64.8 68.3 72.1 7.3 12.5 2.98 4.26 0.41 

SD 0.2 0 0.4 0.6 0.8 0.20 0.29 0 

AB-2 64.2 67.7 72.1 7.9 12.2 2.93 3.73 0.37 

SD 0.1 0.1 0.1 0 1.1 0.28 0.35 0.03 

Mean 65.3 68.7 72.8 7.5 12.5 2.99 4.07 0.40 

SD 1.0 1.0 1.0 0.5 0.4 0.09 0.23 0.04 

Potato 56.0 59.1 63.6 7.6 15.1 3.60 4.97 0.48 

SD 0 0 0 0 0.2 0.06 0.08 0.01 

* Abbreviations: H1 enthalpy of starch in Jjg, H2 enthalpy of 
starch in caljg, H3 enthalpy of amylopectin in caljg 
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on the amylopectin content of the starch, was lowest for one 

Alberta starch sample, AB-2. The other starches had similar 

enthalpies. When the enthalpy of starch in calfg was divided by 

the temperature range of gelatinization to estimate the sharpness 

of the phase transition, the data showed that this parameter was 

consistent for all corn starches. This indicated that 

gelatinization occurred uniformly for all starches. 

When the DSC analysis for potato starch was compared with 

that for corn starch, potato starch had lower temperatures for 

the onset, peak and final temperature for gelatinization (Table 

4.24). The net temperature range of gelatinization for potato 

starch was comparable to that for corn starch. However, the 

enthalpies for starch and amylopectin in potato starch were 

higher than for corn starch. The value for enthalpy divided by 

the range of gelatinization was higher for potato starch because 

of a higher enthalpy and, thus, is not comparable to the value 

for corn starch. 

Based on the data (Table 4.24), starch from Alberta corn 

would be expected to gelatinize sooner than starch from U.S.A. or 

Ontario corn. Potato starch would gelatinize at a lower 

temperature than corn starch but would require more energy due to 

the higher enthalpy. 

4.15 Pasting Properties of Corn and Potato Starches 

The data for the viscoamylography of starches prepared from 

corn samples from three production areas, and from potato are 
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shown graphically in Fig. 4.4. The temperature conditions were 

as follows. Each starch slurry was heated from 30 oc at the rate 

of 1.5 °C/min to the maximum temperature of 96 °C, which required 

44 min. The starch paste was maintained at 96 oc for 1 h. It 

was then cooled, at the same rate as for heating, in 30 min back 

to 51 °C and held for 1 h, completing the cycle. Therefore, on 

the graph, 44 min is the point where 96 °C is first reached. 

This temperature is maintained from 44 to 104 min. From 104 to 

134 min, cooling down to 51 oc occurs. Finally, 134 to 140 min 

is the time the starch paste is kept at 51 °C. 

The general shape of the curves for the corn starches 

analyzed by viscoamylography was very similar, although the 

curves were displaced relative to each other (Fig 4.4). The 

U.S.A. starch began to increase in viscosity at 27 min and 

reached at peak at 44 min with a viscosity of 675 Brabender Units 

(BU). The viscosity remained constant for about 20 min and then 

began to increase at 61 min. Another peak was reached at 72 min 

with a viscosity of 1050 BU. The viscosity then decreased to 

1000 BU at 88 min. With cooling, the viscosity increased to 1220 

BU at 110 min and remained at 1220 BU for the rest of the cycle. 

The starch from Ontario corn began to increase in viscosity at 30 

min and reached a peak at 44 min with a viscosity of 610 BU. The 

viscosity decreased slightly to 600 BU but began to increase at 

60 min. The viscosity peaked at 1010 BU at 72 min. The 

viscosity then decreased to 940 BU at 86 min, after which it 

began to increase. Another peak of 1140 BU was reached during 
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Fig. 4.4 Viscoamylographs of corn and potato starches. The corn 

starches were isolated from corn grown in U.S.A., Ontario 

and two locations in Alberta. The potato starch was 

isolated from Alberta-grown potato. 
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cooling at 110 min. The viscosity remained at this value for the 

rest of the cycle. The curve for the starch from Alberta corn, 

AB-2, was next in terms of viscosity. The AB-2 starch began to 

increase in viscosity at 30 min and reached a peak at 47 min with 

a viscosity of 680 BU. The viscosity remained constant but 

started to increase at 60 min. Another peak was reached at 71 

min with a viscosity of 1200 BU. The viscosity decreased to 1080 

BU during cooling at 90 min. After this point, it increased 

backto 1200 BU AT 110 min. It then declined slowly to 1110 BU at 

the end of the cycle. The other starch sample from Alberta corn, 

AB-1, began to show an increase in viscosity at 27 min. A peak 

of 710 BU was reached at 44 min which remained constant until 77 

min. The viscosity began in increase and a second peak of 1200 

BU was reached at 70 min. The viscosity then slowly declined to 

a minimum of 1100 BU at 86 min. Then during cooling, the 

viscosity began to increase reaching a maximum of 1300 BU at 108 

min, which remained fairly constant until the end of the cycle. 

The starch curves had three peak viscosities during the 

viscoamylograph cycle. These are summarized in Table 4.25. 

Comparing the viscosity of all of the corn starches, Alberta 

starches tended to have higher viscosities compared to the 

starches from U.S.A. and Ontario {Table 4.25). This 

characteristic could cause higher viscosities during the cooking 

of Alberta corn in mashing compared to U.S.A. and Ontario corn. 

All of the corn starches showed the property of retrogradation 

upon cooling, i.e. the increase in viscosity when the starch is 
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Table 4.25 Viscosity peaks from the viscoamylograph analysis of 
starches prepared from corn samples from three production areas. 

Peak Production Area 

USA ON AB-1 AB-2 

1 viscosity (BU) 675 610 710 680 
time (min) 44 44 44 47 

2 viscosity (BU) 1050 1010 1200 1200 
time (min) 72 72 70 71 

3 viscosity (BU) 1220 1140 1300 1200 
time (min) 110 110 108 110 

Final viscosity(BU) 1190 1110 1280 1110 
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rested at 50 oc during viscoamylography. 

Potato starch showed a curve that was very different from 

those for the corn starches (Fig 4.4). Potato starch began to 

increase in viscosity at 20 min and reached a peak of 1550 BU at 

38 min. The viscosity then gradually decreased to 425 BU at 82 

min. During cooling, the viscosity increased to 695 BU at 110 

min and only decreased slightly to 650 BU at the end of the 

cycle. Potato starch showed less retrogradation upon cooling 

compared to corn starch. 

The amylose content of the corn starches influenced their 

behavior on the viscoamylograph. AB-1 starch containing the 

highest amylose content, 30.1 %, (Table 4.17) produced the 

highest viscosities during heating and showed the greatest amount 

of retrogradation upon cooling. Although AB-2 starch had the 

lowest amylose content, 21.5 %, it was characteristic of starch 

from Alberta corn in producing a viscosities higher than that for 

starch from U.S.A. or Ontario corn. However, since the amylose 

content of AB-2 starch was lower than that for AB-1 starch, AB-2 

starch produced slightly lower viscosities during heating and the 

viscosity actually went down when it was held at 51 °C, a rarity 

for corn starch. Since ON starch had an amylose content (24.3 %) 

lower than that for USA starch (29.2 %), ON starch produced lower 

viscosities during heating and cooling compared to USA starch, 

and the lowest viscosities overall. 

Although the amylose content (27.5 %) of potato starch was 

similar to corn starch (Table 4.17), the structure of potato 
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starch was different from corn starch. Potato starch had about 

ten times more phosphorus than corn starch. Phosphate cross

links the amylopectin in starch (Hodge et al 1948), making 

gelatinization difficult. When native potato starch is heated in 

water, the starch granules take up water but due to cross-linking 

initially swell up greatly causing a rapid rise in viscosity. 

Eventually with further heating and wate uptake, the granules 

rupture causing a rapid decrease in viscosity. When the 

gelatinized potato starch is held at 50 oc, only slight 

retrogradation occurs because the phosphate molecules interfere 

with the alignment of amylose chains. 

4.16 Degree of Syneresis of Starch Gels and Water Binding 

Capacity of Starch Prepared from Corn and Potato 

The data for the degree of syneresis of starch gels and 

water binding capacity of starches prepared from corn samples 

from three production areas, and potato are summarizied in Table 

4.26. The degree of syneresis measures the stability of a starch 

gel by measuring the amount of wataer lost under normal 

refrigeration (4 °C) and frozen storage (-15 °C), which is 

important in food applications. The degree of syneresis after 

storage for 7 days at 4 °C was very small. It was highest for 

one Alberta starch, AB-1, but also the lowest for the other 

Alberta starch, AB-2. At -15 °C, the amount of syneresis 

increased greatly but especially for potato starch, from 0 to 

59.75%, and for AB-2 corn starch, from 0.35 - 30.25%. The AB-1 
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starch showed the next highest increase from 2.38 to 12.00 %, 

followed by Ontario starch from 1.00 to 11.90, and, finally, 

U.S.A. starch from 2.00 to 6.10 %. This would suggest that 

retrogradation of amylose occurs at -15 oc resulting in increased 

snyeresis compared to 4 oc {Hoover and Sosulski 1985). 

The degree of syneresis was influenced by amylose content. 

At 4 °C, the degree of syneresis for the corn starch gels 

correlated with the amylose content. The lowest amylose content, 

AB-2 with 21.5% amylose {Table 4.17), showest the smallest 

amount of syneresis, 0.35 %, while the highest amylose content, 

AB-1 with 30.1 %, showed the largest amount, 2.38 %. USA and ON 

starch ranked second and third in terms of both amylose content 

and syneresis. Potato starch showed no syneresis due to the 

phosphate cross-linkages. At -15 oc, the relationship between 

the degree of syneresis and amylose content was not predictable. 

The data for the water binding capacity of the corn and 

potato starches are also summarized in Table 4.26. Although the 

water binding capacity was similar for the corn starches, the 

Alberta corn starch samples were slightly higher. One Alberta 

starch, AB-2, had the highest water binding capacity, while 

U.S.A. starch had the lowest. Amylose content did not correlate 

with water binding capacity. The potato starch had the lowest 

water binding capacity of all the starches. This was due to the 

phosphate cross-linkages which prevented water from binding to 

the starch. 
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Table 4.26 Degree of syneresis of starch gels and water binding 
capacity of starches prepared from corn samples from three 
production areas, and from potato, expressed as percent of dry 
weight. 

Production 
Area 

USA 

ON 

AB-1 

AB-2 

Potato 

4 °C 

2.00 

1.00 

2.38 

0.35 

0.00 

Syneresis 

-15 °C 

6.10 

11.90 

12.00 

30.25 

59.75 

water Binding 
Capacity 

104.3 

105.1 

105.8 

107.1 

93.8 
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4.17 Enzymatic Hydrolysis of Corn and Potato Starches 

The data for enzymatic hydrolysis with hog pancrease a

amylase of starch prepared from corn from three production areas 

and potato starch, is summarized graphically in Fig. 4.2 - 4.3. 

The best fit curve was plotted through the points. Starch from 

Alberta corn, AB-2, appeared initially to be more readily 

hydrolyzed based on the release of reducing sugar (Fig. 4.2). 

The other starches appeared to be similar in their rate of 

hydrolysis. However, the variation in the method was very high 

as seen by the shape of the curves. When the release of total 

sugar was determined, the trend was the same although the values 

were higher. Measurement of total sugar indicated that there 

were no differences among the starches in the type of dextrins 

produced during hydrolysis. 

Native potato starch has been shown to be resistant to 

hydrolysis by salivary a-amylase (Walker and Hope 1963). 

However, the present study shows that it is not resistant to 

porcine pancreatic a-amylase. 

4.18 Microstructural Changes in Starch Granules After Treatment 

with a-Amylase 

The microstructural changes in starch granules from corn and 

potato, that occur after prolonged treatment with a-amylase, were 

observed by scanning electron microscopy. Starch granules were 

subjected to enzyme attack from intervals ranging from 0.5 
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Fig. 4.5 Hydrolysis of corn and potato starches with porcine pancreatic 

ct. -amylase measured by the release of reducing sugar. The 

corn starches were isolated from corn grown in U.S.A., Ontario 

and two locations in Alberta. The potato starch was isolated 

from Alberta-grown potato. 
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Fig. 4.6 Hydrolysis of corn and potato starches with porcine pancreatic 

c< -amylase measured by the release of total carbohydrate. 

The corn starches were isolated from corn grown in U.S.A., 

Ontario and two locations in Alberta. The potato starch was 

isolated from Alberta-grown potato. 
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to 12 h. For the same interval of enzyme treatment, no 

differences were observed among the starch granules from corn 

starch from different production areas. Consequently, 

representative photographs from only one production area for each 

hydrolysis interval were selected to demonstrate microstructural 

changes. 

Scanning electron micrographs on intact starch granules are 

shown in Fig. 4.7. The starch granules from Ontario corn were 

smooth and quite spherical in shape (Fig. 4.7a). The starch 

granules from Alberta corn had angular faces (Fig. 4.7b). These 

differences in shape were characteristic of floury dent and horny 

flint endosperm, respectively (Fig. 4.2- 4.3). 

After treatment with a-amylase for 0.5 h, degradation was 

visible in some of the starch granules, shown for AB-2 starch 

(Fig. 4.8a). The enzyme attack was perpendicular to the granule 

surface, producing small holes, relative to the size of the 

granule (Fig. 4.8b). After enzyme treatment for 1 h, more 

granules appeared to show signs of attack, shown for AB-2 starch 

(Fig. 4.9a). However, the degree of degradation on a starch 

granule basis (Fig. 4.9b) appeared to be the same as that for 0.5 

h (Fig. 4.8b). After 2 h of enzyme treatment, more granules 

showed signs of attack and the holes produced were larger, shown 

for Ontario starch (Fig. 4.10a- b). When the starch was treated 

for 4 h, all of the granules showed signs of attack and some 

granules had very large holes (relative to the granule size), as 

shown for Ontario corn (Fig. 4.11a- b). After 6 h of treatment, 
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all of the granules had large holes, shown for AB-1 starch (Fig. 

12a- b). After 8 h of treatment, granule collapse was evident 

but parts of granules with holes were still visible, shown for 

U.S.A. corn {Fig. 4.13a- b). When the granules were examined 

after 12 h of enzyme treatment for U.S.A. starch, only fragments 

of granules were observed and granule integrity was completely 

lost (Fig 4.14a- b). 

Enzymatic hydrolysis by a-amylase of potato starch granules 

was also studied (Fig. 4.15- 4.19). Untreated starch granules 

were smooth and ovoid in shape, not shown. Treatment with a

amylase for 0.5 h, resulted in small grooves tangential to the 

surface of the granules {Fig. 4.15a- b). After 1 h of enzyme 

treatment, more granules appeared to have grooves {Fig. 4.16a -

b). No photograph is shown for 2 h of treatment since 

differences from 1 h of treatment were not evident. After 4 h of 

enzyme treatment, some granules were beginning to break up (Fig. 

4.17a- b). This break up was more evident after 6 h of enzyme 

treatment, although some of the smaller granules were still 

intact {Fig. 4.18a- b). Further granule break up occurred after 

8 h of treatment, with few intact granules, not shown. After 12 

h of enzyme treatment, granule integrity was completely lost 

(Fig. 4.19a- b). 

Although the same a-amylase had been used for starch 

hydrolysis, the mode of attack was different on corn starch 

compared to potato starch. a-Amylase attacked perpendicularly to 

the surface of the corn starch granule. This undermined the 
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integrity of the starch granule, causing a collapse inward (Fig. 

4.20a). Many times multiple penetrations of the corn starch 

granules occurred in close proximity (Fig. 4.20b) which would 

hasten granule collapse. 

The granules probably had hollow centers although evidence 

for the feature was not conclusive (Fig. 4.21a). The work on 

corn endosperm showed this more clearly (Fig. 4.1- 4.3). Growth 

rings in starch granules were also observed (Fig. 4.21b), 

although this feature is usually seen after mild acid treatment 

(Lineback 1984). 

Potato starch granules were attacked by a-amylase in a line 

tangentially to the surface of the granule. Eventually grooves 

were produced, which deepened over time, and caused the granules 

to break up. The tangential attack of a-amylase on potato starch 

granules may be caused by the phosphate cross-linkages that occur 

in potato starch. The enzyme may be prevented from attacking 

perpendicularly to the surface due to the cross-linkages and, 

consequently, degraded the granule tangentially. These cross

linkages have been suggested to inhibit P-amylase attack in corn 

starch (Hodge et al 1948). Potato starch has also been reported 

to be resistant to hydrolysis by salivary a-amylase (Walker and 

Hope 1963). 



a b 

Fig. 4.7 Microstructure of a) dent starch from Ontario corn 

and b) flint starch from Albertacorn. 
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a b 

Fig. 4.8 Microstructure of starch from Alberta corn treated 0.5 

h with a-amylase showing a) granules and b) details of 

hydrolysis. 



a b 

Fig. 4.9 Microstructure of starch from Alberta corn treated 1 h 

with a-amylase showing a) granules and b) details of hydrolysis. 
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a b 

Fig. 4.10 Microstructure of starch from Ontario corn treated 2 h 

with a-amylase showing a) granules and b) details of hydrolysis. 



a b 

Fig. 4.11 Microstructure of starch from ontario corn treated 4 h 

with a-amylase showing a) granules and b) details of hydrolysis. 
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a b 

Fig. 4.12 Microstructure of starch from Alberta corn treated 6 h 

with a-amylase showing a) granules and b) details of hydrolysis. 



a b 

Fig. 4.13 Microstructure of starch from U.S.A. corn treated 8 h 

with a-amylase showing a) granules and b) details of hydrolysis. 



a b 

Fig. 4.14 Microstructure of starch from U.S.A. corn treated 12 h 

with a-amylase showing a} granules and b) details of hydrolysis. 



a b 

Fig. 4.15 Microstructure of potato starch granules treated 0.5 h 

with a-amylase showing a) granules and b) details of hydrolysis. 



a 

Fig. 4.16 Microstructure of potato starch granules treated 1 h 

with a-amylase showing a) granules and b) details of hydrolysis. 
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a b 

Fig. 4.17 Microstructure of potato starch granules treated 4 h 

with a-amylase showing a) granules and b) details of hydrolysis. 
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a b 

Fig. 4.18 Microstructure of potato starch granules treated 6 h 

with a-amylase showing a) granules and b) details of hydrolysis. 
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a b 

Fig. 4.19 Microstructure of potato starch granules treated 12 h 

with a-amylase showing a) granules and b) details of hydrolysis. 



a b 

Fig. 4.20 Details of a-amylase attack showing a) granule 

collapse and b) extensive pitting. 
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a b 

Fig. 4.21 Microstructure of starch granules showing a) hollow 

core and b) starch growth rings. 
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5 DISCUSSION 

Any method adopted for analysis of either starch or 

fermentable glucose should be consistent with the end use of the 

carbohydrate, in this case, the fermentation of carbohydrate with 

distillery yeast. Consequently, in fermentation applications, 

where enzymes, specific for starch hydrolysis, are used and the 

carbohydrate is utilized by a biological source, the analysis for 

starch or fermentable glucose should be performed with enzymes, 

and preferably, the enzymes used in the distillery process. The 

use of acid hydrolysis for the determination of starch or 

fermentable glucose would not provide an accurate picture of the 

carbohydrate available for fermentation since some structural 

carbohydrate could also be hydrolyzed due to the non-specificity 

of acid hydrolysis. Various methods were examined for the 

determination of starch and fermentable glucose in corn to see 

which ones provided the most suitable results (Tables 4.1- 4.4). 

The two parameters determined in this study, starch and 

fermentable glucose, measured slightly different quantities. 

Starch is a large polymer of glucose produced in most plants for 

the storage of energy. In some plants, sugars such as glucose, 

fructose and sucrose, are also present depending on the type of 

plant and plant tissue. In order to determine starch, glucose 

must first be removed with a suitable solvent such as alcohol. 

Once the sugars are removed, starch can be hydrolyzed by 

appropriate enzymes, usually a-amylase and amyloglucosidase, and 



the amount of glucose released correlated with the starch 

content. There is a possibility that some starch may not be 

hydrolyzed by the enzymes, but if the starch will be processed 

using the same enzymes, the same conditions will exist during 

processing. And if required, enzyme-resistant starch can be 

determined using special techniques. However, starch analysis 

will not provide a complete estimate of the carbohydrate 

available for fermentation by distillery yeast. 
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To overcome this problem, fermentable glucose is determined 

where the origin of the glucose, after amylolytic hydrolysis is 

not considered. Consequently, glucose, present prior to 

hydrolysis, is not removed and included in the total. The 

analysis can then proceed as for starch, where hydrolysis is done 

with amylolytic enzymes and the amount of glucose present is 

determined. The glucose not available for fermentation is the 

glucose that forms structural carbohydrate or non-starch 

polysaccharides such as cellulose and p-glucan. While all of the 

glucose available for fermentation is measured, other fermentable 

carbohydrates such as fructose and sucrose are missed. To 

overcome this problem, colorimetric methods based on the amount 

of reducing sugar or total carbohydrate could be used to 

determine the total fermentable or available carbohydrate. 

However, in distillery corn, the sugar content is not expected to 

vary greatly so the determination of fermentable glucose is 

sufficient. If the sugar content were to vary greatly, this 

would be indicated by the yield of alcohol and would then warrant 



169 

further investigation. 

Although starch and fermentable glucose are closely related, 

they measure slightly different quantities. Starch measures only 

the storage carbohydrate, starch, and does not include sugars. 

From a nutritional point of view, this is important since starch 

is considered a complex carbohydrate. This distinction is not 

important in distilling. Fermentable glucose, on the other hand, 

measures only the glucose available for assimilation by 

distillery yeast, which is of great practical importance in 

distilling. This may underestimate the total amount of 

carbohydrate available to the yeast when fructose or sucrose is 

present. However, since the yield of alcohol is empirically 

correlated with fermentable glucose, the contribution of other 

sugars is indirectly taken into account. Also, in distilling 

corn, the amount of sugars was small (Tables 4.4- 4.8), relative 

to the fermentable glucose content. Therefore, when no or very 

little sugars are present, fermentable glucose and starch become 

numerically equivalent. 

The values for starch and fermentable glucose varied 

depending on the method used (Table 4.4). Fermentable glucose 

content ranged from 66.7 - 77.3 %, and starch content ranged from 

64.4 - 76.8 %. The standard error was generally higher for 

colorimetric methods where reducing sugar or total sugar was 

determined, and in one instance for glucose (Gl), although the 

level of detection was the same for all methods. The higher 

standard error was expected for the reducing sugar and total 
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sugar methods since the chemical reactions involved are non

stoichiometric and are very sensitive to conditions. The 

determination of glucose using glucose oxidase was specific for 

glucose and the chemical reactions involved in color formation 

are stoichimetric. Consequently, a comparatively lower standard 

error was anticipated. The high standard error obtained probably 

indicates that the chemical reactions for the glucose oxidase 

method had not reached completion although the published method 

(Henry 1985) was followed. Improvements to this method have been 

recently published (Rasmussen and Henry 1990) where the time 

required for the color to reach stability has been increased to 

60 min from 15 min. Complicating the analyis, was the fact that 

the differences in starch content were small. When samples with 

large differences in starch content are compared, a high standard 

error can be tolerated. 

Another complicating factor was the readings given by the 

enzyme blanks during starch analysis which were the equivalent of 

3 - 10 % starch in corn. This occurred because industrial 

preparations of a-amylase have carbohydrate added for stability 

or as a primer. This may be done as a matter of course because 

a-amylases from human saliva, hog pancrease, Bacillus subtilis 

and Aspergillus oryzae, were found to lose their activity and 

also become sensitive to proteolytic enzymes when placed in an 

environment that contained no calcium ions (Vallee et al 1959), 

since calcium serves to stabilize enzyme structure. Calcium loss 

could be minimized if the enzyme was in the presence of 1 % 
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soluble starch and chloride ion was excluded (Vallee et al 1959). 

However, a-amylase from Bacillus licheniformis, used in the 

commercial preparation Termamyl, appears to have a very small 

requirement for calcium, perhaps none at all, compared to the 

other previously listed a-amylases (Saito 1973). a-Amylase from 

~ licheniformis is about half the molecular weight of these 

other a-amylases, and is probably monomeric. Consequently, it 

may not require calcium for structural stability (Saito 1973). 

High enzyme blank readings due to added carbohydrate are not 

desirable when comparing samples similar in starch content. 

Although the glucose selective electrode generally gave the 

lowest standard error, the operation of the instrument required 

more time compared to colorimetry, and the instrument required 

frequent checks to prevent the settings from drifting, which 

would make automation difficult. Therefore, the method best 

suited for determining glucose is the colorimetric method using 

glucose oxidase (Henry 1985). It is rapid and does not require 

the use of corrosive chemicals. The recent improvements in this 

method (Rassmussen and Henry 1990) make it even more optimal. 

Although variations were found among the methods in the 

amounts of starch or fermentable glucose determined, each method 

was generally consistent. This suggests that once a particular 

method for fermentable glucose is chosen and the technique worked 

out, consistent results, suitable for predicting alcohol 

recovery, will be obtained. Alberta samples tended to have, in 

most cases, lower values for starch and fermentable glucose. 
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This would help explain the lower alcohol recovery experienced in 

the distillery for Alberta corn. 

The grand mean for fermentable glucose was 71.0 % and for 

starch 70.1 %. This would imply that the sugar content, based on 

glucose, is about 0.9 %. However, the standard error for each 

determination was around 1 %, which would make the accuracy of 

the calculated sugar content less certain. 

Literature values for starch in dent corn have been reported 

as 73.4 %, determined polarimetrically, (Earle et al 1946) (Table 

2.2) and 71.7 %, determination unknown, (Watson 1987) (Table 

2.1). Based on enzymatic hydrolysis, values of 68.6% (Hill and 

Daynard 1974) and 69.0 % (Weller et al 1988) have been reported 

for starch. For flint corn, starch has been reported as 67.8 % 

(Earle et al 1946) (Table 2.2). The mean values from this study, 

64.4 - 76.8 %, are in general agreement. The high starch value, 

78.8 %, determined by acid hydrolysis (Table 4.1), indicates that 

some non-starch polysaccharide was hydrolyzed. 

In addition to sugars, aqueous alcoholic solvents have the 

ability to extract hydrophobic proteins, based on the Osborne 

classification, from cereals. In corn, the zein proteins are 

hydrophobic and can be extracted with aqueous alcohol (Wilson 

1987), which can create problems during sugar analysis. 

Consequently, to facilitate an accurate determination of sugars, 

protein and other interfering substances must be removed when 

sugars are extracted with aqueous methanol. When these 

interfering substances were not removed, a turbid solution 
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resulted as the methanolic extract was made more aqueous during 

the colorimetric analysis of glucose. To precipitate protein, 

zinc sulfate was added. To remove excess zinc sulfate, barium 

hydroxide was added. This worked well for the determination of 

sugars by GC. The purified solutions were dried and the sugars 

remaining in the residues were derivatized to make them volatile 

for GC analysis. Any non-carbohydrate material present in the 

residue was not derivatized and so remained intact, which 

prevented it from interfering. Consequently, sucrose analysis by 

GC gave the highest values because of the high level of extract 

purification. When colorimetric analysis for sugars was done on 

methanolic extracts that had been purified with zinc sulfate and 

barium hydroxide, low results were obtained. This suggested that 

either trace amounts of zinc andjor barium ions, other non

protein material not removed during purification, or even the 

solvent itself were interfering with the colorimetric 

determination giving low results. 

After sugar determination by GC, the next highest sucrose 

content was obtained after sugar extraction with boiling aqueous 

ethanol. This suggested that heat treatment denatured most of 

the protein during sugar extraction, so that it did not interfere 

with subsequent colorimetric determination of sugar. 

Consequently, it was not necessary to purify the extracts before 

colorimetric analysis. 

The best method, therefore, for sugar analysis appears to be 

sugar extraction with aqueous methanol, purification of the 
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extract to remove protein, and sugar determination by GC. 

However, extraction with boiling aqueous ethanol and colorimetric 

determination of sugars, although giving slightly lower results, 

did not require purification and the results had a lower standard 

error. Thus, this method could also be used for sugar analysis. 

The data for the sugar content of corn from three production 

areas showed that the major sugar was sucrose, and that the other 

sugars, glucose and fructose were present in only small amounts 

(Tables 4.5- 4.9). To facilitate a comparison of the various 

methods used for determining sugars, only sucrose is considered 

(Table 4.10). The sucrose content varied depending on the method 

used for analysis; the range was 1.27 - 3.65 %. It was not 

possible to determine which production area had the highest 

sucrose content since the ranking of the production areas varied 

with the method used for analysis. The grand mean for sucrose 

content over all areas was 2.17 %, standard error 0.68 %. This is 

in general agreement with the estimated glucose content of 0.9 %, 

derived from the difference between fermentable glucose and 

starch. Since, however, the major sugar has been found to be 

sucrose, this estimated glucose content would translate into a 

sucrose content of about 1.8 %, taking into account fructose. 

The sugar contents of dent and flint corn, determined 

calorimetrically, have been reported as 1.9 and 2.0 %, 

respectively (Earle et al 1946) (Table 2.2). Watson (1987) 

(Table 2.1) reported 2.6 % for dent corn. The range from the 

present study, 1.27 - 3.65 %, are in general agreement. Since 
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sugars are present in small amounts in corn compared to starch, 

this indicates that their contribution to ethanol yield is small. 

The same applies for WSP since it is present in negligible 

amounts (Table 4.13). 

Pentosan was a major component of fiber in corn and most of 

the pentosan was insoluble (Tables 4.11- 4.12). The majority of 

the pentosan was found in the pericarp and germ (Table 4.23). 

Alberta corn had more pentosan than either U.S.A. or Ontario 

corn. For wheat, in addition to differences in the amounts of 

pentosan, the physical properties of pentosan have been shown to 

be influenced by the relative amounts of xylose and arabinose 

(D'Appolonia and Gilles 1971). With increasing amounts of 

arabinose relative to xylose, more branching occurs and the 

extracted pentosan forms a more viscous solution. Very little, 

however, is known about the exact chemical composition and 

physical properties of corn pentosan. Consequently, besides 

differences in the amount of pentosan in corn, there may also be 

differences in the physical properties of pentosan resulting from 

differences in chemical composition. This is an area where 

further work could be done. Since Alberta had the highest 

pentosan content, pentosan would be expected to have a negative 

effect on distilling quality. 

The pentosan content of corn has been reported as 6.2 % 

(Watson, 1987) (Table 2.1). This value is higher than the range 

for the current study, 2.88 - 4.71 %. No other comparable study 

was located. 



176 

The amounts of fiber in corn, including pentosan, were 

present in significant quantities. The mean fiber content was 

7.67% with about half of the fiber as pentosan (Table 4.12}. 

This represents a potential carbohydrate source for alcohol 

production. However, this would require specific yeasts that 

could ferment xylose and would probably be more applicable to the 

production of fuel alcohol. 

Since Alberta has been developed from flint x dent and flint 

x flint crosses, the biotype of Alberta corn needed to be 

established. The corn from U.S.A. and Ontario is known to be of 

the dent biotype. Comparison of the distribution of kernel 

components showed that the endosperm constituted 82.8 % and the 

germ, 8.2% of the kernel in Alberta corn (Table 4.14). The 

endosperm and germ were 84.9 % and 7.0 % of the kernel in U.S.A. 

corn, and 83.6 % and 7.3 % in Ontario corn. Earle et al (1946} 

(Table 2.2) reported that endosperm and germ were 82.9 % and 

11.1 % of the kernel in dent corn, and 80.6 % and 13.5 % in flint 

corn. Since the endosperm is relatively smaller and the germ 

larger in Alberta corn, and compared to the literature data 

(Earle et al 1946, Wolf et al 1952}, Alberta corn can be classed 

as a flint corn. 

Alberta corn had a lipid content of 5.2 % compared to 4.4 % 

for U.S.A. and 4.3% for Ontario corn (Table 4.15}. This 

reflects the differences in germ size, since most of the lipid is 

found in the germ (Earle et al 1946} (Table 2.2). 

The starch content of the endosperm in Alberta corn was 82.7 



177 

% compared to 82.8 % and 84.3 % for the endosperm in U.S.A. and 

Ontario corn, respectively (Table 4.23). Earle et al (1946) 

reported 87.6 % starch for dent and 84.7 % starch for flint 

endosperm. For corn grits, largely endosperm, Budke (1984) 

reported a starch content of 86.5 %, determined by enzyme 

hydrolysis. Since endosperm from Alberta corn tended to have 

lower starch content, this is further evidence that Alberta corn 

is flint. Also this would help explain the lower alcohol 

recovery experienced at the distillery with Alberta corn. 

Comparison of the microstructures of corn from the three 

production areas, showed that Alberta corn consisted largely of 

horny endosperm (Fig. 4.1 - 4.3) compared to U.S.A. and Ontario 

corn. This again would indicate that Alberta corn is flint, 

while that from U.S.A. and Ontario is dent. Since horny 

endosperm is more densely packed compared to floury endosperm, 

this may have an influence on mashing properties. Alberta corn 

would be expected to require more cooking time to gelatinize the 

starch during mashing since it contains more horny endosperm. 

This may partly explain the observation at the distillery that 

Alberta corn is more difficult to cook. 

The hollow cores observed in starch granules in corn 

endosperm has, apparently, not been reported before. Why they 

were observed in this study can not be explained since standard 

SEM techniques were used. Corn from all three production areas 

showed this trait so it is not due to location. A possible 

explanation might be that these hollow cores are due to 
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amylolytic enzyme activity. However, this seems unlikely in 

mature dormant corn and signs of exterior enzyme hydrolysis would 

also be expected, which was not observed. Apparently, these 

hollow cores occur naturally, probably due to the mode of 

biosynthesis, and later allow the endosperm to pack during drying 

upon maturity. A hollow core also suggests that the starch 

granule in corn is synthesized from the interior towards the 

exterior since the cores appeared to be proportional to the size 

of the granule. A mechanism for this process is unknown. It is 

not expected that the hollow cores in starch granules have an 

influence on mashing properties since they occurred in corn from 

all three production areas. 

Although Alberta corn was flint compared to dent from U.S.A. 

and Ontario, the starches prepared from these corn samples were 

very similar in properties (Tables 4.24- 4.26, Fig. 4.4- 4.6). 

The data obtained in this study were comparable with literature 

values. The values reported for amylose in corn starch, 21.5 -

29.2 %, and potato starch, 27.5 %, are similar to 28 % in corn 

and 21% in potato reported by Swinkels (1985). Swinkels (1985) 

also reported for corn starch 0.7 % lipid, 0.35 %protein, 0.1 % 

ash and 0.02 % phosphorus compared with this study where the 

ranges were 0.06 - 0.9 % lipid, 0.07 - 0.18 % protein, 0.005 -

0.079 % ash and 0.007 - 0.012 % phosphorus. In this study, 

potato starch was found to contain 0.26 % ash and 0.066 % 

phosphorus but no lipid or protein. Swinkels (1985) reported 

higher values for ash (0.4 %) and phosphorus (0.08 %), and also, 
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some traces of lipid (0.05 %) and protein (0.06 %) in potato 

starch. The starch from this study had less ash and phosphorus 

because it was probably washed more thoroughly compared to 

commercial starch. The temperature range of gelatinization for 

corn starch has been reported as 62 - 72 oc (Lineback 1984) and 

65- 77 °C (Eberstein et al 1980), in good agreement with this 

study, 65 - 73 °C. For potato starch, this range has been 

reported as 61 - 71 °C (Eberstein et al 1980} and 60 - 65 oc 

{Swinkels 1985), generally agreeing with this study, 56- 64 oc. 

The temperature of the gelatinization peak of corn starch has 

been reported as 72 oc (Kugimiya et al 1980} and 70.6 oc 

(Eberstein et al 1980}, agreeing with this study, 67.7- 69.8 °C. 

The enthalpy of gelatinization has been reported as 3.2 calfg 

(Kugimiya et al 1980) and 3.3 calfg (Eberstein et al 1980), 

agreeing with this study, 3.0 calfg. With potato starch, both 

studies report a temperature for gelatinization of 65 oc, but 

enthalpies of 2.6 calfg (Kugimiya et al 1980} and 4.2 calfg 

(Eberstein et al 1980). In this study, the gelatinization 

temperature was lower, 59 °C, and the enthalpy was intermediate, 

3.6 calfg. Apparently, potato starch from different locations 

can vary widely in thermodynamic properties. 

The important area where starch from Alberta corn was 

consistently different from starch from U.S.A. or Ontario corn, 

besides water binding capacity, was in hot paste viscosity as 

determined by viscoamylography. Starch from Alberta corn 

produced slightly higher hot paste viscosities. This may partly 



explain the higher viscosity observed at the distillery during 

the mashing of Alberta corn. 
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The rate of enzymatic hydrolysis with porcine pancrease 

a-amylase for starch prepared from corn from the three production 

areas was similar for all areas. Also, the physical effects of 

amylolytic degradation as measured by SEM was similar for all 

locations. The manner in which the a-amylase attacked was 

similar to that described for the degradation of corn starch with 

amyloglucosidase (Fitt and Snyder 1984). 

Examination of the starch properties has implied that, 

except for differences in hot paste viscosity, starch from flint 

corn would behave similarly to starch from dent corn during 

mashing. Consequently, starch from flint or dent corn would have 

a minor influence on distilling properties. However, with regard 

to starch functional properties, starch from flint corn could be 

used in the same situations as starch from dent corn. 

A study of the physical, chemical and microstructural 

properties of corn from U.S.A., Ontario and Alberta, has 

suggested some areas in which Alberta corn is of lesser quality 

when used for distilling. Although Alberta corn was developed 

from crosses of flint and dent corn, Alberta corn was found to be 

a flint biotype compared to U.S.A. and Ontario which were dent. 

Alberta flint corn had a horny endosperm which contained densely 

packed starch granules. Dent corn had an endosperm that was 

largely floury, containing loosely packed starch granules, with 

only some areas of horny endosperm. Consequently, Alberta flint 
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corn would be expected to require more time to cook and 

gelatinize the starch compared to U.S.A. or Ontario corn, which 

is the observation in the distillery. 

Similarly, Alberta corn contained less starch compared to 

U.S.A. or Ontario corn. This may be partly due to the fact that 

Alberta flint corn had a slightly smaller endosperm relative to 

the kernel size compared to the conditions with U.S.A. or Ontario 

corn. Based on starch content, Alberta corn would be expected to 

yield less ethanol during fermentation than corn from U.S.A. or 

Ontario since starch is the main substrate. This is the 

observation at the distillery. 

Alberta corn was found to have more pentosan than corn from 

U.S.A. or Ontario. This would suggest that pentosan has a 

negative effect on ethanol yield since Alberta corn yields less 

ethanol. The pentosan was found mostly in the germ and pericarp, 

although some is contained in the endosperm. Since pentosans are 

known to form viscous solutions, a viscous solution could retard 

the movement of enzyme and slow down the mashing process. A 

negative effect on mashing could aslo be brought about by 

pentosan physically binding either starch or enzyme. Presumably, 

the effect is larger for Alberta corn because it contains more 

pentosan, regardless of the mode of action. In addition, 

differences in the chemical composition of pentosan brought about 

by location, if present, may also change the physical behavior of 

pentosan. However, this is an area where little is known and 

further study would be beneficial. 
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Alberta corn was also higher in glucan associated with fiber 

compared to U.S.A. and Ontario. Since this glucan is probably 

cellulose, this tends to imply that a higher cellulose content 

makes the mashing of the corn starch more difficult in Alberta 

corn which has a negative effect on distilling quality. 
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6 SUMMARY 

The physical, chemical and microstructural properties of 

corn from three production areas, U.S.A., Ontario and Alberta 

were compared. Various methods were compared for the 

determination of starch or fermentable glucose, the amount of 

glucose available to distilling yeast for the production of 

alcohol. Although differences were present among the methods 

determining the same component, generally each method was 

consistent. Determination of glucose or sugars calorimetrically, 

produced higher standard errors than glucose determination with a 

glucose selective electrode. Alberta corn was found to have less 

starch and fermentable glucose than corn from u.s.A. and Ontario. 

Fermentable glucose was slightly higher than starch content, 

indicating that some sugars were also available for fermentation. 

Different methods for the extraction and quantification of 

sugars were compared. The highest values were obtained after 

extraction with 80 % methanol and quantification by GC. The 

lowest values were obtained by either extraction with 80 % 

methanol or a mixture of methanol-chloroform-water, and 

quantification calorimetrically. The major sugar was sucrose, 

and only small amounts of glucose and fructose were found. 

However, relative to the starch content, the sugar content is 

small. It was not possible to assign a rank to the production 

areas in terms of sucrose content since each method gave a 

different ordering. 



Water soluble polysaccharide (WSP), a fermentable 

carbohydrate, varied among the production areas. However, its 

presence in the corn in this study was small. 
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A structural carbohydrate that showed differences among the 

production areas was pentosan. Pentosan content was higher in 

Alberta corn than in U.S.A. or Ontario corn. However, the 

physical properties of corn pentosan were similar for all areas. 

The pentosan was largely of an insoluble nature and could not be 

extracted with the particular enzymes used. Glucan associated 

with fiber was also higher in Alberta corn compared to U.S.A. or 

Ontario corn. There were no major differences in the other 

structural carbohydrates: fiber, pectin, and uronide. 

The physical characteristics of corn showed differences 

among the production areas. Alberta corn had a smaller endosperm 

and a larger germ compared to U.S.A or Ontario corn. Based on 

microstructural studies using scanning electron microscopy, 

Alberta corn was found to contain mostly horny endosperm, 

compared to U.S.A. or Ontario corn which contained largely floury 

endosperm and only a small amount of horny endosperm. This 

indicated that Alberta corn was of a flint nature, and U.S.A. and 

Ontario corn were dent. Alberta corn also had a higher lipid 

content due to the fact it had a larger germ compared to U.S.A. 

or Ontario. 

In studying the endosperm with scanning electron microscopy, 

starch granules that had been sectioned during specimen 

preparation, revealed hollow cores. The size of the core was 
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larger for starch granules from floury endosperm than from horny 

endosperm. This suggested that in horny endosperm the central 

core becomes smaller as the granules are pressed together during 

maturity. 

Starch was also prepared from corn samples representing the 

three production areas, and the chemical and physical properties 

examined. The starch from flint corn was very similar to starch 

from dent corn in terms of differential scanning calorimetry, 

syneresis and enzyme hydrolysis. However, the water binding 

capacity was slightly higher in starch from Alberta corn compared 

to starch from U.S.A. or Ontario corn. In terms of 

viscoamylography, starch from Alberta corn provided slightly 

higher viscosities compared to similar conditions for starch from 

U.S.A. and Ontario corn. This would suggest that starch from 

flint corn would behave similarly to that from dent corn during 

distilling. Also, any applications for starch from dent corn 

could be met by starch from flint corn. 

Based on this study, several areas where Alberta corn 

differed from U.S.A. and Ontario were suggested as reasons for 

the lesser quality of Alberta corn with regards to distilling. 

Alberta corn was found to be of the flint biotype and contained 

densely packed, horny endosperm. This type of endosperm would be 

expected to require a longer cooking time to gelatinize the 

starch. Alberta corn was generally found to have a lower starch 

content, in part due to a smaller endosperm in relation to the 

kernel, a characteristic of flint corn. Since starch is the main 
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substrate for ethanol production, a lower starch content would 

produce less alcohol. Alberta corn was found to have a higher 

pentosan content and had more glucan associated with fiber. 

Pentosans were thought to have a negative effect on mashing 

because they may increase the viscosity of the mash. Higher 

glucan associated with fiber has a negative effect because it may 

make the gelatinization and mashing of the corn more difficult. 

Corn from U.S.A. and Ontario was considered superior because it 

was of the dent biotype with a predominantly soft, floury 

endosperm; contained a larger endosperm and more starch; and had 

a lower pentosan and glucan associated with fiber content. 
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