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Preface to the Third
Edition

Work towards production of the third edition of Starch: Chemistry and Technology
was begun by Professor Roy L. Whistler and myself, but shortly thereafter Professor
Whistler was unable to continue with the project. I was pleased to be able to see this
edition through to completion.

Many developments have occurred in the world of starch chemistry, genetics, bio-
chemistry, molecular biology and applications since the second edition was published
in 1984. This edition, like the previous two editions, covers the isolation processes,
properties, functionalities and uses of the most commonly used starches, viz., normal
maize/corn, waxy maize, high-amylose maize, cassava (tapioca), potato and wheat
starch, with emphases on those aspects of production, properties and uses that are
unique to each; but not in single chapters. It also covers those starches that are gen-
erally available in only limited or potentially limited amounts, viz., rice (including
waxy rice, but not all varieties of rice), sorghum, barley (including waxy barley), oat
and rye starches. Chapters on the latter three starches are new to this edition. Not
included are other starches that may be isolated from plants that are grown in limited
areas and may be localized commercial products. These include amaranth, arrowroot,
banana, canna, kuzu, millet, mung bean, pea (smooth and wrinkled), quinoa, sago,
sweet potato and taro starch, except that some are mentioned in the chapter on starch
use in foods and two are mentioned in the first chapter. Where available, many of
these starches are available as flours, rather than pure starch. There has been an inter-
est in small granule starch that can be obtained from cattail roots, dasheen tubers,
and the seeds of amaranth, canary grass, catchfly, cow cockle, dropwort, pigweed and
quinoa. None of these are covered except as noted above. However, properties and
uses of small granule wheat starch are covered in the chapter on wheat starch.

All chapters/subjects that were also in the previous edition have been updated.
Chapters have been added on the biochemistry and molecular biology of starch bio-
synthesis, structural transitions and related physical properties of starch, and cyclo-
dextrins. There are two chapters on the structural features of starch granules that
present not only advances in understanding the organization of starch granules, but
also advances in understanding the fine structures of amylose and amylopectin, both
of which are based on techniques that have been developed since 1984.
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The chapter on corn and sorghum starch production not only thoroughly covers
advances in understanding and in carrying out the wet-milling process, but also alter-
native corn kernel fractionation techniques, the relationship of starch production to
other products from corn grain and future directions.

The greatly enlarged chapter on wheat starch presents advances in its production,
the differences between large and small granules, the fine structures of wheat starch
amylose and amylopectin, genetic and chemical modification of wheat starch, and its
functionalities and uses, especially in food products.

The past two decades have also seen a considerable enlargement and maturation
of the cassava (tapioca) starch industry that is reflected in another larger chapter,
which also compares the characteristics of tapioca/cassava starch with those of other
starches. The chapter on potato starch has also been considerably updated, espe-
cially from a processing standpoint. The latter chapter contains a discussion of all-
amylopectin potato starch.

Because consumers have become more mindful of what is in their diet, and
because in the European Economic Community chemically-modified starches must
be labeled as such, there has developed an interest in starches that have only been
heated to achieve the process tolerance and short texture of a lightly-crosslinked
starch. Such developments in modifying the properties of starch without chemical
derivatization are discussed in two chapters.

Also greatly enlarged and updated is the thorough chapter on the applications of
starch products in the paper industry.

James N. BeMiller
West Lafayette, Indiana USA
May 2008
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I. History

1. Early History

Humans and their ancestors have always eaten starchy foods derived from seeds,
roots, and tubers. It is fascinating to read the known history of crops and especially
to follow the very early agricultural production of grain crops such as barley, rice,
wheat and corn, with the latter having become the major source of isolated starch.
Trace amounts of rice found in underground excavations along the middle region of
the Yangtze River in Hubei and Hunan provinces have been radioactive carbon dated
to a medium age of 11 5000 by a team of Japanese and Chinese archaeologists.! This

Starch: Chemistry and Technology, Third Edition Copyright © 2009, Elsevier Inc.
ISBN: 978-0-12-746275-2 All rights reserved
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predates the previous earliest known site for domestication of barley in China, indi-
cated as 10 000 years ago.!

Corn (see Chapter 9), the only important cereal crop indigenous to the Americas,
probably originated in Mexico, the oldest record (dating back 7000 years) being
found in Mexico’s valley of Tehuacan.? By 5000 Bc, the teosinte plant must have
interbred with the original corn plant to give the female inflorescence a degree of
specialization that precluded the possibility of natural seed dissemination with the
positive requirement that human activity was required for continuing survival. Corn
apparently spread rapidly throughout the Americas, as far as the regions that are now
Argentina and Canada.

Wheat (see Chapter 10) is the number one food grain consumed by humans, and
its production leads all crops, including rice and corn. Wheat is a cool-season crop,
but it flourishes in many different agroclimate zones. It is believed to have originated
in the fertile crescent of the Middle East, where radiocarbon dating places samples
at, or before, 6700 Bce, with wheat grains existing in the Neolithic site of Jarno,
Northern Iraq.>

The practical use of starch products and, perhaps of starch itself, developed when
Egyptians, in the pre-dynastic period, cemented strips of papyrus together with starch
adhesive made from wheat. Early documents were lost, but Caius Plinius Secundus,
Pliny the Elder, 23—74 ap (who died in the eruption of Vesuvius), described docu-
ments made by sizing papyrus with modified wheat starch to produce a smooth
surface. The adhesive was made from fine ground wheat flour boiled with diluted
vinegar. The paste was spread over papyrus strips, which were then beaten with a
mallet. Further strips were lapped over the edges to give a broader sheet. Pliny stated
that the 200-year-old sheets which he observed were still in good condition. Pliny
also described the use of starch to whiten cloth and to powder hair. Chinese paper
documents of about the year 312 are reported to contain starch size.* At a later date,
Chinese documents were first coated with a high fluidity starch to provide resistance
to ink penetration, then covered with powdered starch to provide weight and thick-
ness. Starches from wheat and barley were common at that time.

A procedure for starch production was given in some detail in a Roman treatise
by Cato in 184 BcE.? Grain was steeped in water for ten days and then pressed. Fresh
water was added. Mixing and filtration through linen cloth gave a slurry from which
the starch was allowed to settle. It was washed with water and finally dried in the sun.

2. 1500-1900

In the Middle Ages the manufacture of wheat starch became an important industry
in Holland, and Dutch starch was considered to be of high quality. An early form
of starch modification practiced in this period involved the starch being slightly
hydrolyzed by vinegar. At that time, starch found its principal use in the laundry for
stiffening fabrics and was considered a luxury suitable for the wealthy. During the
mid-1500s, starch was introduced into England during the reign of Queen Elizabeth,
who is said to have appointed a special court official for laundry starching. The cus-
tom of powdering the hair with starch appears to have become popular in France in
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the sixteenth century, and by the end of the eighteenth century, the use of starch for
this purpose was generally practiced.

In the eighteenth century, more economical sources of starch than wheat were
being sought. In 1732, the Sieur de Guife recommended to the French government
that potatoes be used to manufacture starch. The potato starch industry in Germany
dates from 1765 (see Chapter 11).

The nineteenth century witnessed an enormous expansion of the starch industry,
due largely to demands of the textile, color printing and paper industries, and to the
discovery that starch can be readily converted into a gum-like product known as
dextrin. In the early 1800s, gum substitutes from starch were first made. A textile
mill fire in 1821, however, is generally credited with the founding of the British gum
industry. After the blaze was extinguished, one of the workmen noticed that some of
the starch had been turned brown by the heat and dissolved easily in water to produce
a thick, adhesive paste. The roasting of new starch was repeated, and the product was
shown to have useful properties. Commercial dextrins were made in Germany in
1860 by an acid process. An American patent for dextrin manufacture that appeared
in 1867 incorporated roasting of starch after it had been moistened with acid.

The early 1800s also saw development of the basic technology which would lead
to today’s starch-derived sweetener industry. The discovery that starch could be trans-
formed into a sweet substance by heating with dilute acid was made in 1811 by the
Russian chemist G.S.C. Kirchoff, who was trying to develop a substitute for the gum
arabic that was then used as a soluble binder for clay. The first American facility to
produce starch syrups was established in 1831. In 1866, production of D-glucose
(dextrose) from starch was realized. A number of glucose manufacturing plants were
built in Europe in the 1800s. Manufacture of crystalline dextrose began in 1882.

The first American starch plant, a wheat starch production facility, was started
by Gilbert in Utica, New York in 1807. It was converted to a corn starch produc-
tion facility in 1849. Industrial production of corn starch in the United States had
begun in 1844, when the Wm. Colgate & Co. starch plant in Jersey City, New
Jersey, switched from manufacture of wheat starch to manufacture of corn starch
using a process developed by Thomas Kingsford in 1842, in which crude starch was
extracted from corn kernels using an alkaline steep. In 1848, Kingsford started his
own firm in Oswego, New York. By 1880, this firm had grown to be the largest com-
pany of its kind in the world. Other US wheat starch plants began operating in this
period, but within a few years all were converted to corn starch plants.

In 1820, the production of potato starch had begun in Hillsborough County, New
Hampshire. Potato starch use grew rapidly until 1895, at which time 64 factories
were operating. They manufactured 24 million pounds (11 million kg) of starch
annually during the production season, which lasted about three months. Rice starch
manufacture began in the United States in 1815. However, production did not expand
significantly, and the little rice starch used was mainly imported.

By 1880 there were 140 US plants producing corn, wheat, potato and rice starches.
By 1900 the number of American starch facilities had decreased to 80, producing
240 million pounds (110 million kg) per year. Although a number of small plants
continued to be built they could not compete and, in 1890, a consolidation took place
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to form the National Starch Manufacturing Company of Kentucky, representing 70%
of the corn starch capacity. Although National Starch Manufacturing did not perform
well, in the 1890s a number of glucose manufacturers tried to relieve their problems
through similar consolidations. In 1897, six of the country’s seven glucose factories
were consolidated and became known as the Glucose Sugar Refining Company. In
1899, some of the remaining independent firms formed the United Starch Company.

3. 1900-Present

In 1900, the United Starch Company and the National Starch Manufacturing
Company joined forces to form the National Starch Company of New Jersey. In 1902,
Corn Products Company, representing 80% of the corn starch industry with a daily
grind of 65 000 bushels (1800 tons), was formed by union of the National Starch
Company of New Jersey, the Glucose Sugar Refining Company, the Illinois Sugar
Refining Company, and the Charles Pope Glucose Company. In 1906, Corn Products
Company and the National Starch Company merged to become Corn Products
Refining Company, with a daily grinding capacity of 140 000 bushels (3900 tons).
This was soon reduced to 110 000 bushels (3100 tons), or 74% of the US total. The
Corn Products Refining Company is known today as Corn Products International, Inc.

Many of today’s US starch companies also have their roots in the early 1900s.
In 1906, the Western Glucose Company was incorporated; in 1908, it became the
American Maize-Products Company, which was purchased by Cerestar in 1996, then
Cargill gained complete control of Cerestar in 2002. The Clinton Sugar Refining
Company began as a subsidiary of the National Candy Company in 1906. It under-
went a series of ownership and name changes, beginning with the Clinton Corn
Syrup Refining Company. The plant in Clinton, lowa was acquired by Archer Daniels
Midland Co. in 1982. The A.E. Staley Manufacturing Company was organized in 1906
and began with corn starch production in Decatur, Illinois. In 1903, the J.C. Hubinger
Brothers Company began corn starch production in a factory in Keokuk, Iowa. This
firm was purchased by Roquette in 1991 and became Roquette America, Inc. Douglas
& Company was organized and began corn starch production in a plant in Cedar
Rapids, Iowa in 1903. In 1920, the company was purchased by Penick & Ford, Ltd. It
became Penford Products Company in 1998. A facility built by Piel Brothers Starch
Company was organized in 1903. Its plant in Indianapolis, Indiana became the core
of the starch business of National Starch and Chemical Corporation upon its acquisi-
tion by National Adhesives Corporation in 1939 and reorganization as National Starch
Products, Inc. A number of other companies, including Union Starch, Huron Milling
Company, Keever Starch Company, Anheuser-Busch, and Amstar Corporation oper-
ated starch facilities during the period from 1902 through the 1970s, but then either
stopped production or sold the facility. A surplus government grain alcohol plant in
Muscatine, lowa was acquired after World War II by the Grain Processing Company
and was modified to produce commercial starch in addition to ethanol.

Archer Daniels Midland Company and Cargill, Inc. both entered the starch indus-
try through purchase of plants that were originally built by entrepreneurs in Cedar
Rapids, lowa. The Corn Starch & Syrup Company was acquired by Cargill in 1967
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and a substantial interest in Corn Sweeteners was purchased by ADM in 1971. The
most recent entry in the US corn starch industry is Minnesota Corn Processors,
a farmer-owned cooperative which began its wet-milling operations in Marshall,
Minnesota in 1983.

The US corn wet-milling industry is represented by the Corn Refiners Association,
Inc., a Washington, DC-based trade association which provides technical, regulatory,
legislative and communications support for its members.

Il. Development of Specialty Starches

Starch in its native form is a versatile product, and the raw material for production
of many modifications, sweeteners and ethanol. Starting in the 1930s, carbohydrate
chemists have developed numerous products that have greatly expanded starch use
and utility.

1. Waxy Corn Starch

Waxy corn starch, also known as waxy maize starch, consists of only amylopec-
tin molecules, giving this starch different and useful properties (see Chapter 3). This
genetic variety of corn was discovered in China in the early 1900s, when corn plants
were transferred from the Americas. The starch stains red with iodine, not blue as ordi-
nary starches do. When the corn kernel is cut, the endosperm appears shiny and wax-
like, and the corn was termed waxy corn or waxy maize. However, it contains no wax.

Waxy-type corn was brought to the United States in 1909 and remained a curios-
ity at agricultural experiment stations until World War II cut off the supply of cas-
sava (tapioca) starch from the East Indies. During a search for a replacement, waxy
corn starch was found to be a suitable alternative. In the 1940s, geneticists at lowa
Agricultural Experiment Station developed waxy corn into a high-yielding hybrid.
After waxy corn was introduced as a contract crop, its starch developed rapidly into a
valuable food starch. Although other all-amylopectin starches, such as waxy sorghum
and glutinous rice, and now waxy wheat and all-amylopectin potato starches, are also
composed only of amylopectin molecules, they have not had the industrial accept-
ance of waxy corn, since corn also supplies quality oil and protein products. Acreage
planted to waxy corn in the United States, Canada and Europe has expanded rapidly.
An estimated 550 000-600 000 acres (220 000-250 000 hectares) of waxy corn was
grown in the United States in 1996.

2. High-amylose Corn Starch

Although the term amylose dates to 1895, it was not until the 1940s that it became
associated with the mainly linear chains of starch (see Chapter 3). Before this, little
was known about the structure or identity of starch polymers. In 1946, R.L. Whistler, a
carbohydrate chemist, and H.H. Kramer, a geneticist, set out to produce a corn modi-
fication that would be the opposite of waxy corn, i.e. one in which the starch would be
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composed only of amylose molecules. Whistler and Kramer were able to increase the
amylose content from the 25% normally found in corn to 65%. As high-amylose corn
became further developed by other researchers, the amylose content was increased to
85%, with approximately 55% and 70% being common in commercial varieties.

High-amylose starch is used primarily by candy manufacturers who utilize high-
strength gels to help give candy shape and integrity. Addition of modified high-
amylose starch can enhance the texture of foods such as tomato paste and apple
sauce. The ability of amylose starches to form films led to widespread investigation
of its use in industrial products, including degradable plastics.

3. Chemically Modified Starches

The performance and quality of starch can be improved through chemical modifica-
tion (see Chapter 17). Chemical modifications provide processed foods, such as fro-
zen, instant, dehydrated, encapsulated and heat-and-serve products, the appropriate
texture, quality and shelf life (see Chapter 21), and improved processing condition
tolerance, such as improved heat, shear and acid stability. Modification also allows
starches to be used in the paper industry (see Chapter 19) as wet-end additives, siz-
ing agents, coating binders, and adhesives and as textile sizes.

4. Other Naturally Modified Corn Starches

In recent years, developments in corn genetics have suggested that many of the valu-
able properties of modified starches could be produced through changes in the bio-
synthesis of starch in the corn plant, rather than through chemical modification. Corn
starch companies, in conjunction with corn seed companies and scientists at univer-
sities and agricultural experiment stations, have undertaken extensive investigation
of such a possibility. In addition to amylose and waxy genes, other genes affect the
production of starch. Some of these genes are dull, sugary 1, sugary 2, shrunken 1,
shrunken 2, soft starch (horny) and floury 1 (see Chapter 3). These genes affect syn-
thesis of starch (see Chapter 4) and lead to the production of starches with altered
structural and functional characteristics. Work has been pursued rapidly over the past
ten years to evaluate the starches produced. Some starches evaluated include amy-
lose extender dull, amylose extender sugary 2, dull sugary 2, dull soft starch amylose
extender waxy, dull waxy, waxy shrunken 1, waxy floury 1, waxy sugary 2 and sug-
ary 2. Since genes determine the structures of both amylopectin and amylose mol-
ecules and their ratio, unique waxy types, intermediate-amylose and high-amylose
starches are produced via cross-breeding.

I1l. Other Products from Starch

1. Sweeteners

Kirchoff’s discovery of starch hydrolysis led eventually to today’s modern starch
sweetener industry. The original starch-derived sweeteners, which were produced
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by acid-catalyzed hydrolysis of starch and which contained varying amounts of dex-
trose, other saccharides and polysaccharides, are known as glucose syrups. Glucose
syrups of the 1800s and early 1900s were produced in both solid and liquid forms.
Solid forms were made by casting and drying liquid products. In the 1920s, Newkirk
developed technology needed to fully hydrolyze starch to dextrose (D-glucose), and
crystalline dextrose production developed quickly.

Advances in enzyme technology in the 1940s and 1950s (see Chapter 7) enabled
precise control of products and the degree and conditions of hydrolysis, greatly
expanding the range and utility of glucose syrup products. At the same time, new
purification techniques were introduced which permitted production of syrups of
high purity.

Isomerases which convert glucose into the sweeter fructose were commercially
introduced in the 1960s. Their introduction, coupled with manufacturing technology
to immobilize these enzymes, led to the introduction of high-fructose syrup (HFS)
in the United States in 1967. Refinements in production processes produced a liquid
sweetener that could replace liquid sucrose on a one-to-one basis. At the same time,
major upheavals in the world sugar market caused major sugar users to seek such an
alternative.

During the late 1970s and early 1980s, numerous US beverage companies began
using HFS to replace some of the sucrose in their drinks, and HFS growth far out-
paced population growth. In 1984, the corn wet milling industry achieved the goal
of capturing the beverage market when all major soft drink bottlers in the US began
using HFES for much of their nutritive sweetener needs. Since then, HFS growth has
continued to outpace increases in population as per capita annual soft drink con-
sumption grew from around 44 gallons (165 liters) in 1985, to over 50 gallons (190
liters) in 1995 (see Chapter 22).

2. Ethanol

Glucose syrups are easily fermented by yeast to ethanol. While beverage ethanol has
been produced from many sources of sugar and starch for countless centuries, large-
scale production of fuel-grade ethanol by fermentation is attributed to a demand for
combustible motor fuel additives.

Automobile pioneer Henry Ford first advocated the use of alcohol as a fuel in the
1920s as an aid to American farmers. During the 1930s, more than 2000 Midwestern
service stations offered gasoline containing between 6% and 12% ethanol made from
corn. Because of its high cost and the opening of new oil fields, ‘gasohol’ disappeared
in the 1940s. However, in response to the oil supply disruption of the mid-1970s, etha-
nol was reintroduced in 1979. US ethanol production grew from a few million gallons
in the mid-1970s to about 1.6 billion gallons (6 X 10° liters) in 1996 (see Chapter 2).

Today, most ethanol is made from corn starch. After separation from corn by wet
milling, starch slurry is thinned with alpha-amylase and saccharified with amyloglu-
cosidase. The resulting sugar solution is fermented by Saccharomyces yeast. Modern
US ethanol plants use simultaneous scarification, yeast propagation and fermentation.
The major portion of fuel-grade ethanol is now produced by continuous fermentation,
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which offers the advantages over batch fermentation of lower capital cost for ferment-
ers, improved microbiological control, and ease of automating control of the process.
From the 32 pounds (14.5kg) of starch in a bushel of corn, about 2.5 gallons (9.5 liters)
of ethanol is produced.

3. Polyols

Hydrogenation of sugars produces a class of materials known as sugar alcohols or
polyols. Major commercial sugar alcohols include mannitol, sorbitol (D-glucitol),
malitol, and xylitol and syrups related to these products, with all but xylitol being
obtainable from starch by hydrolysis, isomerization in the case of mannitol, and
hydrogenation. Sugar alcohols are found naturally in some plants, but commercial
extraction is not feasible. Polyols were first discovered by the isolation of ‘manna’
from the mountain ash tree, and sorbitol was isolated from rowan berries in 1872 by
the French chemist Joseph Boussingault.

Polyols are unique among simple carbohydrates in their low ability to be fer-
mented. This characteristic enables them to impart sweetness to foods while exhib-
iting lower caloric values than other carbohydrates and reducing the formation of
dental caries. Polyols are used in a variety of applications in foods, confections, phar-
maceuticals and industrial uses. Rising demand for low- and reduced-calorie foods
and confections that contribute to a reduction in dental caries has contributed to the
growth of these starch-derived products.

4. Organic Acids

Organic acids are found throughout nature. Citric, lactic, malic and gluconic acids
have become large-scale food and industrial ingredients. Originally produced from
fermentation of sucrose or sugar by-products, they are now mainly produced from
fermentation of dextrose. Major new plants were built by US starch producers for
organic acid production in the 1980s and 1990s.

Citric acid makes up almost 85% of the total volume of the organic acid market. It
was first described in 1784 when isolated from lemon juice. In 1917, it was discov-
ered that certain fungi accumulate citric acid. In 1923, the first US commercial plant
was built to produce citric acid by fermentation; citric acid is now used mainly in soft
drinks, desserts, jams, jellies, candies, wines and frozen fruits.

Lactic acid, initially produced in 1880, was the first organic acid made industrially
by fermentation of a carbohydrate. Nowadays it is made both by fermentation and by
chemical synthesis. About 85% of the use of lactic acid is in food and food-related
applications, with some use in the making of emulsifying agents and poly(lactic acid).

5. Amino Acids

During the 1980s, advances in fermentation technology allowed the economic pro-
duction of a number of amino acids from starch hydrolyzates. Examples are lysine,
threonine, tryptophan, methionine and cysteine. Starch-derived amino acids are gen-
erally used as animal nutrition supplements, enabling animal nutritionists to formulate
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finished animal feeds tailored to nutrient requirements of individual animals. Feeds
supplemented with these products can also reduce feed costs, animal waste and nitro-
gen pollution.

IV. Future of Starch

1. Two New Starches for Industry

Banana starch is certain to join the group of industrial starches, because it can be
obtained from cull bananas discarded by large banana plantations. Banana bunches
are cut from trees in plantations and sent to a central processing station, where culls
consisting of small or damaged fruit are removed. Such culls represent 25% of the
banana crop and 25% of the green banana is starch. The starch can be readily recov-
ered from banana pulp in a four-hour steep at an appropriate pH. Banana starch
consists of large (20 um) granules with properties suitable for a variety of applica-
tions. The production costs, essentially of cartage plus that of starch extraction, are
expected to give a market price that approaches or equals that of corn starch.

Amaranth has been used for dietary ‘greens’ and its seeds as storable food grain
(see Chapter 17). Its use reached a zenith during the Mayan and Aztec period in
Central America. A tithe of 200 000 bushels (9000 m?) per year was placed on farm-
ers by Montezuma, but production was stopped in that region by the conquistador
Cortez in 1519, since he abhorred the pagan use of ground grain mixed with blood
for shaping into conformations of animals, birds and human heads, which were then
eaten. Amaranth was later grown in the mountains of South and Central America and
now is grown in the northern United States. It is often popped and mixed with sugar
syrup and sold as candy bars. The flour, mixed in low levels with wheat flour, pro-
duces an interesting flavor in bread and pancakes. Amaranth seeds contain about 67%
starch, with granules being about 1 um in diameter. Its characteristics could be useful
in foods, and tests have shown that it may have applications as a fat replacer.

2. Present American Companies

The vast majority of starch produced in the United States, either for sale as starch
or for conversion to other products, is derived by the wet-milling of corn. A small
amount of starch is also produced by isolation from potatoes or extraction from wheat
or rice flour. Current US companies involved in starch production are as follows.

Corn Starch Producers
e ADM Corn Processing (a division of Archer Daniels Midland Company) has
plants in Decatur, Illinois; Cedar Rapids, lowa; Clinton, lowa; and Montezuma,
New York.
o Cargill, Incorporated has plants in Blair, Nebraska; Cedar Rapids, lowa;
Dayton, Ohio; Eddyville, Iowa; Hammond, Indiana; Memphis, Tennessee;
Decatur, Alabama; Dimmit, Texas; and Wahpeton, North Dakota (ProGold).
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Corn Products International, Inc. has plants in Bedford Park, Illinois; Stockton,
California; and Winston-Salem, North Carolina.

Grain Processing Corporation has plants in Muscatine, lowa and Washington,
Indiana.

Minnesota Corn Processors has plants in Marshall, Minnesota and Columbus,
Nebraska.

National Starch and Chemical Company (a subsidiary of ICI) has plants in
Indianapolis, Indiana and North Kansas City, Missouri.

Penford Products Co. (a company of Penford Corporation) has a plant in Cedar
Rapids, lowa.

Roquette America, Inc. has a plant in Keokuk, Iowa.

Tate & Lyle North America has plants in Decatur, Illinois; Lafayette, Indiana
(2); and Loudon, Tennessee.

Wheat Starch Producers

ADM Arkady, a division of ADM Millings, has a plant in Keokuk, lowa.
Heartland Wheat Growers has a plant in Russell, Kansas.

Manildra Milling Corporation, owned by Honan Holdings, Inc. has plants in
Minneapolis, Minnesota and Hamburg, lowa.

Midwest Grain Products, Inc. has plants in Atchison, Kansas and Pekin,
Illinois.

Potato Starch Producers

Penford Food Ingredients (a company of Penford Corporation) has plants in
Monte Vista, Colorado; Murtaugh, Idaho; Stanfield, Oregon; and Houlton,
Maine.

Tate & Lyle North America has plants in Idaho Falls, Idaho; Richland,
Washington; and Plover, Wisconsin.

Western Polymer Corporation has a plant in Moses Lake, Washington.
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. Introduction

The US starch industry, also known as the wet corn milling, corn wet-milling, and the
corn refining industry, has grown rapidly and starch production has expanded in sev-
eral other countries. Although people continue to consume some starch directly from
starch-bearing plants, either raw or cooked, their demands for commercially pro-
duced starch to be added to foods and beverages have increased significantly. Starch
use in a broad range of industrial products such as paper, textiles, building materials
and alcohol for fuel has also expanded.

Il. Extent and Directions of Market Growth

As a consequence of overall market growth, the quantity of corn (including minor
quantities of sorghum grain) that was processed by the wet corn milling industry

Starch: Chemistry and Technology, Third Edition Copyright © 1984, 2009, Elsevier Inc.
ISBN: 978-0-12-746275-2 All rights reserved
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Table 2.1 US Corn: food, seed and industrial use, 1980-81 to 1999-2000%¢

Year® HFS? Glucose Starch? Fuel alcohol! Beverage Cerealsand Seed! Total! US corn Total FSI use
syrups and alcohol!  other production? as % of US
dextrose? products production

1980-1981¢ 165 156 151 35 78 54 20 659 6639 9.9

1981-1982¢ 183 160 146 86 86 S8 19 733 8119 9.0

1982-1983°¢ 214 165 150 140 110 60 15 854 8235 10.4

1983-1984°¢ 265 167 161 160 88 70 19 930 4174 22.3

1984-1985¢ 310 167 172 232 84 81 21 1067 7672 13.9

1985-1986° 327 169 190 271 83 93 19 1152 8875 13.0

1986-1987¢ 338 171 214 290 95 109 17 1233 8226 15.0

1987-1988 358 173 226 279 85 113 17 1252 7131 17.6

1988-1989 361 182 215 287 117 117 18 1298 4929 26.3

1989-1990 368 193 219 321 129 120 19 1370 7532 18.2

1990-1991 379 200 219 349 135 124 19 1425 7934 18.0

1991-1992 392 210 225 398 161 128 20 1534 7475 20.5

1992-1993 415 214 218 426 136 129 19 1556 9477 16.4

1993-1994 441 219 225 458 110 140 20 1613 6336 25.4

1994-1995 459 224 230 533 100 150 18 1715 10103 17.0

1995-1996 473 227 226 396 125 161 20 1628 7374 22.1

1996-1997 492 233 238 429 130 172 20 1714 9233 18.6

1997-1998 513 229 246 481 133 182 20 1805 9207 19.6

1998-1999 531 219 240 526 127 184 20 1846 9759 18.9

1999-2000 540 222 251 566 130 185 20 1914 9431 20.3

2Source: references 2, 3, 4 and 5

®Marketing year beginning 1 September

‘Amount subjected to wet-milling is that in columns 2-5

4106 bushels. To convert to 106 metric tons, multiply by 0.02541
¢Crop year began 1 October prior to 1986

increased five-fold between 1972 and 1992, from 262 million bushels (6.66 X 10°
metric tons) to 1303 million bushels (33.11 X 10° metric tons) during the 20 year
period.! This rapid increase took an increasing share of expanding corn production
in the United States. The manufacture of wet-milled products, which accounted for
~5% of US corn production in the 1960s and 1970s, averaged close to 20% between
1990 and 1999 (Table 2.1). Yearly percentages fluctuated due mainly to variations in
corn production, because wet-milling demands for corn increased quite steadily.

Large increases in demands for two major products, high-fructose corn syrup and
fuel alcohol, propelled high industry growth beginning in the 1970s. The market for
high-fructose syrup was stimulated by the growing acceptance of corn sweeteners in
food and, especially, beverage products. Prices of corn sweeteners were competitive
with US raw sugar prices, which were substantially higher than world sugar prices
due to government policies (Table 2.2). Production of alcohol for engine fuel also
increased greatly in the 1970s, motivated by rising crude oil prices and stimulated by
government subsidies, which continued to exist in the 1990s.

Relatively steady increases in the production of standard starch and syrups accom-
panied the accelerating expansion of high-fructose syrup (HFS) that began in the
1960s, and the rapid increase in production of fuel alcohol in the 1980s and 1990s
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Table 2.2 HFS and sugar prices and producer price index for total finished goods, 1981-2000%

Year HFS-42 wholesale HFS-55 wholesale US raw sugar World World refined US producer price
list prices, list prices, prices, duty raw sugar sugar |:n'ices"’d index for total
midwest markets, midwest markets, fee paid, pric:es"""c finished goods,
dry weight® dry weight® New York? 1982 = 100

1981 21.47 23.59 19.73 16.93 20.51 96.1

1982 14.30 18.81 19.92 8.42 11.36 100.0

1983 18.64 21.06 22.04 8.49 11.40 101.6

1984 19.94 22.69 21.74 5.18 7.71 103.7

1985 17.75 19.95 20.34 4.04 6.79 104.7

1986 18.07 19.96 20.95 6.05 8.47 103.2

1987 16.50 17.46 21.83 6.71 8.75 105.4

1988 16.47 18.68 22.12 10.17 12.01 108.0

1989 19.24 21.41 22.81 12.79 17.16 113.6

1990 19.69 21.88 23.26 12.55 17.32 119.2

1991 20.93 23.25 21.57 9.04 13.41 121.7

1992 20.70 23.00 21.31 9.09 12.39 123.2

1993 18.83 20.93 21.62 10.03 12.79 124.7

1994 18.77 22.47 22.04 12.13 15.66 125.5

1995 15.63 NA 22.96 13.44 17.99 127.9

1996 14.46 NA 22.40 12.23 16.64 131.3

1997 10.70 NA 21.96 12.06 14.33 131.8

1998 10.58 NA 22.06 9.68 11.59 130.7

1999 11.71 NA 21.16 6.54 9.10 133.0

2000 11.32 NA 19.09 8.51 9.97 138.0

aSource: references 6, 7, 8,9 and 10
bCents/Ib.
“Contract No. 11 - f.o.b. stowed Caribbean port (including Brazil) spot price

dContract No. 5 London daily price for refined sugar, f.o.b., Europe, spot price

(Table 2.1). These two products, which together accounted for less than one-third of
all food, seed and industrial uses of corn in 1980-1981, accounted for almost 60%
of these uses in the 1990s. HFS production more than tripled, requiring 165 million
bushels (4.219 X 10° metric tons) of corn in 1980-1981 and 540 million bushels
(13.72 X 10° metric tons) in 1999-2000. The rise in fuel alcohol production was
even more dramatic, expanding from 35 million bushels (0.89 X 10° metric tons) of
corn in 1980-1981 to 566 million bushels (14.37 X 10° metric tons) in 1999-2000.
Fuel alcohol production alone consumed more than 5% of total US corn production
during the ten year period 1990-1991 through 1999-2000.

Numerous edible and industrial products are manufactured by the corn wet-milling
industry through further refining. The dollar value of industry product shipments more
than doubled (from $3.1 billion to $7.2 billion) between 1982 and 1997 (Table 2.3).

Ill. High-fructose Syrup Consumption

Until the late 1960s, sweeteners derived from starch accounted for less than 15% of
the US total caloric sweetener market. By the mid-1980s, the starch-derived sweetener
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Table 2.3 Corn product shipments by the wet corn milling industry, 1982, 1987, 1992 and 19972

Product 1982 1987 1992 1997

million % million % million % million %

dollars dollars dollars dollars
Sweeteners 1610.4 51.8 2182.5 49.1 2911.0 45.4 3056.2 42.5
Manufactured starch 655.1 21.1 774.3 17.4 1318.1 20.5 1526.1 21.2
Corn ol 234.9 7.6 613.1 13.8 801.6 12.5 980.4 13.6
By-products 577.7 18.6 845.8 19.0 1363.5 21.3 1585.0 22.1
Not specified by kind 27.6 0.9 30.5 0.7 21.4 0.03 40.7 0.6
Total 3105.7 100.0 4446.2 100.0 6415.5 100.0 7188.4 100.0

aSource: reference 1

Table 2.4 Starch-derived sweetener consumption per capita in the United States (including Puerto

Rico), 1992-2000*

Calendar HFS  Sweeteners® Total Total caloric  Starch-derived sweeteners share

year sweeteners®  of total caloric sweeteners, %
Glucose  Dextrose
syrup

1992 50.6 17.7 3.8 72.0 137.8 52.2

1993 533 179 3.8 75.0 140.4 53.4

1994 55.0 18.1 3.8 76.9 143.0 53.8

1995 552 184 3.9 77.5 143.6 54.0

1996 56.5 18.3 3.9 78.7 145.3 54.2

1997 59.2 19.8 3.7 82.7 149.6 55.3

1998 61.4 18.8 3.6 83.9 150.7 55.7

1999 62.8 18.2 3.5 84.5 152.8 55.3

2000 61.6 179 3.3 82.9 150.1 55.2

2Source: reference 11

10 pounds, dry basis. To convert to metric tons, multiply by 453.5

share of total caloric sweeteners had risen to more than 50%, and the upward trend,
though slowing, was continuing (Table 2.4). HFS had rapidly replaced most other
sweeteners in the nonalcoholic beverage market (Table 2.5). Beverage use accounted
for about 75% of HFS production in the mid-1990s.

Production of HFS in other industrialized countries is far lower than that in the
United States, but production elsewhere has also been increasing (Table 2.6). Future
significant growth is expected in other countries, but if relatively lower world sugar
prices prevail abroad, the pace of HFS growth in other countries will likely be slower
than past HFS growth in the United States.
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Table 2.5 US domestic food and beverage uses of HFS-42 and HFS-55,

1980 and 1995

Domestic use HFS-422 HFS-55°

1980 1995 1980 1995

Cereal and bakery products 304 441 4 14
Confectionery, including chewing gum 11 44 1 12
Processed foods 334 657 17 163
Dairy products 110 210 5 27
Multiple and miscellaneous 380 427 38 110
Beverages, mainly soft drinks 372 1310 525 4327
Total 1511 3089 591 4653

2Source: references 10 and 12

1000 short tons, dry basis. To convert to metric tons, multiply by 0.9074

Table 2.6 World production of high-fructose syrup in selected

countries, selected years®®

1982 1987 1992 1995
United States 2846 5145 6236 7121
Canada 110 202 250 255
Argentina 40 169 180 220
EU 260 265 286 303
Japan 579 724 761 750
South Korea 69 182 263 250
Taiwan NA 15 125 180
Others 60 81 133 335
World total 3964 6783 8134 9414

2Source: reference 10

1000 metric tons, dry basis

IV. Fuel Alcohol

The search for alternative energy sources, beginning with the crude oil shortage and
crisis in the 1970s, led to renewed emphasis on alcohol as an automotive fuel. As a
liquid fuel that could be used to help power a large motorized transportation sector,
alcohol became a very desirable form of energy. Concurrently, the 1977 Clean Air
Act and the phaseout of lead from gasoline provided added stimulus. Federal and
state legislative changes were enacted, and subsidies were given to encourage ethanol
production for so-called gasohol, which is one part ethanol and nine parts gasoline.
Further inducement came from the 1990 Clean Air Act Amendments to reformulate
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gasoline to meet certain oxygen levels to help control carbon monoxide and ground-
level ozone problems. Although there are alternative fuel oxygenators, and some
questions about the benefit of ethanol in vehicles using fuel injectors, US legislation
continues to specify the use of corn- or grain-based ethanol in gasoline.

This added demand, along with research emphasis in both private and public sec-
tors, produced significant gains in technical efficiency. One study reported that ethanol
production from corn went from a process that required 16% more energy than it
produced to a net energy surplus of 33%.!3 Research involving applications of bio-
technology and chemistry may achieve further gains. Also, corn-processing firms are
finding plant operating advantages in co-product initiatives and in balancing seasonal
production of alternative products, such as fuel alcohol and HFS. Lower feedstock
costs may be realized if efficiencies in producing short rotation woody crops and
grass, as well as corn, are realized.

V. Technical Progress

The complex and highly technical process of corn refining requires large econo-
mies of scale that, in turn, require substantial capital investment. Also, technological
improvements in recent years have greatly reduced the amount of labor needed, so
that the number of employees in the US corn wet-milling industry decreased from
12 100 in 1972 to 9200 in 1997, even though the amount of corn processed approxi-
mately tripled. Payroll expenses for all employees declined from 42% of value added
by manufacture in 1972 to slightly less than 14% in 1997. As a consequence of tech-
nological advances and plant scale economies, the industry is dominated by a rela-
tively few large plants. In 1997, 26 establishments with 100 or more employees each
accounted for 93.4% of value added by manufacture. The other 25 plants produced
the remaining 6.6%.!

VI. Plant Location

Corn refining plants tend to be located near sources of raw material. In 1992, nearly
75% of the US corn wet-milling industry value of shipments was from plants located
in Iowa, Indiana and Illinois.! In the early 1990s, these three states accounted for
about 45% of US corn production. Processing plants in the Corn Belt are substan-
tially larger than those in locations away from major corn producing areas.

VIl. Industry Organization

Although market growth and technological progress have advanced remarkably in
recent decades, the corn refining industry has continued to be dominated by relatively
few firms. Some seventy years ago, the industry was judged to be monopolistic and
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Table 2.7 Percentage of total value of shipments accounted for by largest companies in the wet corn

milling industry. Selected years®

Year Number of Total value of Share of value of shipments Primary product
companies shipments 10°$ specialization %
Four largest  Eight largest Twenty largest
companies % companies % companies %

1947 47 460.0 77 95 99+ 88
1954 54 458.4 75 93 99 91
1958 53 522.0 73 92 99 91
1963 49 622.4 71 93 99 83
1967 32 751.3 67 89 99+ 84
1972 26 832.3 63 86 99+ 97
1977 22 2014.8 63 89 99+ 93
1982 25 3268.4 74 94 99+ 92
1987 32 4788.9 74 94 100 94
1992 28 7045.2 73 93 99+ 88
1997 30 8455.2 72 90 99+ 84

2Source: reference 16

the leading firm, Corn Products Refining Company, was required to divest a portion
of its assets. Nevertheless, this company remained the dominant firm for many years,
although its 60% market share in 1918 gradually declined to ~45% in 1945.!415

In 1947, the four largest firms in Census Industry 2046 (311221 in 1997), wet corn
milling, accounted for 77% of industry value of shipments. The four-firm concentra-
tion declined to 63% in 1972, but rose to 74% in 1982 and remained at that level in
1987. It was 73% in 1992 and 72% in 1997 (Table 2.7). Only a dozen or so compa-
nies accounted for essentially all US industry output.

Data are available by company for industry capacity of two important sweetener
products, HFS-42 and HFS-55 (see Chapter 22) (Table 2.8). The largest firm in both
1987 and 1992 was Archer Daniels Midland, with about one-third of total US HFS
industry capacity. When capacities for the next three, Tate and Lyle North America
(formerly A.E. Staley Mfg. Co.), Cargill and CPC International are included, the larg-
est four accounted for ~85% of the total capacity for manufacturing HFS. In the early
1990s, Archer Daniels Midland produced an estimated half of the US fuel alcohol.

Corn refining firms have become increasingly diversified, with the expansion of
new food products for the consumer market. They have also acquired other lines of
business and become more conglomerate in character, along with their expansion
through direct investment in other countries. Marion and Kim!” estimated that about
half of the change in four-firm concentration between 1977 and 1988 came from
internal growth and the other half from mergers and acquisitions. In 1991, the total
sales of the four largest corn sweetener producing firms ranked among the 50 larg-
est US food processing companies.'® In 1993, three of the four largest in the United
States were among 50 of the world’s largest food processing firms.
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Table 2.8 US production capacity for high-fructose syrup by company, 1987 and 1992a

Company HFS-42 HFS-55 Total

1000 short % 1000 short % 1000 short %

tons® dry tons® dry tons® dry

weight weight weight
1987
Archer Daniels Midland 675 36.2 1200 31.1 1875 32.8
American Fructose® 128 6.9 348 9.0 476 8.3
Cargill® 355 19.0 540 14.0 895 15.7
CPC International 213 11.4 348 9.0 561 9.8
Golden Technologies 18 1.0 38 1.0 56 1.0
Hubinger® 120 6.4 130 3.4 250 4.4
A.E. Staley Mfg. Co.¢ 355 19.0 1250 32.4 1605 28.1
Total 1864 100.0 3854 100.0 5718 100.0
1992
Archer Daniels Midland 816 30.6 1425 33.1 2241 32.2
American Fructosec 284 10.7 350 8.1 634 9.1
Cargill® 570 21.4 755 17.6 1325 19.0
CPC International 290 10.9 365 8.5 655 9.4
Golden Technologies 38 1.4 54 1.3 92 1.3
Hubinger® 130 4.9 177 4.1 307 4.4
A. E. Staley Mfg. Co.¢ 535 20.1 1175 27.3 1710 24.6
Total 2663 100.0 4301 100.0 6964 100.0

2Source: reference 6

5To convert to metric tons, multiply by 0.9074

‘See Chapter 1 for changes

VIII. Effects of Corn Price Variability

Corn is the major cost ingredient used in producing corn refinery products, amount-
ing to 81% of total materials, ingredients, containers and supplies purchased by the
industry in 1992.! However, because the price of corn is more variable than that of
other components, due primarily to corn production variability, the relative cost of
corn varies considerably between years. The net cost of corn to US millers, after
allowance for by-product credit, was estimated at $1.26 per bushel in 1997, $0.92
in 1992, $0.26 in 1987 and $1.03 in 1982 (Table 2.9). The 56 pounds (25kg) in a
bushel of corn yields 31.5 pounds (14.3kg) dry weight, of starch (56%), 1.55 pounds
(0.703 kg) of corn oil (2.8%), 2.65 pounds (1.20kg) of corn gluten meal (47%) and
13.5 pounds (0.680kg) of corn gluten feed (24%). The 6.8 pounds (3.1kg) of resid-
ual is mainly moisture (12%). By-product credit values are based on the amounts of
corn oil and corn gluten feeds times their prices.

To illustrate further, although corn accounted for 51% of the corn wet-milling
industry value of product shipments in 1997, the percentage was only 32 in 1987
when corn supply was abundant and prices low (Table 2.9). These percentages were
44% in 1982 and 40% in 1992. Because product selling prices fluctuate through a
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Table 2.9 Corn price and cost to the wet corn milling industry, 1982, 1987, 1992 and 19972

Year Corn  By-product Netcorn Total corn Value of product Corn cost as % of value

priceb allowance® cost® cost® shipments® of product shipments
1982 2.48 1.45 1.03 1370.8 3105.7 441
1987 1.59 1.33 0.26 1435.9 4446.2 32.3
1992 2.33 1.41 0.92 2587.7 6415.5 40.3
1997 2.67 1.41 1.26 3675.0 7188.4 51.1

2Source: reference 8
bDollars per bushel

€10° dollars

Table 2.10 US high-fructose syrup (HFS) supply and use, 1992-2000*"

Year Supply® Total Utilization®
Domestic Imports Exports Domestic
production use

1992 6634 193 6827 100 6727

1993 7097 189 7286 113 7173

1994 7467 137 7605 123 7481

1995 7759 79 7838 104 7733

1996 8157 123 8280 224 8057

1997 8677 116 8793 276 8517

1998 9150 117 9267 388 8879

1999 9412 121 9533 350 9183

2000 9367 121 9488 324 9164

2Source: reference 8
bIncludes Puerto Rico

€1000 short tons, dry basis. To convert to metric tons, multiply by 0.9074

much narrower range than purchase prices for raw grain, industry earnings from corn
refining tend to be inversely related to the price of corn.

IX. International Involvement

Exports of a variety of products manufactured by the corn refining industry expanded
significantly during the 1980s and 1990s, building on the continuing large foreign
sales of corn gluten feed and meal. Additionally, corn oil, starches and sweeteners
all posted major gains. Total exports of processed corn wet-milling food products
reached $1.375 X 10° in 1992, which amounted to 19.5% of the total industry
value of shipments in 1992.! Some trade has occurred in HFS (Table 2.10).
Expanded US production and consumption of two major corn refinery products, high-
fructose syrup and fuel alcohol, probably contributed positively to the US trade balance
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by substituting to some extent for imported sugar and oil. US corn refining firms have
also expanded their direct investment in foreign facilities, such investment occurring in
several countries, and foreign companies have purchased US facilities (see Chapter 1).

X. Future Industry Prospects

The dramatic growth in HFS production and consumption began in the early-1970s
and moderated in the late-1980s. Per capita consumption continued to rise slightly
through the early 1990s. Additional HFS marketing expansion is expected as the US
population increases. Some further penetration also appears probable in selected
food uses. Much will depend, however, on sugar import policies and on technological
developments that might further lower manufacturing costs or lead to advances in the
development of products such as crystalline fructose.

Fuel alcohol production could well expand further if government policies provide
incentives for more widespread use as automotive fuel, and if technical developments
continue to lower alcohol manufacturing costs. Some efficiency has occurred in over-
all plant operating costs due to seasonal balancing of the production of HFS and
fuel alcohol. Plant capacity used in producing HFS for surging summer soft drink
demands can be used during other times to produce fuel alcohol.

Food demands for other corn refinery products are expected to expand with popu-
lation growth or possibly more rapidly with new product development and techno-
logical improvements that would lower unit costs. Similarly, expanded industrial uses
can be expected with growth in the US economy and possible new uses and applica-
tions made feasible through research.

A continued upward trend in sales abroad in both food and industrial markets
appears promising. Several firms are expanding their foreign direct investments in
corn refining operations and participating in joint ventures with foreign firms.

The total number of corn refining firms in the United States is not expected to
change greatly, although further investment in corn refining capacity can be expected
with increased demand for starch for food and industrial uses. Given the large econ-
omies of scale and the highly technical nature of the business, capacity expansion
is expected to continue to occur, primarily within existing firms rather than through
new entrants. The conglomerate character of firms with wet corn milling operations
is expected to become more prevalent, although the four-firm concentration may not
change greatly.
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. Introduction

Starch, a common constituent of higher plants, is the major form in which carbohy-
drates are stored. Starch in chloroplasts is transitory and accumulates during the light
period and is utilized during the dark. Storage starch accumulates in reserve organs
during one phase of the plant’s lifecycle and is utilized at another time. Starches from
reserve organs of many plants are important in commerce.

The complete pathway of starch synthesis is complex and not completely understood.
Although considerable effort has been directed at characterizing the enzymes involved
in starch synthesis, the role of these enzymes and other factors in determining subtle
variations in starch granule structure and starch fine structure remain largely unknown.
Certainly gross starch structure is similar in various species. Variations in granule
structure and in starch fine structure are well documented and described elsewhere in
this volume. Variation can be associated with plant species, cultivars of a species, the
environment in which a cultivar is grown, and genetic mutations.

This chapter first reviews non-mutant starch granule composition and development
and then focuses on genetic mutants and how they have been useful in understanding
the complexity of polysaccharide biosynthesis and development. Due to the limita-
tions of space, attention is given only to a few of the plant species which are impor-
tant sources of commercial starch production; the discussion will focus on maize
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(Zea mays L.), because of the many known endosperm mutants of maize which affect
polysaccharide biosynthesis. Although developing maize kernels have been used for
many of the investigations of starch biosynthesis, the information gained applies to
other species, and these effects are illustrated whenever appropriate. As a result of
this approach, it has been necessary to be selective in choosing examples to illus-
trate general trends in the genetics and physiology of starch development. Apology is
given to those whose papers could also have been used to illustrate similar points.

No chapter can adequately cover all aspects of starch development, biosynthe-
sis and genetics. Readers wishing more detailed information should consult other
reviews by Boyer,! Boyer and Hannah,> Boyer and Shannon,®> Hannah,*!> Hannah
et al.,’> Nelson and Pan,® Preiss,’ Preiss et al.,® Preiss and Sivak,” Smith and Martin,'°
Wang and Headley,!' Smith et al.,'* James et al.,'"* Thomlinson and Denyer,'® Ball
and Morell'® and Chapter 4.

ll. Occurrence

1. General Distribution

Starch can be found in all organs of most higher plants.!”!® Organs and tissues con-
taining starch granules include pollen, leaves, stems, woody tissues, roots, tubers,
bulbs, rhizomes, fruits, flowers, and the pericarp, cotyledons, embryo and endosperm
of seeds. These organs range in chromosome number from the haploid pollen grain
to the triploid endosperm, the main starch-storing tissue of cereal grains.

In addition to higher plants, starch is found in mosses and ferns, and in some proto-
zoa, algae and bacteria.'® Some algae, namely the Cyanophycae or bluegreen algae, !>
and many bacteria produce a reserve polysaccharide similar to the glycogen found in
animals.'®?! Under growth-restrictive culture conditions, Chlamydomonas, a single-
celled algae, accumulates polysaccharides with characteristics very similar to those
of starch in higher plants.?> Both starch and a water-soluble polysaccharide, similar to
glycogen and termed phytoglycogen, occur in sweet corn and other maize genotypes,?*
as well as related genotypes of sorghum?* and rice.>> A glycogen-type polysaccharide
also has been reported in the higher plant Cecropia peltata.® Badenhuizen'® classi-
fied starch-producing species into two groups: plants in which starch is formed in the
cytosol of a cell and plants in which starch is formed within plastids.

2. Cytosolic Starch Formation

Starch granules are formed in the protozoa Polytomella coeca®'*’ but other species
of protozoa produce amylopectin-type polysaccharides, glycogen or laminaran.?!’
Red algae, Rhodophyceae, produce a granular polysaccharide called Floridean starch
on particles outside the chloroplasts. In many of its properties this starch resembles
the amylopectin of higher plants, but in other properties it is intermediate between
amylopectin and glycogen. Floridean starch contains no amylose.!*?® Free polysac-
charide granules are also produced in the Dinophyceae, but their chemical nature is
unknown. "’
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Starch-like substances are produced in several species of bacteria.!®?! For exam-
ple, Escherichia coli produces a linear glucan.?!** Corynebacterium diphtheriae pro-
duces a starch-like material and Clostridium butyricum produces a glucan with some
branching.?! Neisseria perflava produces a glucan, intermediate in structure between
amylopectin and glycogen;*® however, more recent work shows that the structure
more closely approaches that of glycogen.>°

3. Starch Formed in Plastids

Starch is formed in chloroplasts of moss, fern and green algae.'® Chlorophyceae
(green algae) starch is similar to that of higher plants, and several species have been
used in studies of starch biosynthesis.!®?>%° In a recent set of studies, Ball et al.??
used Chlamydomonas reinhardtii to study starch biosynthesis. They produced sev-
eral Chlamydomonas mutants which produce starch with characteristics similar to
starches produced by maize endosperm mutants.>!34 The various starch mutations of
Chlamydomonas will be discussed in Section 3.7. Other classes of algae which pro-
duce starch are Prasinophyceae'®*> and Cryptophyceae.>>3

In plastids of higher plants, starch granules are classified as transitory or reserve.
Transitory starch granules accumulate for only a short period of time before they are
degraded. Starch formed in leaf chloroplasts during the day, which is subsequently
hydrolyzed and transported to other plant parts at night in the form of simple sugar,
is an example of transitory starch. Transitory starch is also formed in lily (Lilium
longiflorum) pollen during germination of the pollen grains.’” A transient form of
starch accumulates in heterotrophically grown suspension cultured plant cells shortly
after subculture to fresh medium containing sugar, but the starch is metabolized for
energy and growth later in the culture cycle. Transitory and reserve starch granules
can be differentiated by the fact that transitory starch granules lack the species-
specific shape associated with reserve starch granules. Furthermore, when exogenous
sugar is supplied, the number, but not the size, of granules in a chloroplast increases,
while the reverse occurs in amyloplasts.!”

Reserve starch is usually formed in amyloplasts, although it is occasionally
formed in chloroamyloplasts. These are chloroplasts that have lost their lamellar
structure and subsequently start producing fairly large reserve starch granules.!”
Chloroamyloplasts form starch independent of photosynthesis. They have been
described in tobacco (Nicotiana tabacum L.) leaves, Aloe leaves and flowers, cen-
tral pith of potato (Solanum tuberosum L.) fruit, Pellionia and Dieffenbachia stems,
and other tissues.!”!® Such sources of reserve starch are insignificant, however, when
compared to the reserve starch formed in roots, tubers and seeds.

17

lll. Cellular Developmental Gradients

To properly evaluate data relating to reserve starch development and composition,
cellular development of tissues in which this starch is formed must be appreciated.
Enlarging potato tubers,*® cotyledons of developing pea seeds*® and endosperms
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of developing maize,**** rice (Oryza sativa L.),* sorghum (Sorghum bicolor L.

Moench),***® wheat (Triticum aestivum L.),*>° rye (Secale cereale L.),>! triticale (X
Triticosecale Wittmack),> and barley (Hordeum vulgare L.)>* kernels are composed
of a population of cells of varying physiological ages.

In maize kernels, the basal endosperm cells begin starch biosynthesis late in devel-
opment and contain small starch granules.**#>445% Peripheral maize endosperm
cells, which are the last to develop, also contain small starch granules.*!**>#+3% Thus,
a major gradient of cell maturity from the basal endosperm to the central endosperm
and a minor gradient from the peripheral cells adjacent to the aleurone layer inward
exists in normal (non-mutant) maize endosperm. A similar cellular developmental
gradient occurs in sorghum.**~* In barley, starch formation begins at the apex of the
grain and around the suture across the central region.’! Deposition occurs last in the
youngest cells near the aleurone layer.>® Related gradients occur in rice,* rye®! triti-
cale™ and wheat.*%%

Since all endosperm cells are not the same age, the physiologically younger cells
may undergo the same developmental changes in starch biosynthesis as older cells, but
at a later time in grain or kernel development. Shannon® divided 30-day-old normal
maize kernels into seven endosperm zones and found that the sugar and starch com-
position of the lower zone corresponds to that found in whole endosperms &, 10 and
12 days post-pollination, while the carbohydrate composition of upper zones is similar
to that in kernels 22-28 days post-pollination. When starch granules from 36-day-old
normal maize kernels were separated into different size classes, a decline in appar-
ent amylose percentage with decreasing granule size was observed, which reflected
the characteristics of unfractionated starch isolated from endosperms earlier in kernel
development.>’ Although variations in granule size occur throughout the endosperm,
starch granules within a given cell of normal maize endosperm are similar in size.*>>*

The existence of cellular developmental gradients has two important ramifications
when studying the genetics and physiology of starch development. First, evaluations
of developing tissue using whole tissue homogenates are based on polysaccharides
and enzymes isolated from cells of differing physiological age. Thus, such whole
tissue data represents only an average stage of cellular development at the date of
sampling. Secondly, tissue that does not reach maturity because of environmental or
other reasons will differ in composition from fully mature tissue, and variation in
starch composition can occur between samples.

As tissues storing reserve starch develop and the cells fill with starch granules, the
starch concentration, expressed as a percentage of tissue weight, increases. For exam-
ple, the starch content of potatoes increases from 5% to 18% of the fresh weight as
tuber size increases from 0—1cm to 10—11cm.>® In maize, numerous workers have
demonstrated a similar increase, with data reported by Wolf et al.’* and Earley®
being typical. At 7-10 days post-pollination, starch comprises less than 10% of ker-
nel weight. This percentage increases to 55-60% by 30-35 days, and then remains
fairly constant until maturity. The starch content of barley kernels rises in a sigmoid
pattern with time, and 95% is deposited between 11 and 28 days after ear emer-
gence.®! Similar increases are observed in the reserve starch concentration in other
species.%276
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IV. Non-mutant Starch Granule Polysaccharide
Composition

1. Polysaccharide Components

Non-mutant (normal) reserve and transitory starch granules are composed primarily of
amylose and amylopectin. Amylose is essentially a linear polymer consisting of (1—4)-
linked a-D-glucopyranosyl units. Amylopectin is a branched polymer of a-D-glucop-
yranosyl units primarily linked by (1—4) bonds with branches resulting from (1—6)
linkages. Properties of these two major starch components are summarized in Table 3.1.

To determine the relative amounts of amylose and amylopectin in starch and the
properties of these components, starch granules must first be isolated and purified
from the plant species to be studied.®®$” Fractionation of the starch into its compo-
nents can be achieved through two basic methods, involving either selective leach-
ing of the granules or complete granule dispersion.®®-%® Methods based on granule
dispersion are more satisfactory.’® Fractionation methods have been extensively
reviewed.®’72 Thus, only the basic aspects of these methods needed to establish a
framework for discussing the starch composition of different species and genotypes
will be presented. Methods for dispersing the granule have included autoclaving in
water, solubilization in cold alkali, treatment with liquid ammonia, and solubilization
in dimethyl sulfoxide, with the latter method being preferred.®®"2

Once dispersed, the differential iodine-binding properties of amylose and amy-
lopectin (Table 3.1) can be utilized to estimate the amount of linear polysaccharide
present in the starch without fractionating the starch.”> Amylose can be determined
either by measuring the absorbance of the starch—iodine complex (blue value pro-
cedure) and relating this absorbance to that obtained for amylose and amylopectin
standards’+? or by the method of potentiometric iodine titration in which the amount
(mg) of iodine bound per 100mg of polysaccharide is determined and this amount
is related to the amount bound by an amylose standard.®”-7>#1:82 For non-mutant
starches, these procedures give similar results;”® however, absolute results can vary
with both procedures, depending on the iodine-binding properties of the amylose and

Table 3.1 Properties of the Amylose and Amylopectin Components of Starch?

Property Amylose Amylopectin
General structure Essentially linear Branched
Color with iodine Dark blue Purple
Amax Of iodine complex ~650 nm ~540nm
lodine affinity 19-20% <1%
Average chain length (glucosyl units) 100-10000 20-30
Degree of polymerization (glucosyl units) 100-10000 10000-100000
Solubility in water Variable Soluble
Stability in aqueous solution Retrogrades Stable
Conversion to maltose by crystalline ~70% ~55%
B-amylase

3 Adapted from Marshall,*'® Williams,®® and Radley*'”
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amylopectin standards. Lansky et al.,3* for example, showed that iodine affinities for
purified amyloses could range from 18.5% to 20.0%, with some amylose subfractions
having iodine affinities of 20.5-20.8%. Furthermore, the amylose content estimated
by all procedures based on iodine complex formation should be considered ‘apparent
amylose,”®* i.e. occurrence of branched chain components with long external chains
results in an overestimation of the amylose content.”>*° Likewise, the presence of
short chain length amylose causes the amylose content to be underestimated,”
because absorption of the starch—iodine complex is reduced when the average degree
of polymerization is less than 100.%° These limitations should be remembered when
amylose percentages are presented.

Dispersed starch can be separated into the amylose and amylopectin components by
adding a polar organic substance, such as thymol or 1-butanol, to produce an insolu-
ble amylose complex.’” This initial precipitate is usually purified by solubilizing the
complex and precipitating the amylose again, as above. Amylopectin may be recov-
ered from the initial supernatant by freeze-drying or by precipitation with alcohol.®®-68
Alternatively, the amylopectin component can be removed first from the dispersion by
high-speed centrifugation followed by the addition of a polar organic substance to pre-
cipitate the amylose from the supernatant.’’” Dispersed starch also has been fractionated
using size exclusion column chromatography (SEC).38° All these procedures will per-
mit quantitative estimation of the amount of amylose in the starch.

Amylose and amylopectin preparations isolated following fractionation con-
sist of a population of molecules that vary in their degree of polymerization (Table
3.1). For example, amylose can be subfractionated into a graded series of molecu-
lar sizes;®*192 the amylopectin fraction also has a broad distribution of molecular
weights.”>* In addition to heterogeneity of molecular sizes, amylose also appears to
consist of a mixture of both linear and slightly branched chains, the proportions of
which may vary with the source of the starch and with the maturity of the source.®’
The laboratory of Hizukuri®>® has fractionated amyloses from various botanical
sources by size. Generally, three fractions are obtained, with a predominate fraction
having a mean degree of polymerization (DP) of 400-800, a second fraction with
a mean DP of approximately 1500, and a third fraction with a mean DP of approx-
imately 2500. By labeling the non-reducing ends of these fractions and additional
structural characterization, the proportion of linear molecules in these fractions, as
well as chain lengths and numbers, was determined.”® As the size of the fractions
increased, the proportion of the linear amylose molecules decreased. Similarly, the
number of chains increased with the size of the amylose molecules.

Current models of amylopectin structure are based on the cluster model first pro-
posed by Nikuni'® and French.'”! In this model, the amylopectin is composed of
repeating clusters of similar size, chain numbers and chain lengths. Hizukuri'?%103
expanded on this model from results of the distribution of chain lengths obtained
from various debranched amylopectins. When these chains from debranching
are chromatographically fractionated a periodic distribution of chain lengths is
observed.'” Depending on the source of the starch, the chain distribution is trimodal
or tetramodal and based on intervals of DP 12 to 15. Longer chains are thought to
span two or more clusters depending on their length. Amylopectins with long chains
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have been associated with starches with B-type x-ray crystalline patterns and shorter-
chained amylopectins have been associated with starches having A-type patterns.'%?

However, starch polymers cannot be divided sharply into amylose and amylopec-
tin fractions. Rather, the two major fractions blend into each other through interme-
diate fractions. The presence of intermediate polysaccharides in the starch granule
is apparent from the SEC elution profile of normal maize starch when compared
to the profile of a mixture of purified amylose and amylopectin.®®*° Based on indi-
rect evidence from iodine affinities, Lansky et al.®} suggested that 5~7% of normal
maize starch consists of material intermediate between the strictly linear and highly
branched fractions. Subsequently, several ‘non-amylopectin’ types of branched
polysaccharides have been recovered by various modifications of the previously
described fractionation procedures. For example, Erlander et al.!% recovered a low
molecular weight component from the supernatant following amylose precipita-
tion with thymol and removal of amylopectin by centrifugation. The polysaccharide
remaining in the supernatant had a 3-amylolysis limit and degree of branching sim-
ilar to that of amylopectin. Perlin® obtained an intermediate component following
removal of amylopectin by centrifugation and precipitation of amylose with amyl
alcohol. The polysaccharide remaining in the supernatant was more highly branched
than amylopectin, based on reduced 3-amylolysis limits, and was of lower molecular
weight. A related highly branched polysaccharide with viscosity similar to amylopec-
tin was recovered from the supernatant following recomplexing the amylose fraction
of starch from potato tuber, rubber (Havea brasiliensis) seed, barley kernels and oat
(Avena sativa L.) kernels.'%®1%7 A “loosely’ branched polysaccharide related to amy-
lopectin, but with greater average chain lengths and higher 3-amylolysis limits, was
recovered from rye and wheat starches'?” and from normal maize starch.'®® ‘Hinoat’
oat starch was found to contain 26% of an intermediate molecular weight branched
starch component following SEC, while wheat starch contained 10% of a similar
fraction.'%® Hizukuri et al.”> concluded that the structures of the branched fraction of
amylose are intermediate to true linear amylose and amylopectin. Another polysac-
charide reported in small amounts in starch of non-mutant rye,'”” wheat'” and
maize'!? is short chain length amylose. In normal maize starch, this linear polysac-
charide has an average chain length of 58.!'° Given the polydisperse and polymo-
lecular nature of the two basic fractions of starch, it is not surprising that different
methods have yielded various fractions of ‘intermediate’ structure.

2. Species and Cultivar Effects on Granule Composition

The percentage of amylose in non-mutant reserve starch of higher plants varies,
depending on the species and cultivar from which the starch is isolated. Deatherage
et al.''! analyzed starch from 51 species and reported an amylose content of from
11% to 37%. A summary of data from the literature for 23 species indicates a range
of from 11% to 35% amylose.!!'? Starches of six species of legumes investigated had
amylose percentages which varied from 29% to 37%.!!?

Almost as much variation in amylose percentage has been observed among culti-
vars of a single species. For example, amylose percentage of starch ranges from 20%
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to 36% for maize (399 cultivars),''"!!* from 18% to 23% for potatoes (493 culti-
vars),!3 from 21% to 35% for sorghum (284 cultivars),''>!1%117 from 17% to 29%
for wheat (167 cultivars),'' '8 from 11% to 26% for barley (61 cultivars, including
5 genetic lines),''%!2° from 8% to 37% for rice (74 cultivars)'?'~1?* and from 34% to
37% for eight cultivars of peas (Pisum sativum L.).%%'!! Because of the variation in
amylose percentage among species and among cultivars within a species, no average
amylose percentage will be meaningful for non-mutant starches per se or for non-
mutant starches of a given species. However, all non-mutant starches have more amy-
lopectin than amylose.

Species and/or cultivar differences are also observed in other starch properties and
in the properties of isolated amylose and amylopectin. To illustrate, purified amy-
lose samples have been shown to differ in 3-amylolysis limit and average DP.6467:124
Purified amylopectin samples have also been shown to differ in 3-amylolysis limit,
average length of unit chains and viscosity.460-67:124125 Campbell et al.!?! observed
a range of amylose content from 22.5% to 28.1% in 26 maize inbreds selected for
maturity, kernel characteristics and pedigree. Starches from these non-mutant geno-
types also differed in thermal properties (DSC), paste viscosities and gel strengths.

3. Developmental Changes in Granule Composition

Increased amylose percentages have been observed for various plant species as a
function of the age of the tissue from which the starch was isolated. Several investi-
gators®7>%127-129 reported increased amylose percentages in maize endosperm during
kernel development. For example, Tsai et al.!? reported an amylose increase from
9% to 27% from 8 to 28 days post-pollination. The percentage of amylose in potato
starch increased from 12% in 0- to 1-cm tubers, and to 20% in 15- to 16-cm tubers.>®
In starch from cassava (Manihot utilissima) roots harvested at various maturities, sig-
nificant variation in amylose percentage (16—17%) has been observed; however, the
net increase in roots from 5 to 9 months of age amounted to only 0.3%.'3" In starch
of developing rice grains, amylose increased from 23% to 27% in kernels of cultivar
‘IR8’ 4 to 39 days post-pollination'*! and from 30% to 37% in kernels of cultivar
‘IR28’ 3 days post-pollination to maturity, with 41% observed in kernels 7 days post-
pollination.®? Various workers®®1327135 have reported that the percentage of amylose
in wheat starch increases with kernel development; however, the amount of increase
varies with the initial sampling date and the cultivar examined. In starch of develop-
ing barley kernels, the percentage of amylose increased from 16% to 28% from 9
to 46 days after anthesis,!3” from 13% to 25% and from 14% to 26% for two culti-
vars during a 12 -week period,'*® and from 14% to 22% from 14 to 30 days after ear
emergence, with the percentage remaining constant from 30 days until maturity.®!
The amylose concentration in smooth-seeded pea starch increases from 15% in 2-
to 6-mm peas to 37% in 11- to 12-mm peas.** Developmental differences are also
observed in other starch properties, and in the properties of isolated amylose and
amylopectin, 364130.131,134-136

Similar increases in amylose percentage are observed as a function of increasing
granule size when granules from a developing tissue at a single stage of development
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Table 3.2 Amylose content of starch granules of various size classes isolated from maize

endosperm 36 days post-pollination and from intermediate size (5-6 cm) potato tubers

Maize®* Potato®
Granule size, pm Amylose, % Average granule size, pm Amylose, %
Unfractionated 25.4 28 (Unfractionated) 17.2
10 to 20 26.4 BY4 19.5
5to 10 23.0 28 18.0
Less than 5 20.5 16 16.7
10 16.0
7 14.4

Data from Boyer et al.>’

®Data from Geddes et al.*®

are separated into various size classes (Table 3.2). This increase in amylose percent-
age with granule size has also been observed in starches from mutant geno-types.>’!3
Since smaller granules have lower amylose percentages similar to those starch gran-
ules from younger tissue, the smaller granules are presumably isolated from the phys-
iologically younger cells present in the developing tissue (see Section 3.3). This effect
of granule size on percentage amylose is not applicable to the small starch granules
found in mature wheat and barley endosperms, since the small and large populations
have similar properties.®>!3%140 In barley and wheat, these small granules are formed
late in the growth cycle and represent a second discrete population of granules formed
in cells already containing the larger starch granules, and thus do not represent gran-
ules from physiologically less mature cells.!4%:14!

Because the percentage of amylose varies with maturity of the tissue, starches
from tissues that do not reach final maturity will be altered in their physicochemical
properties from the corresponding mature starch.

4. Environmental Effects on Granule Composition

Growing conditions associated with different locations, years, planting dates, etc.
can also affect the polysaccharide composition of non-mutant granules. Location
and year of production and environmental conditions affect the percentage of amy-
lose in rice,!?"!'*? with milled samples of ‘IR8’ rice ranging from 27% to 33% amy-
lose.!*3 The percentage of amylose in ‘Selkirk’ wheat grown at four locations ranged
from 23.5% to 24.7%,''® and that of ‘Katahdin’ potatoes grown at three locations
ranged from 21% to 24%.''> The amylose percentage in starch from 30 samples of
‘Compana’ barley representing different environmental and cultural practices ranged
from 19% to 23%.'!” Limited variation was seen for amylose percentage in maize
starch from plants grown for three years in each of eight states. Year effects ranged
from 26.2% to 26.8% averaged over locations, and location effects ranged from
25.5% to 27.7% averaged over years.!** Although present, environmental effects are
not as large as those associated with cultivars or cultivar maturity.
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V. Non-mutant Starch Granule and Plastid
Morphology

1. Description

Reserve starch granules in higher plant tissues develop in organelles called amy-
loplasts.!” An amyloplast may contain one starch granule or it may contain several
granules, depending on the plant species or genetic mutant. When only one granule is
produced in an amyloplast, such as in endosperms of wheat, barley and maize, potato
tubers, pea embryos, and others, it is called a simple granule.'® When two or more
granules occur in one amyloplast, they form the parts (granula) of one compound gran-
ule. Such granules are often rounded at first, but become angular as they pack together
within the amyloplast. The granula of the compound granule are separated by a narrow
layer of stroma.'® Examples of species having compound granules include endosperms
of rice and oats, cassava and sweet potato (I[pomoea batatas L.) roots, sago (Metroxylon
sp.), and dasheen (Colocasia esculenta). In an extreme case of compound granules,
amyloplasts in quinoa (Chenmopodium quinoa) seeds contain more than 100 gran-
ula.'* Badenhuizen'® called granules that are initially compound but become united
by the deposition of a common surrounding layer of starch, semi-compound gran-
ules. Starch granules from the bulb of Scilla ovatifolia are semi-compound.'® Goering
et al.!46147 described the presence of large ‘starch chunks’ in seeds of Amaranthus retro-
fexus (pigweed). The starch chunks are composed of many small granula cemented
together with amorphous starch,'#’ and can be considered semi-compound granules.

Wheat, rye and barley produce two types of granules. The first granules produced
in the endosperm cells develop into large lenticular granules.!® However, about two
weeks after initiation of the first granules, additional small granules are produced
within evaginations of the original amyloplasts, which then separate from the original
amyloplasts by constriction.'*® The secondary granules are generally spherical and
remain small. Although two basic size classes exist, no abrupt size change occurs,
and some intermediate size granules are present.’®!'*’ In mature barley kernels, the
large granules constitute about 90% of the total starch volume, but represent only
12% of the total number of granules.'>® Large starch granules in 17 wheat flours
averaged 12.5% of the total granule number, while accounting for 93% of the starch
granule weight.'* Many of the large lenticular granules of wheat and barley have
an equatorial groove or furrow.'>!!32 Buttrose'>! suggested that starch-synthesizing
enzymes may be concentrated within the equatorial groove.

2. Species and Cultivar Effects on Granule Morphology

Size and shape of reserve starch granules are extremely diverse and are species spe-
cific.!® This diversity is illustrated in photographs of starch granules from over 300
species and varieties.'>* Microscopic characteristics of various starches are also sum-
marized by Moss'>* and Kent'*> (see Chapter 23). Scanning electron microscopy
(SEM) has been used to reveal the topography of starch granules. Hall and Sayre
published SEM pictures of various root and tuber starches,'>® cereal starches'>? and
16 other miscellaneous starches.'>’
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Smaller granules are often found in tissues of species producing compound
granules such as rice,'>> malanga (Xanthosoma sagittifolium)'>® and cowcockle
(Saponaria vaccaria L.).">7 As noted earlier, the secondary granules in barley, wheat
and rye remain small, with most less than 10 um in diameter.!>® At the other extreme,
large granules in potato tubers can exceed 120pm in diameter.!>® Starch granules
from most species are non-uniform in size. The amount of this variation can be seen,
for example, by examining granule size distributions for wheat,'*® rye!>® triticale,!>®
potato,>® barley,®' maize>”*® and dropwort (Filipendula vulgaris).'>®

Differences in average starch granule size in cultivars from a single species have
been also reported. For example, average starch granule diameter ranged from 8.2 to
17.5um in 12 sorghum cultivars,''® from 17.8 to 25.6um in six triticale cultivars,'>
and from 3.8 to 5.7 um in 10 rice cultivars.'?*

In addition to having an effect on amylose percentage (Section 3.4), varying envi-
ronmental conditions also affect average starch granule diameter. Data on average
starch granule size for rice cultivars grown in two different seasons!?? and dropwort
grown at varying fertility levels'> illustrate this effect.

In contrast to the species-specific shape and size of reserve starch granules, transi-
tory starch granules in chloroplasts appear similar in all species.!® In chloroplasts,
the assimilatory starch granules are small and disk-shaped.!’

3. Developmental Changes in Average Starch Granule Size

As tissues storing reserve starch mature, starch content (Section 3.3) and percent-
age amylose (Section 3.4) increase. Similarly, average starch granule size increases
with increasing age of the storage tissues. Such increases have been documented in
maize>’>? and rice'®' endosperm, in potato tubers®® and in pea cotyledons.®* This
trend does not apply to average starch granule size in barley, wheat and rye, where
a second population consisting of a large number of small granules are formed late
in development. In kernels of these species, average granule size initially increases;
however, as the small granules are formed, average granule size decreases.®’®> In
barley, the maximum average granule diameter of 10.5um was observed 16 days
after ear emergence.®!

4. Formation and Enlargement of Non-mutant Granules

Plant cells have several types of plastids, such as proplastids, chloroplasts, chloro-
amyloplasts, chromoplasts and amyloplasts, depending on the species and tissues.
Badenhuizen!” contended that, although certain plastids do not form starch under nat-
ural conditions, all can be induced to form starch by floating tissue pieces on a sugar
solution. Although starch can be produced in a variety of plastids when supplied
with sugar, chloroplasts and amyloplasts are the primary sites of starch accumulation
in nature. Transitory starch is produced in chloroplasts during the day and mobilized
at night. During extended light periods, the number of small granules in a chloroplast
increases, but granule size remains relatively small.!” The control of starch synthesis
and degradation in chloroplasts is discussed in Section 3.6.
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Reserve or storage starch accumulates in specialized leucoplasts called amylo-
plasts and occasionally in chloroamyloplasts. Amyloplasts are organelles bounded by
a double membrane which develop from proplastids. Duvick'® studied early plas-
tid and starch development in maize endosperm cells. He described small filaments
which developed knobs in maize endosperm cells. Then, according to him, starch
granules formed within the filament knobs. Based on electron microscope observa-
tions,! 7151161 the filaments observed in living cells by Duvick!®? apparently are pro-
plastids developing into amyloplasts (knobbed filaments). Proplastids and young
amyloplasts in fixed sections have very irregular shapes and likely assume various
shapes (amoeboid) in the living cell.!®!

The inner membrane of young amyloplasts from barley!'>! and maize!¢!1®? has
been shown to be extensively invaginated to form tubuli, stroma lamellae or vesicles.
Badenhuizen!®? observed that starch granules are formed in the ‘pockets’ provided
by the lamellar structure. He suggested that these pockets are necessary for initia-
tion of starch granule formation, perhaps by promoting locally elevated concentra-
tions of enzymes and substrates. The inner membrane of chloroplasts contain the
specific translocators necessary for transfer of metabolites between the chloroplast
stroma and the cytosol.'®>!64 It is assumed, based on the similarity between chloro-
plasts and amyloplasts, that the inner membrane of the amyloplasts also functions in
the regulation of metabolite transfer. Thus, the invaginations of the inner membrane
noted above would effectively increase the surface area of the membrane, and per-
haps allow for more effective substrate transfer into the amyloplasts.'>!

Tandecarz et al.'® reviewed several years of evidence supporting the conclu-
sion that starch biosynthesis involves a specific initiation event mediated by UDP-
Glc:protein transglucosylase (UPTG) (EC 2.4.1.112), a 38 000 molecular weight
polypeptide. UPTG, which has an almost absolute requirement for Mn?", is the
active enzyme, and at the same time, the glucosyl acceptor. The resulting gluco-
sylated polypeptide serves as the glucosyl primer required for polymer elongation
via the action of starch synthase.

Starch polysaccharide initiation and elongation is assumed to occur in the amy-
loplast stroma. The stroma (ground substance) of amyloplasts appears homogeneous
by electron microscopic examination.!”!®! However, Badenhuizen'”!®162 observed
granular particles in the amyloplast stroma of tissue fixed in potassium permanga-
nate. Although the granular structure observed may have been an artifact caused by
the fixation procedure, it did show the presence of material in the stroma that accu-
mulated in amyloplasts and then declined with formation of the starch granule.'
Accumulation and decline of these particles also occured during starch granule
growth.'® Badenhuizen'® called these particles coacervate droplets, and suggested
that they become attached to the periphery of the starch granule. He concluded'”-'8
that starch molecules are produced in the amyloplast stroma and then the completed
molecules become part of the growing starch granule. Shannon et al.'*® exposed
maize plants to '*CO, and determined the distribution of '*C in the amylose and amy-
lopectin components of starch 1-6 hours later. They found that the specific activity
(*C/mg of polysaccharide) of amylose and amylopectin increased at a similar rate,
and that the radioactivity was distributed throughout the polysaccharide molecules.
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They concluded that these data supported Badenhuizen’s'”!® suggestion that starch

molecules are completely synthesized in the amyloplast stroma and are then deposited
on the granule surface. Once the polysaccharides are part of the granule, there was
no evidence of subsequent conversion of amylose to amylopectin.'®® This is in con-
trast to conclusions drawn from long-term '“C-labeling studies of wheat starch.!67:163
In results of these studies, amylose appeared to be synthesized first, and then trans-
formed into amylopectin. These differences may be due to the different species used
or to the widely different sampling times.

VI. Polysaccharide Biosynthesis

1. Enzymology

Enzymes responsible for the synthesis of transitory starch in leaves and reserve
starch in seeds, tubers, etc. are generally considered to be the same in both types of
tissues.” Chloroplast starch is synthesized and accumulates during the light period
when photo-synthetic carbon fixation exceeds assimilate demand by the plant, and it
is hydrolyzed at night or at any time when assimilate demand exceeds current carbon
fixation. Thus, synthesis and degradation of transitory starch in chloroplasts are finely
regulated. In starch storage tissues, starch synthesis is the predominant function of
the amyloplast enzymes during tissue development. Thus, it is likely that the activi-
ties of amyloplast enzymes may be regulated by mechanisms different from those in
chloroplasts. The first phase of starch synthesis is synthesis of the glucosyl primer
(initiation) followed by primer extension in phase two.!%> The a-glucan primer initia-
tion phase of starch biosynthesis is less well characterized than the elongation phase.
As noted in the previous section, in potato tubers and maize endosperm a-glucan
primer synthesis is catalyzed by UPTG, a 38 000 molecular weight polypeptide which
itself becomes glucosylated.!® It is proposed that the glucosylated UPTG functions
as the primer for starch synthase, but it is not known whether UPTG glycosylation
occurs in the cytosol prior to transfer into the amyloplast stroma or whether it occurs
in the amyloplast stroma.

It is generally agreed that reactions catalyzed by ADP-Glc pyrophosphorylase
(AGPase) (EC 2.7.7.27), starch synthase (EC 2.4.1.21), and starch-branching enzyme
(SBE) (EC 2.4.1.18) are the final three reactions in the starch biosynthetic pathway in
both photosynthetic and non-photosynthetic tissues.” Ball et al.'® recently reviewed evi-
dence supporting the function of a debranching enzyme in starch synthesis. According
to their model, a more highly branched ‘preamylopectin’ is selectively debranched to
yield an amylopectin-like polymer and short chain malto-oligosaccharides. Maize sul
mutant endosperm cells are deficient in debranching enzyme,!”*!”! and the more highly
branched polysaccharide, phytoglycogen, accumulates. Recent studies have confirmed
a role for both isoamylase and pullulanase debranching enzymes in starch biosynthe-
sis.!”>17* A potential role for disproportionating enzyme or D-Enzyme (EC 2.4.1.25)
in starch biosynthesis has also been proposed.'”> This enzyme is located in amyloplasts
and can use maltoheptaoses as a donor for the addition of glucans to the outer chains of
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amylopectin. During the last decade much progress has been made in characterizing the
various starch biosynthetic enzymes and their kinetic and regulatory properties. Results
of these studies have been summarized in several comprehensive reviews; see refer-
ences 1-16 and Chapter 4. This section is directed to discussion of the cellular com-
partmentation of starch synthesis in photosynthetic and nonphotosynthetic tissues and
the in vivo regulation of the pathways. Enzymic modifications associated with various
genetic mutations are included in the discussion of specific endosperm mutant geno-
types (Section 3.7).

2. Compartmentation and Regulation of Starch Synthesis and
Degradation in Chloroplasts

Photosynthesis occurs in plastids called chloroplasts. Chloroplasts develop from pro-
plastids and are bounded by a double membrane.!” The outer membrane is freely
permeable to small molecules and it contains a number of enzyme activities, pore pro-
tein and phosphoproteins.!®*1%* Several of these function in protein transport into the
chloroplasts.'631%* The membrane transporters important in carbohydrate partition-
ing in photosynthetic tissues are localized in the inner membrane. Thus, this review
is restricted to the inner membrane transporters which function in carbohydrate
transfer. The reader is referred to the review by Douce and Joyard'®® for more infor-
mation on the properties of the chloroplast outer membrane. The inner membrane is
the functional barrier to the exchange of several metabolites between the chloroplast
stroma and the cytosol.'®>!%* Flugge and Heldt'®* reviewed the various transporters of
the inner membrane. The triose phosphate/inorganic phosphate translocator (Pi trans-
locator) is primarily responsible for transport of the products of carbon reduction, 3-
phosphoglycerate (3-PGA) and triose phosphates (G3P, DHAP), out of the chloroplast
in exchange for inorganic phosphate (Pi) from the cytosol.!®* The Pi translocator from
root plastids and plastids from other nonphotosynthetic tissues are capable of trans-
porting G6P in exchange for Pi or triose phosphates.!”® The chloroplast Pi translocator
from leaves of normally growing spinach (Spinacia oleracea) plants does not transfer
G6P,'% but Quick et al.!”” reported that a Pi translocator in spinach leaf chloroplasts
capable of transporting G6P was induced by incubating the leaf petiole in 50mM glu-
cose for several days. It was also noted that the mRNA encoding the Pi/triose phos-
phate translocator was strongly repressed, and they concluded that incubation of the
leaf in glucose activated transcription of a gene responsible for synthesis of a Pi/hexose
phosphate translocator which was capable of transferring G6P, but not G1P. A similar
treatment of potato leaves likewise induced synthesis of a chloroplast Pi/G6P translo-
cator.!”” Transgenic potato!”®!7® and tobacco'®” plants expressing antisense RNA to
the Pi/triose-P translocator were used to demonstrate the significance of the Pi trans-
locator in the in vivo partitioning of carbohydrates between the chloroplast stroma
and the cytosol. Antisense potato plants with about a 25% reduction in expression of
the Pi translocator showed a large accumulation of starch and a substantial reduction
in sucrose synthesis during the day.!”®!” However partial inhibition of sucrose syn-
thesis in the Pi translocator-antisense plants did not lead to a consistent inhibition of
growth,!”® apparently because the increased quantity of starch accumulating during
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the day provided an additional source of carbohydrate for export from the leaf and
growth during the night. Among other metabolite translocators in the inner chloroplast
membrane are the dicarboxylate and monocarboxylate translocators and an ATP/ADP
translocator.®>!%4 The reader is referred to the review by Flugge and Heldt'®* for more
information on these transporters.

Chloroplasts which produce starch under natural conditions reduce carbon by the
Calvin cycle of photosynthesis. The mesophyll cells of C4 plants, such as maize,
fix carbon by the C4 pathway of photosynthesis,'®' but under normal growth condi-
tions they produce very little starch.!8%!83 Rather, the four-carbon acids produced in
the mesophyll cells are transferred to the bundle sheath cells where they are decar-
boxylated and the resulting carbon dioxide is refixed by Calvin cycle enzymes in
the bundle sheath chloroplast.'®! Bundle sheath chloroplasts of C4 plants accumu-
late starch.'®3 However, it should be noted that if assimilate transport from maize
leaves is restricted, as in the sucrose export defective-1 mutant, starch accumulates
in chloroplasts of both mesophyll and bundle sheath cells.!3* In the Calvin cycle, the
enzyme ribulose bisphosphate carboxylase/oxygenase (Rubisco) catalyzes carboxy-
lation of ribulose 1,5-bisphosphate and the enzyme-bound intermediate undergoes
hydrolysis to yield two molecules of 3-PGA.!3> The 3-PGA molecules thus produced
by photosynthesis are: (a) used as a substrate to maintain the function of the Calvin
cycle; (b) utilized in the production of chloroplast starch; and/or (c¢) unloaded from
the chloroplasts via the Pi translocator discussed above.!%%!% Partitioning of 3-PGA
between sucrose and starch is highly regulated.'* For example, in the starch bio-
synthesis pathway within the chloroplasts, there are two regulatory enzymes: fruc-
tose 1,6-bisphosphatase (EC 3.1.3.11) (F1,6BPase) and AGPase. Activity of plastid
F1,6BPase, which functions in both the ribulose 1,5-bisphosphate regeneration path-
way and the starch biosynthetic pathway, is light regulated via a ferredoxin-thioredoxin
mediated oxidation/reduction system. In the light, it is reduced and active; but in the
dark, it is oxidized and inactive.!®> AGPase is allosterically regulated by the ratio of
Pi to 3-PGA and triose phosphates with Pi, and the 3-PGA plus triose phosphates
functioning as negative and positive effectors, respectively.’

Triose phosphates transferred from the chloroplasts are used for sucrose synthesis in
the cytosol by the combined activity of the enzymes of gluconeogenesis and sucrose
synthesis.”!% This pathway is also controlled by two regulatory enzymes, the cytosolic
F1,6BPase and sucrose-P synthase (EC 2.4.1.14). Regulatory control of the cytosolic
F1,6BPase differs from that of the plastid isozyme. Activity of the cytosolic F1,6BPase
is regulated by the quantity of the metabolite fructose 2,6-bisphosphate (F2,6BP) and
AMP.!87 As quantities of F2,6BP and AMP increase, cytolosic F1,6BPase activity
declines. Synthesis and breakdown of the regulatory metabolite, F2,6BP, is also allos-
terically regulated.'®” For example, Pi and 3-PGA (and triose phosphates) are posi-
tive and negative effectors of F6P 2-kinase, the enzyme responsible for synthesis of
F2,6BP, and these effectors have the opposite effect on F2,6BPase, the enzyme which
hydrolyzes F2,6BP. Thus, a relatively small change in the ratio of Pi to 3-PGA and tri-
ose phosphates affects the synthesis of F2,6BP, which in turn regulates the activity of
F1,6BPase.

Sucrose-P synthase (SPS) activity in spinach is regulated at three levels, protein
quantity, protein phosphorylation/dephosphorylation, and allosteric control.!831%
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SPS protein quantity varies with tissue (leaf) development. SPS phosphorylation in
the dark and dephosphorylation in the light provides control by modifying the sen-
sitivity of SPS to allosteric regulation by G6P and Pi, positive and negative effector
metabolites, respectively.!®%18% Only phosphorylated SPS is responsive to allosteric
regulation by G6P and Pi. It should be noted that the precise regulatory mechanisms
of SPS vary depending on the species.'®® In vivo control of the sucrose biosynthetic
pathway was shown to be shared between the two regulatory enzymes.!'* Given the
regulatory controls just reviewed, it follows that during periods of active photosyn-
thesis, energy production in the form of NADPH and ATP is high, which results in
reduction of CO, to form 3-PGA and a decline in chloroplastic Pi (due to the syn-
thesis of ATP). The resulting increase in positive effectors (3-PGA and triose phos-
phates) and decline in the negative effector (Pi) of AGPase yields increased ADP-Glc
synthesis, resulting in enhanced starch biosynthesis.” At the same time, the increased
3-PGA and triose phosphates and reduced Pi in the chloroplasts enhances transfer
of 3-PGA and triose phosphates to the cytosol in exchange for Pi from the cytosol.
Reduced Pi and increased 3-PGA and triose phosphates in the cytosol stimulates
the F2,6BPase-mediated decline in F2,6BP, thus activating cytosolic F1,6BPase.'®’
Increased production of hexose Ps coupled with reduced Pi in the cytosol activates
the phosphorylated SPS, leading to increased sucrose synthesis. If sucrose synthesis
exceeds the capacity for transport or utilization, sucrose and Pi accumulate, resulting
in increased F2,6BP, which in turn inhibits cytosolic F1,6BPase. F1,6BP accumulates
and Pi declines, so that more 3-PGA and triose phosphates remain in the chloroplasts
and starch accumulates.”'3” In the dark, photosynthetic production of 3-PGA ceases,
the level of ADP-Glc declines, and starch synthesis ceases.” Also in the dark, Pi in
chloroplasts increases by 30-50%, and the pH of the chloroplasts’ stroma declines.
Preiss and Levi'®' suggested that the lower pH may enhance the activity of certain
starch hydrolases, and the increased Pi and lower ADP-Glc concentrations may stim-
ulate starch hydrolysis by phosphorylase. However, they'?! add that definitive studies
on the regulation of chloroplast starch degradation are lacking. While the four regu-
latory enzymes discussed above are thought to function in regulation of starch and
sucrose biosynthetic pathways, reductions in the quantity of other pathway enzymes,
such as aldolase, via antisense technology have been reported to cause reductions in
carbon flux through the pathways.!'*?

A result of the regulation of carbon partitioning between starch and sucrose is that
transitory starch accumulates in the chloroplasts during the day and is degraded at
night or during periods when assimilate demand exceeds current photosynthetic pro-
duction.'”! Mobilization of chloroplast starch involves enzymes which cleave the
(1—4)-a-D-glucosidic bonds and the (1—6)-a-D-glucosidic branches. Released
sugars or sugar phosphates (G1P) may exit the chloroplast via a chloroplast mem-
brane sugar transporter'>? or they may be converted to triose phosphates which are
transported to the cytosol via the phosphate translocator.

Alpha-amylase is generally accepted as one of the most important enzymes in the
hydrolysis of storage starch granules, with 3-amylase and phosphorylase being less
important.'”! However, phosphorylase is the primary enzyme involved in the utili-
zation of transitory starch in pea chloroplasts.!** Levi and Preiss'** suggested that
the small amounts of maltose found in pea chloroplasts during starch degradation
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may have been produced from GIP and D-glucose by maltose phosphorylase, rather
than from the action of a-amylase or 3-amylase. Beck!® suggested that the enzymes
responsible for breakdown of transitory starch and the products transferred out of
the chloroplasts vary with species. Ludwig et al.!®> purified a starch-debranching
enzyme from spinach chloroplasts which they suggested may function in hydrolysis
of the (1—6)-a-D-glucosidic bonds of transitory starch.

3. Compartmentation and Regulation of Starch Synthesis in
Amyloplasts

Amyloplasts are organelles specialized for the accumulation of starch in storage cells.
They develop from proplastids, as do chloroplasts, and are bounded by double mem-
branes.!” Amyloplasts from some starchy tissues, such as those in cereal endosperm,
remain colorless when exposed to light, while others such as those in potato tubers,
develop into chloroplasts when placed in the light'*® and chloroplasts in aging tobacco
leaves become amyloplasts.!” In 1976, it was assumed that the nature of the amyloplast
envelope is like that of the chloroplast with similar membrane transporters'®’ except
that, in amyloplasts, triose phosphates would be transferred into the amyloplasts to pro-
vide substrates for starch synthesis rather than out as in chloroplasts. Inner membranes
of young amyloplasts from barley'>! and maize'® have been shown to be extensively
invaginated to form tubuli, stroma lamellae or vesicles. Buttrose'>! suggested that, if
the inner membrane is the one limiting uptake, the increased area resulting from the
invaginations of the inner membrane would allow for more rapid uptake of metabolites
into the amyloplast stroma to provide substrates for starch synthesis.

Amyloplasts containing starch granules are extremely fragile, and early attempts
to isolate intact amyloplasts for uptake studies were disappointing.'*® Because of the
difficulty in obtaining high yields of intact amyloplasts from starchy tissues, other
methods have been used to determine compartmentation of the enzymes of starch
biosynthesis between amyloplasts and the cytosol. Immunolocalization of specific
enzymes is the most direct approach to determining enzyme compartmentation. Kim
et al.>% reported that, in potato tubers, AGPase appeared to be closely associated
with starch granules when observed at the light microscopic level, and suggested that
it was a plastid localized enzyme. This was confirmed by Kram et al.?’! who, using
immunogold labeling and electron microscopy, demonstrated that proteins reacting
to antibodies raised against spinach leaf AGPase were dispersed throughout the amy-
loplast stroma of potato tubers. They also reported that the starch-branching enzyme
was localized within the amyloplasts in close association with surface of the starch
granules.?”’ Miller and Chourey??? reported that AGPase in maize endosperm was
also localized within amyloplasts, but proteins reacting with antibodies raised against
SH2 and BT2, the large and small subunits of AGPase, respectively, were also
present in endosperm cell walls. Some antibody-reacting proteins were also scattered
throughout the cytosol.??? The cell wall-reacting proteins were not detected by anti-
bodies raised against the spinach leaf AGPase. Villand and Kleczhowski?? reported
that, in barley endosperm, antibodies specific for AGPase reacted with proteins in
both the cytosol and amyloplasts. AGPase in the cytosol occurred in a cluster-like
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pattern. They suggested that the amyloplast-localized AGPase may be a ‘leaf-type’
isozyme. The same antibodies used in the barley endosperm study labeled only amy-
loplast stromal proteins in potato tubers.?’> This difference in compartmentation of
AGPase between potato tubers and cereal endosperm led Villand and Kleczhowski?%?
to suggest that cereal endosperms probably have an alternative pathway for starch
biosynthesis in which ADP-Glc produced in the cytosol is transferred into amylo-
plasts to provide substrate for starch synthesis.

There are two major drawbacks to the use of immunolocalization studies to deter-
mine enzyme compartmentation in amyloplasts. First, starchy tissues are very difficult
to prepare for electron microscopic examination. For example, it is almost impossible to
embed starch granules of developing maize endosperm tissues properly and thus, when
thinly sectioned, the slice of starch absorbs water and ‘pops’ out of the plastic matrix.
As a result, microscopic observations are usually restricted to regions of the tissue
containing the smallest starch granules, which may not be representative of the entire
tissue. Secondly, in situ localization is only as good as the antibody probe. For exam-
ple, the SH2 and BT2 antibodies used by Miller and Chourey?’? were raised against
protein bands cut from a gel and were shown by western blots to react with proteins
other than SH2 and BT2, respectively.?** The antibody raised against the spinach leaf
AGPase used in the studies by Kim et al.,??° Kram et al.?°! and Miller and Chourey*”
was more highly purified. However, these results, using an antibody to a chloroplast-
specific AGPase, cannot be used to rule out the possible presence of cytosolic isozymes
of AGPase not recognized by the antibody to the chloroplast-specific AGPase.

Fractionation and enzymic characterization of amyloplast from several tissues,
such as suspension cultured soybean cells,??>2% potato tuber cells?*’ and sycamore
cells,?®® from cauliflower buds,?” etiolated pea epicotyls,?!? and the endosperms of
wheat?*®2!! and maize?!'? have been reported. Although yields of amyloplasts were
low, most studies supported the conclusion that amyloplasts contained AGPase
and the other enzymes required for the conversion of triose phosphates into starch.
However, ap Rees et al.2%2!! were unable to detect F1,6BPase in amyloplasts from
wheat endosperm, and noted that, in its absence, conversion of triose phosphates to
starch would not be possible. As a result, they concluded that hexose phosphates,
rather than triose phosphates, are transferred into amyloplasts to provide substrate
for starch synthesis. Keeling et al.?!* reached the same conclusion from a study of
the redistribution of '3C-label between carbon atoms 1 and 6 of glucose recovered
from starch. Based on assays of a number of enzymes associated with an amyloplast-
enriched preparation from barley endosperm, Williams and Duffus?'* concluded that,
in barley endosperm, the production of G1P and ADP-Glc from sucrose occurs in
the cytosol. However, they presented no evidence that the isolated amyloplasts were
intact and indeed contained the plastid stroma enzymes. More recently, Thorbjornsen
et al.”!® re-examined compartmentation of AGPase in developing barley endosperms
and found that only about 15% of the endosperm AGPase was located in the amylo-
plasts. In contrast to the earlier study,?'* they provided evidence that the isolated amy-
loplasts were intact and that recovery of cellular plastid and cytosol marker enzymes
and AGPase were high.?!> Similarly, Denyer et al.?'® and Pien and Shannon,?!” based
on an aqueous amyloplast enrichment study and on a non-aqueous fractionation
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study, respectively, concluded that at least 95% of the cellular AGPase was present in
the cytosol of developing maize endosperm cells. These studies have been confirmed
recently with improved procedures for the isolasrion of amyloplasts. In maize, both
cytosolic and plastid AGPase have been detected.?'® The greatest activity is found in
the cytosol. Similar observations have been made for wheat?!° and endosperm in the
Gaminaceous family of plants appear to differ from other starch forming organs and
species in the primary localization of the AGPase in the cytosol.?2°

Since 1988, there have been numerous studies reporting metabolite uptake into
amyloplasts isolated from various tissues. General methods for amyloplast isolation
were recently reviewed.!*®??! The preferred metabolite taken up by isolated amylo-
plasts depended on the tissue from which the amyloplasts were isolated. For exam-
ple, Tyson and ap Rees??? and Tetlow et al.”?* reported that G1P was the preferred
metabolite for import into amyloplasts from wheat endosperm, while G6P was more
effectively taken up by amyloplasts isolated from pea roots,?** embryos?*® and potato
tubers.?? Hexose phosphates apparently are taken into amyloplasts in exchange for
Pi export via the action of a hexose-P/Pi transporter.??® Tetlow et al.??* reported that
intact amyloplasts from wheat endosperm incorporated glucose from ADP-Glc into
starch, but since broken amyloplasts were equally capable of synthesizing starch
from ADP-Glc, the authors argued that ADP-Glc uptake by wheat endosperm amy-
loplasts is not physiologically relevant. Intact amyloplasts from maize®?’ and syca-
more suspension cultured cells>*® effectively take up ADP-Glc as substrate for starch
synthesis. In contrast to the results of Tetlow et al.,”?* lysis of the maize amylo-
plast reduced incorporation by 90%. It is thought that ADP-Glc is transported into
the maize amyloplast stroma in exchange for ADP (a product of starch synthase)
via an adenylate translocator.??® Several lines of evidence support the conclusion
that Brittle-1 protein, BT1, is the adenylate translocator in amyloplast membranes
from maize endosperm cells. For example, Sullivan et al.* reported that the protein
with greatest similarity to the Bt/-encoded protein is a yeast adenylate translocator.
In addition, work from this laboratory demonstrated that the b¢/-encoded peptides
are targeted to the inner membrane of the amyloplast.?3">3? The four most abundant
amyloplast membrane polypeptides (38 000—42 000 molecular weight) from normal
kernels were specifically recognized by antibodies raised against BT1, but amylo-
plast membranes from the starch deficient mutant brittle-1 (bt) were missing the BT1
peptides.??® Expression of the bt/ in developing endosperm correlates with starch
synthesis. Accumulation of the BT1 protein peaks at 14 days after pollination.?** Liu
et al.??’ reported that amyloplasts isolated from young maize kernels effectively take
up ADP-Glc for starch synthesis, but not UDP-Glc. Amyloplasts from ¢ endosperms
were only 25% as active in ADP-Glc uptake and incorporation into starch as amy-
loplasts from normal,?*’ and contain ten times the amount of ADP-Glc as wild-type
kernels.??’ Cao et al.?* suggested that the adenylate translocator, BT1, may function
in vivo in the transfer of ATP into amyloplasts in exchange for ADP. However, in
view of the increasing evidence that ADP-Glc may be synthesized in the cytosol of
cereal endosperm cells,>!>2!7 Pien and Shannon?!'” suggest that BT1 also functions
in ADP-Glc transfer into amyloplasts. Shannon et al.>3* provided additional evidence
that BT1 facilitates the transfer of extraplastidial synthesized ADP-Glc into amylo-
plasts of maize endosperms.
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Many of the metabolite uptake studies cited above rely on combined uptake and
incorporation into starch. In order to separate uptake from incorporation, Schott
et al.%¢ extracted amyloplast membrane proteins from potato tubers and reconstituted
them into liposomes. These reconstituted liposomes transported Pi, triose phosphates and
G6P in a counter-exchange mode. The liposomes were ineffective in the transfer of G1P;
uptake of ADP-Glc was not tested. Mohlmann et al.?3¢ have used a proteoliposomic sys-
tem to reconstitute plastid envelope proteins. In this system, ADP-Glc is transported in
exchange for AMP. Thus the more widely studied plastid ATP/ADP transporter was not
responsible for ADP-Glc uptake. More recently, Bowsher et al.?37 reported that wheat
endosperm amyloplasts membrane proteins reconstituted into proteoliposomes took up
ADP-Glc in exchange for AMP and ADP. In addition, they showed that under conditions
of ADP-Glc dependent starch biosynthesis, the efflux of ADP from intact amyloplasts
was equal to that of ADP-Glc utilization by starch synthesis. The amyloplast membrane
ADP-Glc/ADP transporter was a 38 000 molecular weight integral membrane protein.*’

VIl. Mutant Effects

Maize is unique among higher plants relative to the number of mutants which have
been identified and examined. Several mutants affect the quantity and quality of
carbohydrates in the triploid endosperm. Furthermore, these mutants often modify
kernel development,*** mature kernel phenotype?*® and starch granule morphol-
ogy**?0238 The shrunken-1 (sh), shrunken-2 (sh2), brittle-1 (bt) and brittle-2 (bt2)
mutants condition an accumulation of sugars at the expense of starch. The shrunken-
4 (sh4) mutant, which also causes a reduction in starch accumulation, was originally
thought to be a phosphorylase mutant,?* but it was later shown to affect the quantity
of pyridoxal phosphate,>** thus reducing the activities of several endosperm enzymes
such as phosphorylase, which require pyridoxal phosphate. The s# mutant causes
a reduction in sucrose synthase activity,”*! while sh2 and bz2 each lack?*? or have
very low levels of AGPase.>*3 Bt encodes a maize endosperm amyloplast membrane-
specific polypeptide (39000—44000 molecular weight).?** In its absence (as in bt
mutant kernels), in addition to a severe reduction in starch and an increase in sucrose,
there is a 12-fold increase in ADP-Glc, a product of AGPase.?® This ADP-Glc in bt
endosperms accumulates in the cytosol, and Shannon et al.??®234 have suggested that
the amyloplast membrane protein, BT1, is an adenylate translocator, which in vivo
functions in the transfer of ATP and/or ADP-Glc into the amyloplasts in exchange for
ADP, a product of starch synthase activity.

Mutants affecting endosperm protein production include opaque-2 (02), opaque-6
(006), opaque-7 (07), floury-1 (fl 1), fl oury-2 (fl 2) and fl oury-3 (fl 3). These mutants
all cause a reduction in the prolamin (zein) fraction of storage proteins and a com-
pensatory increase in albumin and globulin fractions.?*> A molecular analysis of
Opaque-2 showed that it is a regulatory gene which encodes a transcriptional activa-
tor protein (Opaque-2) containing a leucine-zipper motif>*® which recognizes a spe-
cific target site on the 22 000 molecular weight zein genes.?*’ The mutant soft starch
(h) causes a loose packing of starch in the endosperm cells, but has not been related
to any major change in storage proteins,>*® starch composition?®® or starch granule
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structure.?®® The greatest affect of the 4 mutant is a starch particle volume with the /
allele being completely recessive.?*"

Because the primary focus of this section is mutant effects on polysaccharide com-
position, mutants in maize which cause changes from normal in amylose percent-
age and phytoglycogen production are reviewed. The maize mutants in this group
include waxy (wx), amylose-extender (ae), sugary-1 (su), sugary-2 (su2) and dull-1
(du). We will also discuss mutations for specific enzymes that have been produced
by molecular techniques and not identified, in naturally occurring mutations. These
mutants alone, and in various multiple mutant combinations, have dramatic effects
on kernel development, starch granule development and morphology, and polysac-
charide composition.?>! As will be pointed out subsequently, certain mutants cause
the production of polysaccharides differing from standard amylose and amylopectin
in molecular weight and degree of branching.

From 0 to 12 days post-pollination (DPP), little or no detectable differences are
observed between normal and these mutants (except su) with respect to kernel and
amyloplast development. The various mutant effects thus become expressed after 12
DPP during the major period of starch accumulation. The mutant su differs from nor-
mal and the other mutants by initially producing compound granules.**!¢!

Saussy*® made an extensive survey of mutant effects on maize endosperm and
starch granule development at 16 and 27 days post-pollination. ‘[A5125’ versions of
normal, ae, du, su and wx singly and in double, triple and quadruple combinations
(except su wx and ae su wx) were studied. Normal and all mutant genotypes exhibited
the major gradient of starch granule development from the kernel base (least mature)
to the central crown region of cells (most mature) described in Section 3.3. Two basic
types of minor gradients of starch granule development were observed. The type I
minor gradient is similar to that described for normal , with an increase in cellular
maturity inward from the peripheral cells adjacent to the aleurone layer.*!** The type
IT minor gradient is similar to type I along the peripheral endosperm and toward the
interior for a few cell layers (variable with the genotype), but then an abrupt decrease
in the volume of cellular inclusions occurs. These differences in minor gradients and
other specific mutant effects will be noted in the discussion of the mutants.

For convenience, the effects of the various mutants and mutant combinations
including information on kernel phenotype, starch granule size and physical prop-
erties, water-soluble polysaccharide (WSP) concentration, amylose percentage, and
relative sizes and iodine-binding capacity of polysaccharides following separation by
SEC are summarized in Tables 3.3 to 3.7. The thermal behavior, gelatinization and
retrogration of starches from different genotypes show wide variation and differ in
inbred backgrounds.?3?3 Current information on the specific mutants singly and in
combination, and information on similar mutants in other species when such mutants
are known, is presented below.

1. Waxy

Waxy (wx) or glutinous (gl) loci have been identified in maize, sorghum, rice (differ-
ent species), barley, millets and Job’s tears (Coix lachryma-jobi).>>**37 Waxy mutants
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Table 3.3 Mature kernel phenotype of normal and selected single, double, triple, and quadruple

recessive maize genotypes®

Genotype Gene expressed® Kernel phenotype®

Normal None Translucent

Wx WX Opaque

ae ae Tarnished, translucent, or opaque; sometime semi-full

su su Wrinkled, glassy; SC:9 not as extreme

su2 su2 Slightly tarnished, often etched at base

du du Opagque to tarnished; SC: semi-collapsed, translucent
with some opaque sectors

ae wx C Semi-full to collapsed, translucent or glassy, may have
opaque caps; SC: slightly fuller, etched, translucent to
glassy

ae su C Not quite as full as age, translucent (tarnished in SC,
may have opaque caps)

ae su 2 ae Translucent or opaque, etched base

ae du C Translucent, not as full as ae; SC: etched, translucent,
or tarnished

du su su Wrinkled, glassy (duller than su); SC: extremely
wrinkled, glassy

dusu2 C Translucent, etched

du wx C Semi-collapsed, opaque; SC: shrunken, opaque

SU wx su Wrinkled, glassy to opaque

su 2 wx wx Opagque, often etched

susu2 su Wrinkled, glassy

ae du su su Wrinkled, translucent; SC: slightly wrinkled, translucent

ae du su 2 C Semi-collapsed, translucent

ae du wx C Shrunken, opaque to tarnished; SC: semi-collapsed,
tarnished

ae su su 2 C Partially wrinkled, translucent to tarnished

ae su wx C Semi-collapsed, opaque to translucent; SC: etched,
semi-full, translucent

ae su 2 wx C Etched, semi-full or wrinkled, translucent

du su su 2 su Wrinkled, glassy

du su wx su Wrinkled, glassy

du su 2 wx C Semi-collapsed, opaque, etched

SU su 2 wx su Wrinkled, glassy

ae du su wx C SC: etched, semi-full, translucent to tarnished

*Adapted from Garwood and Creech?3®

bIf one gene is responsible for the phenotype, that gene is listed. ‘C’ signifies a complementary expression
giving a new phenotype differing from the phenotypes of the stocks possessing the individual genes

“Kernels approach full size unless indicated as semi-collapsed, shrunken, or wrinkled

4SC means the phenotpye observed in sweet corn inbreds

have also been isolated in diploid wheat®*® and hexaploid wheat.?>*2%> These mutants

produce starch granules in the endosperm and pollen which stain red with iodine and
which contain nearly 100% amylopectin; however, starch granules in other plant tis-
sues if wx plants contain both amylose and amylopectin and stain blue with iodine.?*8
Waxy mutants have also been reported for different species of the dicot genus
Amaranthus , in which starch in the perisperm is affected.?%*?% In potato, amylose-
free (amf) mutants have been isolated after mutagenesis of diploid lines.?® Finally, wx
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Table 3.4 Mean starch granule size, birefringence end-point temperature (BEPT), and x-ray

diffraction pattern of 14 maize genotypes 24 day post-pollination®

Genotype Granule size, pm BEPT X-ray
pattern
Minimum Maximum

Normal 7.99 fgh 8.53 jkl 70.3 bedef A

wx 8.61 gh 9.411 74.3 ef A

ae 5.56 bed 6.32 defg 97.7 h B

su 3.06a 3.52z 69.0 abcde A
su2 7.68 fg 9.14 ki 63.7 a A

du 5.19 bed 5.98 cdef 70.7 bedef A

ae wx 6.67 bed 6.03 cdef 823¢g B

ae su 5.34 bed 8.20 ijk 88.0g B

ae su 2 5.57 bed 6.46 defg 87.7¢ B

ae du 5.42 bed 6.54 efgh 73.3 def B

dui su 317a 3.85ab 73.7 def AP

du su 2 5.97 cde 8.79 jki 63.3a A

du wx 6.18 de 6.86 fgh 76.7 f A

su sy 2 2.56a 298 a 67.3 abcd =

*Adapted from Brown et al.?%® Means followed by the same letter are not significantly different
at the 1% level using Duncan’s Multiple Range Test

bWeak crystalline A pattern

mutants of the algae Chlamydamonas reinhardtii have been isolated.>* Red-staining
starches have been reported in other plant species, but these have not been charac-
terized.?®” Floridian starch found in red algae also resembles amylopectin and lacks
amylose.'?8

Phenotypically, wx kernels are full and often appear opaque (Table 3.3
Starch and dry weight production in wx kernels are equal to that in normal kernels
and increase at similar rates.>%6%117.127.268.269 qyoar and WSP (Table 3.5) levels are
also similar to those in normal in immature?’%?’! and mature kernels.?’?

The wx mutant is epistatic to all other known mutants relative to the lack of accu-
mulation of amylose.””?>! Multiple mutants containing wx and ae have been reported
to produce amylose (Table 3.6); but as will be pointed out in discussing the ae wx
genotype, this apparent amylose, as measured by iodine binding, is due to loosely-
branched polysaccharide molecules having long external chains.®®8%%273 Owing to
the lack of amylose, wx granules stain reddish-purple with iodine, although some wx
granules have blue-staining cores.!72>7:274

Starch granules from maize, sorghum, and rice kernels homozygous for wx have
been reported to have from 0% to 6% amylose.!'!2116:119.121,124.275 Thig apparent amy-
lose content may be due to the measurement technique used, to the effect of non-
waxy starch granules from maternal tissue, to differences in the degree of branching
or to the presence of some linear material as suggested by blue-staining cores. If
present, this linear material is minimal, for no amylose peak is observed in chroma-
tographic profiles of wx starch®-°%276 or by other methods that fractionate starch.?’’
These differences in apparent amylose content involve both cultivar and environmen-
tal effects as previously described for normal starch.'12116:117.121,124275 AJleles at the

) 235,257,267
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Table 3.5 Water-soluble polysaccharide (WSP) concentration in immature

and mature kernels of 26 maize genotypes®

Genotype Immature Mature
10% ETOHP HgCl,* 10% ETOH4
Normal 3 0 4
WX 3 0 7
ae 4 0 6
su 28 2 19
su2 2 =€ 4
du 2 0 5
ae wx 6 0 5
ae su 4 0 5
ae su 2 4 - 6
ae du 7 0 5
du su 29 18 18
dusu2 3 - 4
du wx 11 2 8
SU wx 29 19 17
su 2 wx 3 - 5
susu2 31 - 19
ae du su 16 7 9
ae du su 2 10 - 8
ae du wx 4 Trace 6
ae su su 2 11 - 9
ae su wx 12 7 10
ae su 2 wx 6 - 7
du su su 2 35 - 32
du su wx 38 28 30
du su 2 wx 14 - 8
su su 2 wx 39 - 8

*All mutants were in a genetic background related to the single cross
W23X1317. Data expressed as percentage of kernel dry weight

®Data adapted from Creech.?’® WSP extracted with 10% ethanol

Data adapted from Black et al.?> WSP extracted with aqueous HgCl,. An aliquot
was hydrolyzed with H,SO, and the increase in reducing sugar determined

dData adapted from Creech and McArdle.?”2 WSP extracted with 10% ethanol

¢Genotype not included in study

wx locus can also vary in amylose percentage with wx-a having 2—5% amylose, com-
pared to 0% in wx-Ref.2’%27® Waxy amylopectins vary in 3-amylolysis limit, average
chain length and molecular size, 24289281 a5 previously described for normal starch.
The normal (Wx) allele is not completely dominant to the wx allele, and amylose per-
centage is reduced by several percent in the Wx wx wx endosperm genotype.'27-282-287

The increase in average granule size during kernel development of wx maize
and the final granule morphology of wx granules are similar to that of normal >°*38
Also, as reported for normal, the average size of wx granules varies with the culti-
var!1124275 and environmental conditions.?”> During development, the average size
of the amylopectin molecules has been shown to decrease, while the average chain
length of these molecules increases.?’>?%’ Birefringence of normal and wx granules
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Table 3.6 Apparent amylose percentages of various maize genotypes determined using iodine binding

procedures®
Genotype Reference
Kramer et al.?>° Seckinger and Wolf?7# Holder et al.?”!

Normal 27 27 29
wx 0 L <1
ae 61 57 60
su 29 - 33
su2 40 28 38
du 38 35 34
de wx 15 26 26
ade su 60 - 51
aesu 2 54 45 56
ae du 57 50 45
du su 63 13 40
du su2 47 - 46
du wx 0 - 2
su wx 0 - 0
su 2 wx 0 - 0
susu 2 55 30 41
ae du su 41 - 28
ae du su 2 48 23 37
ae du wx - - 2
de su su 2 54 - 31
ae su wx 13 4 14
de su 2 wx - 28 28
du su su 2 73 - 44
du su wx 0 - 0
du su 2 wx 0 - 0
su su 2 wx 0 - 0

#Colorimetric measurement of starch-iodine complex used to estimate apparent percentages. Genotypes
were not incorporated into an isogenic background

bGenotype not included in study

is similar; however, iodine staining is reported to reduce the intensity of birefringence
of normal granules, but to have little effect on that of wx granules.® However, the
inability to observe birefringence in amylose-containing granules stained with iodine
may simply be due to the intense absorbance of light by these granules. The BEPT
of wx granules is similar to normal, and both have A-type x-ray diffraction patterns
(Table 3.4).

Kernels of wx have the major and minor (type I) developmental gradients charac-
teristic of normal kernels.**** Saussy*’ observed the presence of occasional starch
granules surrounded with phytoglycogen; however, this was due to the sweet corn
background used in her study and not to the wx gene itself. Simple, spherical starch
granules are initially produced in wx kernels, and these increase in size and, in many
cells, become irregular in shape due to extensive cell packing.**** Boyer et al.**
reported that all maize starch granules are initiated at essentially the same time and
that there was no evidence of additional granules (secondary granule initiation) being
initiated later in development. Saussy*® reported secondary granule initiation in wx,
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Table 3.7 Amylose percentage of starch from 16 maize genotypes determined following sepharose

2B-CL column chromatography and the peak fraction’s absorbance maxima and absorptivity (a) of

the polysaccharide-iodine complex®

Genotype Amylose, % Peak fraction Maximum aat615nm
(tube no.) absorbance, nm
Normal 29 14 510-540 22
31 640 121
wx 0 14 470-480 24
ae 33 13 540-550 43
33 600 92
su 65 13 480-530 28
28 640 97
du 55} 14 480-500 38
28 640 104
ae wx 0 13 530-540 49
21 530-540 39
ae su 28 13 540-550 48
21 540-560 51
29 640 95
ae du 47 14 530-540 40
31 640 90
du su 70 14 540-570 47
29 640 92
du wx 0 14 470-480 20
su wx 0 14 495-505 32
ae du su 31 14 530-550 49
23 540-560 40
31 640 83
ae du wx 0 14 460-500 33
24 460-500 22
ae su wx 0 13 540-550 43
21 530-540 34
du su wx 0 14 450-480 17
25 450-470 14
ae du su wx 0 13 <400 25
24 450-470 19
su phytoglycogen 0 13 =400 16
22 =400 6
Amylose-amylopectin 51 14 470-530 31
1:1 mixture
31 640 103

3Maize genotypes converted to the IA5125 sweet corn inbred background. Data adapted from Yeh et al.?

as well as in normal and most other maize mutant genotypes. Boyer et al.** studied
wx in a dent background, while Saussy* studied it in a sweet corn background.

As noted in Section 3.6, wx mutants have been shown to lack the major starch
granule-bound starch synthase activity.?3%2%% With improved biochemical techniques
and molecular biology tools, a large number of investigators have confirmed the rela-
tionship between the waxy gene and granule-bound starch synthases in many spe-
cies.??02% However, multiple forms of granule-bound and soluble starch synthases
have frequently been reported. For example, wx maize granules do contain a minor
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granule-bound ADPG starch synthase?*® and two soluble ADPG starch synthases.?’
These multiple enzymes have led to an occasional suggestion that the waxy protein
is not a starch synthase,?® but further studies using different methods have been able
to demonstrate that the waxy protein is indeed a starch synthase.?*

2. Amylose-extender

Mutant genes, which cause an increase in apparent amylose percentage in starch
of pea cotyledons and maize, barley and rice pollen and endosperm have been
reported.?>?*3%! Not all the high-amylose mutants that have been reported can be
classified as one type.?” High-amylose maize is homozygous for the ae gene, and
the mature kernels are sometimes reduced in size (Table 3.3). High-amylose (ae) rice
seeds also are reduced in size. High-amylose peas are homozygous for the rugosus
(r) gene and have a wrinkled, collapsed phenotype,?*? while high-amylose barley
kernels appear similar to normal (R. F. Eslick, personal communication). Starch
and dry weight production are reduced and sugars increased in these high-amylose
genotypes compared to non-mutant kernels or seeds. The rate of starch increase dur-
ing development is also slightly reduced.®!27:128:133.270271 Apparent amylose con-
tent increases with increasing maize and barley kernel age and with increasing pea
seed diameter, reaching values of 45-69%.%%127:128.137 I contrast, amylose contents
increase from 13-15% to 26-32% during development of ae japonica rice kernels
and increase from 24-25% to 39-41% in ae indica rice.>*3-3%

The normal alleles are not completely dominant to the recessive ae alleles, since
two doses of the recessive allele (i.e. Ae ae ae) result in a 2—-8% increase in appar-
ent amylose content compared to the normal genotype which lacks the recessive
allele.'27-285.305.306 Extensive variation in apparent amylose concentration occurs
compared to the amount observed in normal genotypes (see Section 3.3). For exam-
ple, variation is observed for amylose concentration as a function of the maize inbred
crossed with ae,*’!! with a range of 36.5-64.9% reported.>*® Minor modifying
genes in the various inbreds have been proposed as a possible cause of the varia-
tion.*73!1 Such modifying genes have been utilized to produce a series of hybrids
which differ in apparent amylose concentration from 50% to 75%.% Differences have
also been associated with ae alleles arising as independent mutations, with ae-i/ and
ae-i2 conditioning lower amylose percentages than five other alleles when compared
in two isogenic backgrounds.’'> Amylose percentage also varies 17% among wrinkled-
seeded pea cultivars.>%!1?

Not only does variation occur between ae inbred lines and hybrids (i.e. background
or modifier effects) and ae alleles, but an 8-14% range also existed within an inbred
line homozygous for ae and grown at a single location in a single year.’*®3!! This is
likely due to a combination of error in amylose determination, segregation of modifier
genes which were not yet homozygous,*!? and the microenvironment of each plant.

Significant differences in ae amylose percentage result from both location and year
of production with the effect of location considerably greater than that of years.'4+314
Later planting dates are associated with higher amylose percentages in ae kernels;
however, poorer agronomic performance negates the value of the increase.>'> Minor
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mechanical damage to plants has little affect on amylose concentration with only a
1-3% reduction caused by extreme leaf defoliation.>!®

Variation in amylose concentration is also observed between butt, center and tip
zones within individual ae ears, with the highest percentage in kernels taken from the
butt of the ear and the lowest percentage in kernels from the tip zone.3!” In addition,
when the endosperm tissue is divided into tip, middle and crown portions, the middle
portion is highest in amylose percentage within each ear zone.>!”

The amylose percentages presented above are all based on ‘blue value’ tests. Yeh
et al.”* employed SEC to fractionate the starch polysaccharides from mature kernels
of normal, ae and 14 other maize endosperm mutant genotypes. Column fractions
were reacted with iodine, and absorbances at 560 and 615nm were determined. Any
fraction having a higher absorbance at 560 than at 615nm was classified as amylo-
pectin and, conversely, fractions with a higher absorbance at 615 nm were considered
to be amylose. Considerable carbohydrate molecules intermediate in size between
amylopectin and amylose were found. These molecules appeared to be similar to the
loosely-branched amylopectin described for ae wx starch®®273 and suggested for ae
amylopectin.>!83!” Whistler and Doane!'? isolated such a polymer from ae starch.
Low molecular weight polymers similar to the short chain amylose described by
Banks and Greenwood®” eluted near the end of the profile; these polymers had a
higher absorbance at 560 nm than at 615nm and by definition were not included as
amylose. Based on Yeh’s calculation, ae starch contains 33% amylose (Table 3.7).%°
If the low molecular weight polymers eluting after amylose are included, the amy-
lose percentage increases to 41%, which is still much lower than amylose percent-
ages based on blue value measurements (Table 3.6). Similar low amylose percentages
were obtained following SEC after debranching by isoamylase.?’® Because the long
external chains of loosely-branched polysaccharides complex iodine,® they contrib-
ute to the estimate of amylose percentage as measured by the blue value procedure.
Although the amylose percentage based on the procedures of Yeh”® and Ikawa et
al.?’® may not be exact, they probably represent a much closer estimate of the true
amylose content of ae starch than do blue value estimates.

Starch granule preparations from ae maize kernels generally contain two distinct
geometric forms, spherical and irregular.-%128301392 [rregylar granules vary in
shape, but often are elongated and non-birefringent. Sometimes spherical granules also
develop elongated extensions of amorphous, non-birefringent starch.3” The proportion
of irregular granules in ae starch has been reported to vary from 0%*2%183 to 100%32!
and was shown to increase during kernel development,**!2® with increasing apparent
amylose content'?®3! and with the physiological age of the cells.’* The proportion
of irregular granules depends on the completeness of starch isolation, the classifica-
tion criteria used*?® and the inbred background.***° Average ae starch granule size
increases with kernel development; however, ae granules are smaller than normal at
all developmental stages.’”>3® Boyer et al.*’ reported a two-phase growth pattern con-
sisting of spherical granule initiation and growth followed by a secondary initiation of
irregular granules. Sandstedt*?? also reported that irregular granules in ae endosperm
are surrounded by spherical granules within an endosperm cell. There is considera-
ble cell-to-cell variation in the presence and proportion of irregular granules,>**2? but
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in kernels harvested 36 days post-pollination, the proportion of irregular granules is
highest in the more mature endosperm cells.>*

Inbred background apparently influences the morphology of the irregular granules
produced by ae. The elongated amorphous granules noted above occur when the ae
mutation is incorporated into dent backgrounds.**3* However, when ae is incorpo-
rated into the sweet corn inbred ‘IA5125’ and the su mutant deleted, no elongated
amorphous granules are found at 16 or 27 days after pollination®* or at maturity.*°
Secondary granule initiation does occur, and the irregular granules are more blocky
in appearance.** Kernels of ae have the major developmental gradient and type I
minor gradient characteristic of normal ***

Starch granules from ae kernels have a much higher BEPT than normal or the
other mutants (Table 3.4). Also, based on 14 genotypes studied, the B-type x-ray dif-
fraction pattern appears to be unique to ae and ae -containing genotypes (Table 3.4).

In high-amylose barley**® and wrinkled-seeded pea®* starch, average granule size
is less than in normal , with high-amylose starch granules being smaller at all stages
of development. High-amylose barley starch granules are more irregular than are
normal granules.>*® High-amylose pea starch granules often develop a very irregular
system of fissures, making them superficially resemble compound granules.!'7-¢4157

Based on the accumulation of loosely-branched amylopectin in ae®'”>!1% and ae
wx¥273 genotypes, Boyer et al.!?” suggested that the Ae allele affects the degree of
branching of amylopectin by controlling the quantity of an effector at the site of
starch synthesis, which stabilizes a starch synthase—branching enzyme complex.
Subsequent work has confirmed that starches from ae and rugosus seeds have an
amylopectin structure with reduced branching.3?372% After an initial report by Boyer
and Preiss®2® on the presence of three forms of branching enzyme in extracts from
normal maize endosperm, similar studies showed the presence of two forms of the
starch-branching enzyme in non-mutant pea seed*?’>?’ and up to five forms of
starch-branching enzyme in normal rice seeds.’**33! When the branching enzymes
from ae kernels of maize were similarly separated, the total activity was only 20%
of normal, and there was a complete absence of branching enzyme fraction I1b.33?
Subsequent studies with the rugosus mutation in peas®?’ 32333 and ae rice’*>-* have
shown a similar loss of a single form of branching enzyme. In maize, the ae effect
was attributed to a deficiency of branching enzyme IIb.*>* Hedman and Boyer®*
reported a near-linear relationship between increasing dosage of the dominate Ae
allele and branching enzyme IIb activity, and suggested that ae is the structural gene
coding for branching enzyme IIb. Molecular analysis of the ae allele has confirmed
the independence of genes encoding branching enzymes Ila and IIb.3*> Similar con-
clusions that the rugosus and ae genes are structural genes for starch-branching
enzymes in peas and rice, respectively, have been made.*3¢

The other isozymes of starch branching enzymes appear to be products of other
genes.33” Naturally occurring mutations for the other starch branching enzymes have
not been identified. Guiltinan and his coworkers*3#34° have produced mutations for
branching enzymes I and Ila through mutator induced insertional mutants. Mutations
in BEIla have endosperm starch that is indistinguishable from normal starch.
However, leaf starch shows a highly reduced branching. This altered leaf starch
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probably contributes to the observed accelerated senecense in these plants as the
starch is probably more resistant to degradation during the diurnal cycle. When the
BEIla mutant was combined with ae and wx in the triple mutant, the branch density
and average number of branches per amylopectin cluster where higher than in starch
for the ae wx double mutant.33* These results were interpreted as indicating possi-
ble functional interactions between BE isoforms. This conclusion is supported by the
observation that starch branching enzymes and starch synthases are phosphorylated
which may regulate protein—protein interactions.>* The degeree of the reversible
phosphorylation impacts the protein to protein interactions.

Mutator induced mutations of branching enzyme I have also been developed.*! In
these mutants neither leaf nor endosperm starch differed in structure from the normal
starches.

3. Sugary

The standard sweet corn of commerce is homozygous recessive for su. Sugary
mutants have also been reported for sorghum and rice.?>3%4342-344 The main effect
associated with su mutants in maize and sorghum is synthesis and accumulation of
phytoglycogen to 25% or more of the kernel dry weight (Table 3.5).2-272,342,343,345-348
Phytoglycogen is similar to amylopectin, except that phytoglycogen is more highly
branched and is extracted as the major component of the water-soluble polysaccha-
ride (WSP) fraction in sweet corn,23343,346,348-351

Mature su sorghum and maize (Table 3.3) kernels are wrinkled and have reduced
amounts of dry matter.?+268-271.272 Their sugar content is higher and their starch con-
tent much lower than in normal maize®’*272332-3% or sorghum.?*342-333 Starch con-
centration in su maize expressed as a percentage of dry weight increases until 15-20
days post-pollination, and then remains constant.>%>70-333:336 Total polysaccharide con-
centration, however, increases through 30—40 days post-pollination due to increases
in phytoglycogen concentration, with total carbohydrate percentage approaching that
in normal kernels.>%?70333359 At maturity, the total carbohydrate percentage is equal
t0>>43% or less than??*%#? that in normal kernels, depending on the genetic back-
ground. However, absolute amounts are reduced, reflecting the reduced dry matter
in su kernels. In general, maize kernels from dent lines homozygous for su contain
more sugar and less phytoglycogen and starch than kernels of a sweet corn line.2%%272
In addition, the chain lengths of su amylopectin have been reported to be shorter than
those of amylopectin from normal kernels.346-3%7

The amylose percentage of starch, as measured by iodine binding, from su kernels
averages somewhat higher than the percentage from normal kernels (Table 3.6), and
the amylose percentage has been reported to increase with advancing kernel age.>%%8
Although the data in Table 3.6 represent data from several studies over several
years, other investigators have reported widely different amylose percentages in su
starch,%0-271:333.359-362 Thege have varied from 0% amylose®** to 65% amylose.”® The
65% amylose reported by Yeh et al.”® (Table 3.7) was based on calculations from SEC
separation of the starch polysaccharides. Similarly, the amylose percentage of starch
from su sorghum kernels varied from near that in normal''® to somewhat higher than
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that in normal.>> The widely differing amylose percentages probably relate to kernel
age and methods of starch isolation and measurement. Possible reasons for these dis-
crepancies are discussed in more detail after considering the morphological changes
occurring in the developing su kernel.

The morphology and development of su maize plastids and kernels is well
established.!718:404344161 mmediately prior to initiation of starch synthesis in
an endosperm cell, the proplastids collect around the nucleus as they do in nor-
mal #1681 From one to several small starch granules then form in each amylo-
plast.'®® During development, granules enlarge only slightly,*?*%33% reaching an
average diameter of 3.6pum at maturity.>® However, within the more mature cells
of the central crown region, the starch granules formed intially are degraded and
replaced with phytoglycogen.*>*+16! Thus, within developing kernels, plastid types
range from amyloplasts with compound starch granules, to amyloplasts contain-
ing phytoglycogen and a few small starch granules, to amyloplasts containing phy-
toglycogen plus many very small starch granules and/or granule fragments, to
plastids containing only phytoglycogen.*>#416! Cells with the different plastid types
are located in specific regions of the endosperm and apparently are related to the
physiological age of the cells, with phytoglycogen plastids being in the most mature
cells.***44 The su kernels go through the major and minor developmental sequence
characteristic of normal, except that as the cells mature, they fill with phytoglycogen
rather than with starch.*>** Later in kernel development, phytoglycogen plastids in
some cells appear to rupture.*>*+16! The released material, thought to be phytoglyco-
gen, was described as a dense-staining ‘rosette’ material'®! similar in appearance to
animal glycogen.3®® Thus, phytoglycogen appears to accumulate in both plastids and
the cytoplasm, with that in the cytoplasm possibly arising from ruptured plastids.

Owing to the small size of su starch granules (Table 3.4) and their partially
degraded remnants, difficulties are encountered in isolating a starch sample which is
representative of that in the total population of cells found in the endosperm. With
procedures involving starch-tabling, up to 90% of the starch can be lost,>** and similar
losses of the smaller granules would be expected with isolation procedures based on
low-speed centrifugation or gravity sedimentation. Particles staining both red and blue
with iodine have been observed in situ and in isolated granules.*3-6+36> Thuys, gran-
ules differ from each other, and loss of small granules and granule particles probably
results in granule preparations that are not representative of the total granule popula-
tion. Therefore, differences in isolation procedures may explain some of the discrep-
ancy in amylose percentages reported for su starch. The percentage of amylose in the
starch is also affected by the completeness of phytoglycogen removal. Polysaccharide
particles smaller than starch granules have been observed in su kernels** and have
also been isolated from immature kernels.*¢>*% These intermediate particles, com-
posed of phytoglycogen and amylose,*®? cause a further difficulty in accurately deter-
mining the percentage of amylose in starch and the characterization of phytoglycogen.
If these particles are considered to be starch granules, amylose content will be under-
estimated. If they are collected with the phytoglycogen fraction, amylose will be
found, a phenomenon which has been reported.*¢” Thus, kernels homozygous for
the su gene cannot be considered to contain only phytoglycogen and starch granules,
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but must also be considered to have a range of particles with intermediate composi-
tion resulting from partial conversion of starch granules into phytoglycogen.

Several investigators?>32368-370 have reported the presence of a branching enzyme
(phytoglycogen-branching enzyme) in su kernels, in addition to Q-enzyme, which is
capable of forming a phytoglycogen-like polysaccharide from amylose in vitro. Black
et al.?? observed the presence of phytoglycogen-branching enzyme in all maize geno-
types containing phytoglycogen and in two mutants (du and wx) which do not accu-
mulate phytoglycogen. Boyer et al.>’! suggest that, of the three branching enzymes
present in maize kernels, branching enzyme I plays a major role in phytoglycogen
formation. There is a specific interaction between branching enzyme I and starch
granules from su kernels. For example, treatment of su starch granules with this
enzyme effects formation and release of phytoglycogen-like glucans, but no solu-
ble glucan was released from enzyme-treated non-mutant starch granules.>’! Black
et al.>} concluded that the gene su is not the controlling factor in the formation of
either phytoglycogen or the phytoglycogen-branching enzyme. Pan and Nelson'”
reported that su maize kernels had reduced levels of three fractions of debranching
enzyme. Further studies revealed that enzymes with both isoamylase- and pullulanase-
type activities could be isolated from normal kernels and that the pullulanase activ-
ity was reduced in su kernels.>’>*”* Further cloning work and characterization of
the enzymic activities have shown that an isoamylase activity is associated with the
sul gene product and that a separate gene, zpul, encodes pullulanase activity.’’437
The protein sequence predicted from a clone of the sugary gene was found to have
some sequence motifs which matched motifs in known bacterial genes, but lit-
tle overall sequence homology was seen.!”! Enzymic analysis of su rice also dem-
onstrated that debranching enzyme activity is reduced.’*’*’® In addition, a mutant
of Chlamydamonas which accumulates glycogen at the expense of starch has been
shown to have a deficiency of debranching enzyme.>* These results support a largely
dismissed early suggestion by Erlander’”” that amylopectin is made from phytogly-
cogen. However, this direct conversion of phytoglycogen to amylopectin is largely
unsupported. The current suggestion is that the ratio of branching and debranch-
ing activities at the surface of the growing amylopectin molecule is critical.'® As a
cluster forms and associates, further branching or debranching becomes limited by
packing of the chains. The mechanisms described above still need to be further elu-
cidated. In addition, any mechanism will need to be explained in context with the
diverse genetic variation at the sugary locus. For example, a complex multiple allelic
series exists at the su locus in maize, and four phenotypic categories have been
established for mature kernels based on examination of 12 independently occurring
mutations.®’® For most alleles, mature kernels resemble the reference allele, su-Ref,
discussed in preceding paragraphs (Table 3.3).3”8 Kernels of three alleles, including
su-am (amylaceous), are near-normal in appearance and are best observed as dou-
ble mutants with du or su23%-380 Kernels of su-st (starchy) vary from near-normal
to slightly wrinkled with su-st recessive to su-Ref in some backgrounds.>’®38! The
fourth class, represented by su-Bn2 (Brawn-2), has a kernel phenotype intermediate
between su-Ref and su-am.>’® This phenotype complexity is reflected in the carbohy-
drate composition conditioned by these alleles with composition ranging from that
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Table 3.8 Dry weight and carbohydrate composition of kernels sampled 20 days post-pollination for

alleles at the sugary locus converted to the WG4A dent inbred background?®

Sugary Ears Kernel Glucose® Fructose®  Sucrose® wspb Starch®
allele sampled, no.  weight, mg

su-Ref 3 27 45 39 245 130 77
su-Bn2 8 33 41 36 177 55 241
su-st 7 27 60 54 124 122 191
su-am 7 36 60 52 78 4 356

2Data adapted from Garwood and Vanderslice*'®

®Data presented as mg per gram of dry weight

of normal for su-am to that exhibited by su-Ref (Table 3.8). Further variation is seen
in modifier genes. An independent recessive modifier of the su locus, named sugary
enhancer (se), has been described in the sweet corn line ‘IL677a.38%3% The resulting
su se genotype accumulates high sugar levels similar to s42, and also high levels of
phytoglycogen similar to su-Ref336-382:383

4. Sugary-2

Kernels of the maize endosperm mutant su2 have a slightly tarnished phenotype (Table
3.3) and are similar to normal in soluble sugar, WSP (Table 3.5), and starch concentra-
tions during development>’*?’! and at maturity.>’> Kernel dry weight is often,263270-271
but not always,?’? reduced. Starch granule size (Table 3.4)>7%3%" and rate of size
increase during development?3® are similar to normal; however, su2 granules have
extensive internal fractures.>®* Starch from su2 endosperms is 10—15% higher in appar-
ent amylose content than is normal starch (Table 3.6). Although su2 starch composi-
tion is altered, in earlier studies, purified su2 amylose and amylopectin were reported to
have properties similar to those of normal amylose and amylopectin.*®® However, bet-
ter techniques have shown that su2 amylopectin has longer long B-chains and shorter
intermediate B-chains than does normal amylopectin.*®* The normal (Su2) allele is
completely dominant to su2 for amylose content.?34280-385 Although thermal proper-
ties of starches from kernels with differing doses of the su2 allele were significantly
different, these differences may be due to subtle variation in amylopectin structure.’®’
As with other genotypes, year of production,?® su2 allele examined,?®® the background
into which su2 is incorporated®*®38¢ and different ears within an su2 inbred®® affect
apparent amylose percentage. An extensive study of the properties of su2 starch in a
range of genetic backgrounds demonstrated that thermal properties, as measured by
differential scanning calorimetry, varied significantly.’®> Singh®>> has described a sor-
ghum mutant similar to su2, which also has non-mutant levels of reducing sugars, WSP
and starch, but is higher in sucrose and amylose percentage. An su2 mutant from rice
was recently reported, but not well characterized.*3

Brown et al.2*® reported that starch granules from 18- and 24-day-old su2 kernels
are weakly birefringent and have an A-type x-ray pattern (Table 3.4), in contrast to
the B-type pattern reported for starch granules from mature su2 kernels.3®%3%7 The
BEPT of su2 granules is lower than that of normal granules (Table 3.4).3>3%8 Based
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on these granule properties, the su2 gene has been suggested to cause a reduction in
the molecular association between the starch molecules of the granule;?*® however,
no genetic lesion has been established for su2.

5. Dull

The du mature kernel phenotype varies with background, ranging from full size to
semi-collapsed (Table 3.3). The presence of the ‘normal appearing’ form is best
detected in combination with su-am®%3-37%3% The more extreme expression may be
associated with the presence of a dominant dull-modifier gene.’® Mature kernel dry
weight of du also varies, with some weights similar to those of normal?%°2’° and others
significantly less.?% The sugar concentration is slightly higher and the starch concen-
tration lower than that of normal in both immature?’%?’! and mature?’? kernels.

The amylose percentage of du starch in a dent background is 5-10% higher than
the percentage in normal starch (Table 3.7).3%° Yeh et al.”® found 55% amylose in
starch from mature du kernels in a sweet corn background (Table 3.7). These differ-
ences in reported amylose contents may be due to the SEC separation procedure used
by Yeh et al.”° or to a background effect. The normal (Du) allele is completely domi-
nant to du for amylose percentage.?8*8%-28¢ The amylose percentage is affected by
the du allele,”®® by the background®?®3°! and by the year of production.?%® Although
the amylose percentage is higher than in normal, the polysaccharide components
essentially have similar properties (Table 3.7).33° However, as noted for su2 above,
improved techniques for examining chain lengths in amylopectins have shown that
the ratio of short B-chains to long B-chains in du amylopectins is higher than that
in normal and wx amylopectins.’*!373%2 A du mutant has also been reported for
rice.304393:3%4 This mutant was named based on phenotypic similarities of the mutant
rice kernels and maize du kernels. However, unlike the increase in amylose content
in maize, starch from du rice has a reduced amylose content, and the amylose content
is intermediate between those of normal and wx starches.’*32%° Therefore, some cau-
tion needs to be taken in the comparison of these mutants in rice and maize.

Most du granules are similar in shape, size, birefringence and iodine staining to
normal granules;*>»36%364 however, some irregularly shaped granules and spherical
granules, which have little or no birefringence, have been reported.**3%* Average du
starch granule size is smaller than normal granule size (Table 3.4).27" Cell-to-cell
variation in granule size and morphology has been reported.’** BEPT and x-ray dif-
fraction patterns are similar for du and normal (Table 3.4).3%°

The du kernels have a major developmental gradient similar to normal except for
the presence of slender, thin-walled cells near the developing embryo which appear
partially compressed.** Although du kernels in a dent background do not accumu-
late phytoglycogen,?® those in a sweet corn background do have cells in the central
endosperm with plastids containing phytoglycogen and one or two small starch gran-
ules.* Secondary initiation of granules has been observed in some cells.** The du
kernels have a type-II minor developmental gradient from the outside toward the
interior* in which there is typical starch granule initiation and enlargement for a few
cell layers, followed by an abrupt reduction in number and size of starch granules.
The reduction in starch is accompanied by an increase in phytoglycogen-containing
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plastids. All multiple mutants homozygous for du, but none of the others examined,
had the type-II minor gradient, and Saussy*® suggested that this property was a spe-
cific effect of the du gene.

Phytoglycogen-branching enzyme has been found in du; however, no phytoglyco-
gen was isolated by Black et al.?* Preiss and Boyer**® reported that the du mutation
lowered starch synthase II activity and also lowered branching enzyme Ila activity.
Gao et al.**7 used a molecular approach to clone the du gene in maize endosperms
and, based on amino acid sequence similarity of the predicted protein product with
the soluble starch synthase III of potato,’*® concluded that du most likely encodes
the 180 000 molecular weight, primer-dependent soluble starch synthase described
previously, 39%:400.401

Additional characterization of the two major soluble starch synthases in maize
endosperm indicated distinct catalytic properties.*’? Soluble starch synthase II has
been reported to be encoded by the du gene.’*’ the initially observed reduction in
BElIa is a secondary effect and may be related to protein-to-protein interactions.

6. Amylose-extender Waxy

Mature kernels of ae wx corn are reduced in size compared to normal (Table 3.3).
Similarly, immature and mature kernel dry weights and starch contents are reduced
almost 50%;'27270:272 however, sugar contents are increased.?’%272493:4%4 Only small
amounts of material are recovered in the WSP fraction (Table 3.5).403:404

Apparent amylose percentages of 15-26% have been determined for ae wx using
the blue value procedure (Table 3.6), and it was once thought that ae wx is the only
genotype producing a significant quantity of amylose when wx is homozygous.?’!
However, using potentiometric titration, only 1% amylose was observed, indicating
the presence of little linear material.?® This finding was confirmed by SEC separa-
tions and fine-structure analyses which showed that ae wx starch consisted solely of
loosely-branched amylopectin with long external chains.383%273 A similar loosely-
branched polysaccharide of lower molecular weight is also found in ae wx starch
in a sweet corn background (Table 3.7). In several studies, the ae wx amylopectin
has been shown to have an increased proportion of long B-chains and a decreased
proportion of short B-chains similar to that of ae amylopectin.?332344054%6 [ addi-
tion, the ratio of A- to B-chains was found to be 1.5 in ae wx amylopectin in a dent
background and around 1.0 for the ae wx amylopectin in a sweet corn background
and other wx and du wx amylopectins in both backgrounds.?>* Thus, in this double
mutant, the wx gene is blocking all accumulation of linear polymer, while the ae gene
is interfering with typical branching. Apparently, the enzymes discussed under the
respective single mutants are both functioning independently in the double mutant.

Increasing doses of ae and wx effect kernel phenotype**’ and amylose con-
tent.!?285 Two or three doses of the wx allele significantly decrease apparent
amylose, indicating tighter branching, while two or three doses of the ae allele sig-
nificantly increase apparent amylose content, indicating looser branching, regardless
of the gene dosage at the other locus.'?”?8> Apparent amylose content of ae wx starch
decreases with increasing kernel age,””!?’ indicating tighter branching. Different ae
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alleles combined with wx may also affect the degree of branching, since pollen from
different e wx combinations differs in iodine staining.%®

Kernels of ae wx have the major and minor (Type I) developmental gradients char-
acteristic of normal.¥*** Starch granules are smaller than they are in normal (Table
3.4) and increase somewhat in size with increasing kernel age.>*?3® Considerable
differences relative to starch granule and plastid development have been observed
between dent and sweet corn backgrounds.*** In a dent background, no second-
ary granule initiation, characteristic of ae, is observed; rather, most granules within
a cell seem to develop extensions simultaneously.** These granules remain highly
birefringent.** In contrast, Brown et al.>3® reported that the spherical ae wx gran-
ules have a polarization cross, while the irregular granules only have birefringence
in the outer periphery. No phytoglycogen-containing amyloplasts are observed in ae
wx kernels in a dent background.** In a sweet corn background, secondary granule
initiation is observed, and many amyloplasts contain a starch granule surrounded
by a non-crystalline polysaccharide.** Staining properties of this polysaccharide are
similar to those of phytoglycogen. ‘Phytoglycogen-containing’ plastids of ae wx per-
sist to maturity and, unlike the phytoglycogen plastids in su kernels, contain starch
granules, many of which when isolated and ‘purified’ are still surrounded with the
‘phytoglycogen-like’ polysaccharide.”® The nature of this polysaccharide is unknown,
but it may be similar to that observed in the triple mutant ae du wx described later.

7. Amylose-extender Sugary

Mature kernels of ae su are not as full as those of ae, but are fuller than those of
su (Table 3.3), and their phenotype varies with genetic background (Table 3.3).4%°
Kernel dry weight and starch concentration are reduced relative to normal.?’%*"?
Sugar concentrations are slightly higher than those of normal in immature,?’® but
not in mature,?’? kernels. Minimal WSP levels similar to those in normal were
reported for ae su (Table 3.5); however, later, significant amounts of phytoglycogen
were found.**10 Specifically, in a dent background, ae su endosperm contains 11%
as much phytoglycogen as does su endosperm at 20 days post-pollination. Increasing
doses of ae in a homozygous su genotype result in reduced levels of phytoglyco-
gen.*'% Kernels of ae su in a sweet corn background have a large area of cells
containingplastids with starch granules surrounded by anon-crystalline ‘phytoglycogen-
like’ polysaccharide.** Only a few such plastids were observed in a dent back-
ground.* Thus, background is important in the degree of ae epistasis relative to the
accumulation of ‘phytoglycogen-like’ polymers.

Starch from ae su kernels in a dent background consists of 51-60% amylose, as
determined by the blue value procedure (Table 3.6), with the amylose percentage
increasing with increasing kernel age.’” Yeh et al.,” in contrast, reported that ae su
reduced amylose concentration from 65% for su to 28% for ae su, based on SEC sep-
aration of starch polysaccharides isolated from kernels in a sweet corn background.
Three fractions were obtained (Table 3.7). The first two were loosely-branched, similar
to the amylopectin fractions in ae. Amylose from the third peak fraction was similar
in iodine staining to that from rnormal; however, some short chain length amylose as
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found in ae was present. The second fraction from the SEC column eluted in the same
position as phytoglycogen and may have been the non-crystalline ‘phytoglycogen-
like’ polysaccharide shown to be present with some of the ‘purified’ starch granules.*
However, the iodine complex absorbance maximum of this lower molecular weight
branched component was the same as that of the first component, and similar to that
of the branched components of ae wx (Table 3.7). Neither branched component from
ae su, when complexed with iodine, had an absorbance maximum even close to that
of su phytoglycogen (Table 3.7). A similar lower molecular weight loosely-branched
component comprising 7.5% of ae su starch has been isolated.!””

The major and minor (type I) developmental gradients characteristic of normal*>**
also occur in ae su kernels. Starch granules are smaller than those of normal (Table
3.4) and increase in size with increasing kernel age.’”->3® Secondary granule initia-
tion occurs in ae su kernels similar to that which occurs in ae**** Within some cells
in a dent background, granules are transformed during development into an amor-
phous, non-birefringent form.*3-** Badenhuizen'® reported that spherical granules
from young kernels have an A-type x-ray pattern, but with development, irregular
granules with a B-type x-ray pattern are found. Starch granules and plastid devel-
opment in ae su kernels in a sweet corn background vary considerably from cell to
cell.* Some cells contain irregular granules, others contain granules surrounded by
‘phytoglycogen-like’ polysac-charide and others have plastids with granules in vari-
ous stages of fragmentation.

The effects of both genes can be seen in the double mutant. Phytoglycogen,
as found in su, is produced; however, amounts are reduced in ae su, although to a
lesser degree in a sweet corn background. The ae gene reduces branching, which is
reflected in the two loosely-branched starch fractions obtained by SEC (Table 3.7).
Furthermore, ae probably interferes with phytoglycogen-branching, as ae su phy-
toglycogen is degraded more by (3-amylase than is su phytoglycogen.*!” In su, starch
granules formed initially are broken down and are thought to be utilized in the
production of phytoglycogen. In ae su, the su gene may be responsible for effecting
the partial breakdown of the initially formed granules, but ae interferes with branch-
ing and amorphous irregular granules are formed in a dent corn background, along
with a small amount of phyto-glycogen.** In the sweet corn background, more ‘phy-
toglycogen-like’ polysaccharides are formed, apparently because of modifier genes.*

8. Amylose-extender Sugary-2

The mature kernel phenotype of ae su2 is similar to that of ae (Table 3.3). Dry weight
per kernel is similar to that of su2 and normal, while starch concentration is less than
that of su2, and similar to that of ae.?’%?’? Sugar concentrations in both immature®”°
and mature®’? kernels are higher than those in either ae or su2. Amylose percent-
age, based on blue value determinations, is similar to that in ae (Table 3.6). Amylose
percentage varies between ae sul ears,>*® although su2 and ae alleles have little
effect on ae su2 amylose percentage.?®! No dosage effects are observed.?® Starch
granule sizes and x-ray diffraction patterns are similar to those in ae, and the BEPT
approaches that of ae (Table 3.4).%
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9. Amylose-extender Dull

The phenotype of mature ae du kernels differs from that of both du and ae (Table 3.3).
Compared to normal, dry weight and starch concentrations are reduced, while sugar
concentrations are higher in immature?’’ and mature?’? kernels. The amylose percent-
age of ae du, based on blue value measurements of starch from kernels in a dent back-
ground, is similar to that in ae (Table 3.6). With ae homozygous, the apparent amylose
percentage decreases with increasing doses of du.”®® The 47% amylose determined
by the SEC of starch from ae du kernels in a sweet corn background is intermediate
between the amount in ae and du (Table 3.7). Maximum absorbance of the iodine—amy-
lopectin complex of ae du is similar to that of ae, while the amylose component is closer
to that of du and normal (Table 3.7). The amylopectin fraction does contain an increased
proportion of long B-chains to short B-chains similar to ae and ae wx amylopectins.*?
Thus, also in ae du, the ae gene appears to be interfering with the typical branching of
amylopectin resulting in the production of more loosely-branched polymers.

Although low levels of WSP have been reported in ae du kernels (Table 3.5), Black
et al.2} concluded that no phytoglycogen accumulates in ae du kernels in a dent back-
ground. In contrast, kernels of ae du in a sweet corn background produce numerous
plastids with one or two starch granules surrounded by a thick layer of non-crystalline
‘phytoglycogen-like’ polysaccharide.*?

Kernels of ae du in a sweet corn background are slightly delayed in development,
but have the normal major gradient of kernel development.** The type II-minor gra-
dient characteristic of du is observed in ae du.*> Saussy*® also reported that second-
ary starch granule initiation occurs and that granules assume blocky, elongated and
irregular shapes later in development.

In a dent background, the greatest increase in granule size occurs between 12 and
18 days post-pollination.?3® Granule size is similar to that of ae and du granules, but
less than that of normal granules (Table 3.4). Starch granules of ae du have a B-type
x-ray defraction pattern similar to that of ae (Table 3.4). In contrast, the ae du BEPT
is similar to that of du (Table 3.4).>3%3% In ae du, the ae and du genes appear to be
functioning independently with ae interfering with typical branching, and du causing
the expression of the type-1I minor gradient. In ae du, branching enzyme fractions
I1a and IIb and starch synthase fraction II are considerably reduced.**’ Thus, the dou-
ble mutant expresses the enzyme reductions of both individual mutants.

10. Dull Sugary

The mature kernel phenotype of du su is similar to that of su, although du su kernels
are often more wrinkled (Table 3.3). This genotype has been extensively studied to
evaluate its potential for improving sweet corn quality.*!!*!2 Compared to normal, du
su kernels have reduced dry weight and starch concentration and increased sugar and
WSP concentrations.?’%?7? Sugar?70-272,363.382.411.412 514 WSP (Table 3.5)*6>4!! levels
are similar to those in su, although starch?’?39#!! concentration is lower. Thus, su is
epistatic to du relative to phytoglycogen accumulation.

Widely varying amylose percentages have been reported for du su starch samples
in a dent background when measured by the blue value procedure (Table 3.6). In four
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other reports, du su amylose content ranged from 51% to 66%.284285.360.365 yeh et

al.”® (Table 3.7) reported 70% amylose using SEC. Dvonch et al.’*® stated that du
su amylopectin is intermediate in branching between glycogen and normal amylo-
pectin. The du su amylopectin, as compared to normal amylopectin, has a decreased
proportion of long B-chains and an increased proportion of short B- and A-chains.*"!
However, based on the absorbance maximum of the iodine complex and the absorp-
tivity, the high molecular weight branched fraction from du su in a sweet corn back-
ground appears to be loosely-branched with long external chains (Table 3.7). The du
su amylose fraction is similar to that of du and su alone. No dosage effects have been
observed on amylose percentage.?%¢

The overall kernel and plastid development pattern in du su is similar to that in
su, except that du causes the type-II minor gradient.**> Compound or semi-compound
granules are initially formed, followed by slight enlargement, fragmentation and
accumulation of phytoglycogen. At later stages of development in some cells, the
phytoglycogen plastid membrane ruptures, as in su, and the phytoglycogen mixes
with the cytosol. Saussy*® also reported a lack of secondary granule initiation. No
increase in the average size of du su starch granules is observed between 12 and 24
days post-pollination.?3® Granules of du su are similar in size to those of su (Table
3.4). This lack of size increase is probably due to granule fragmentation.*> Granules
isolated from mature kernels show weak or no birefringence,”® and those from 24-
day-old kernels have a weak A-type x-ray diffraction pattern.3

11. Dull Sugary-2

The mature kernel phenotype of du su2 differs from both du and su2 (Table 3.3).
Sugar and WSP (Table 3.5) concentrations in both immature?’? and mature?’? du su2
kernels are similar to those in du and su2 except that, in immature du su2 kernels, the
sugar concentration is higher than that in su2. Starch concentration is lower than that
in either du or su2*’%?"? and the amylose percentage, as measured by the blue value
test (Table 3.6) or by potentiometric titration,>®” is higher than that in either su2 or du.
No dosage effects on amylose percentage have been observed.?®¢ Isolated du su2 amy-
lose and amylopectin have properties similar to those of normal;**° however, Whistler
and Doane'” isolated 8.7% of du su2 starch as a loosely-branched amylopectin frac-
tion. Average size of du su2 starch granules is similar to that of the single mutants
(Table 3.4). The BEPT of du su2 starch granules is similar to that of su2 granules
(Table 3.4)*® and du su2 granules have an A-type x-ray diffraction pattern (Table 3.4).

12. Dull Waxy

The mature du wx kernel phenotype differs from that of either du or wx (Table 3.3).
Dry weights of mature kernels are similar to those of du and wx and slightly less
than those of normal.?’* Sugar concentrations are higher and starch concentrations
are lower than those in either normal, du or wx immature®’? or mature®’? kernels.
Starch in the double mutant du wx is essentially 100% amylopectin; thus, the wx
mutant is epistatic to du. The absorbance maximum and extinction coefficient of
the du wx branched polysaccharide—iodine complex are the same as for wx (Table
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3.7). However, du wx amylopectin has a reduced proportion of long B-chains, and
an increased proportion of short B-chains, similar to du amylopectin,?33-234390,392,406
When the wx-a allele is combined with du, du wx-a starch contains 9% amylose,
reflecting the increased amylose conditioned by the wx-a allele alone.?%?

Neither du nor wx in a dent background accumulates phytoglycogen (Table 3.5), but
they both contain phytoglycogen-branching enzyme.>> However, when combined in
the double mutant du wx, immature kernels contain up to 11% phytoglycogen (Table
3.5). Although not quantitatively determined, Saussy* reported numerous phytogly-
cogen-containing plastids in endosperm cells of du wx in a sweet corn background.

Starch granule size of du wx at 18 and 24 days post-pollination is intermediate
between du and wx (Table 3.4). The mean BEPT and A-type x-ray diffraction pattern
of du wx starch are the same as for normal and the component single mutants (Table
3.4).3%

Kernels of du wx in a sweet corn background have the major developmental gradi-
ent typical of normal and a type-II minor gradient characteristic of du.** Secondary
granule initiation is observed in many cells. Granule shapes vary from spherical to
irregular-blocky. Plastids containing starch granules surrounded by phytoglycogen
are generally located in the more mature cells of the central endosperm region.*3

13. Sugary Waxy

The su wx mature kernel phenotype is similar to that of su (Table 3.3). Immature
and mature®’ kernel carbohydrate composition is similar to that in su, except that su
wx starch is composed of 100% amylopectin (Table 3.6). The starch component in
su wx has properties similar to those of both wx starch and the amylopectin com-
ponent of su starch (Table 3.7).°°° However, the amylopectin of su wx has shorter
long B-chains than normal or wx amylopectins, as found in su amylopectin.?>* With
su homozygous, increasing doses of wx reduces amylose concentration.?®* The WSP
content (Table 3.5), 3-amylolysis limits and chain lengths of su wx phytoglycogen
are the same as those of the phytoglycogen from su.?* In a dent background, com-
binations of the diverse su alleles described in Section 3.7.3 with wx were found to
contain more phytoglycogen than did the single alleles.*!! Immature kernels contain
phytoglycogen-branching enzyme.?* Starch granules isolated from su wx are small,
aggregated and compound (similar to su granules), and phytoglycogen is completely
removed from the starch granules during isolation.”® The granules are strongly
birefringent (similar to those from wx).”® Thus, wx is epistatic to su relative to the
absence of amylose in the starch, and su is epistatic to wx relative to soluble sugar
and phytoglycogen concentrations, kernel phenotype and starch granule size.

270,352

14. Sugary-2 Waxy

The mature kernel phenotype for su2 wx is similar to that for wx (Table 3.3).
Mature?’? and immature?’? kernel dry weights and carbohydrate compositions are
similar to those of the single mutants. The wx mutant is epistatic to su2, resulting in
starch with approximately 100% amylopectin (Table 3.6). The amylopectin of su2 wx
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starch was found to have A:B-chain ratios and chain lengths similar to those of nor-
mal and wx amylopectins.*

15. Sugary Sugary-2

The su su2 mature kernel phenotype is similar to that of su (Table 3.3). This geno-
type has been extensively evaluated for its sweet corn improvement potential 337412
Immature?’%*!! and mature?’? kernel carbohydrate compositions approach that of su
kernels; however, starch accumulation is reduced.?’®*!! The apparent amylose per-
centage is similar to that of su2 starch (Table 3.6). Apparent amylose concentration
increases with increasing doses of su2 when su is homozygous and with increasing
doses of su when su2 is homozygous.?® Starch granule size (Table 3.4)*° and BEPT
(Table 3.4)% are similar to those of su. Thus, su2 is epistatic to su for apparent amy-
lose concentration, while su is epistatic to su2 for starch granule size, carbohydrate
composition and mature kernel phenotype.

16. Amylose-extender Dull Sugary

The mature kernel phenotype for the triple mutant ae du su is similar to that for su
(Table 3.3). Sugar concentrations of mature?’? and immature®’® ae du su kernels are
higher than those of either of the single mutants or the double mutants ae du or ae
su, while starch concentration is similar to that in su and the two double mutants. The
amylose percentage is close to that of normal when measured by either the blue value
test (Table 3.6) or SEC (Table 3.7). However, in contrast to normal, a major proportion
of the branched polysaccharide is smaller than typical amylopectin (as is that of ae su),
and it elutes from an SEC column at an intermediate position (Table 3.7). The absorb-
ance maximum and absorptivity (extinction coefficient) of the branched polysaccha-
ride—iodine complexes are similar to those for ae and ae su, and are characteristic of
loosely-branched polymers. The absorbance maximum of the amylose—iodine com-
plex is similar to that of normal, du, or su, but the absorptivity is lower than for either
(Table 3.7). No short chain amylose has been found in ae du su starch.*

Phytoglycogen accumulates in su and du su kernels, but not in ae or du ker-
nels (Table 3.5). In the double mutant ae su, ae is epistatic to su, but addition of
du allows a somewhat larger amount of phytoglycogen to accumulate (Table 3.5).
Phytoglycogen-branching enzyme has been reported in su and du, but not in ae or
ae su.?* Apparently, the branching enzyme activity resulting from addition of du to
ae su is sufficient to partially overcome the inhibitory effect of ae on phytoglycogen
accumulation.

Endosperms of ae du su in a sweet corn background have the normal major devel-
opmental gradient and a type-II minor gradient characteristic of du.*> Secondary
starch granule initiation has been observed. Starch granules from ae du su are similar
to those from du su and are weakly birefringent.*>°° Various starch granule shapes,
from simple spherical to irregular, are observed in granules from immature** and
mature kernels.” Starch granule fragmentation and disappearance concomitant with
increased phytoglycogen in plastids, characteristic of su, also are common in ae du
su.* Thus, su is epistatic to ae du relative to plastid type.
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17. Amylose-extender Dull Sugary-2

The mature kernel phenotype of ae du su2 differs from each of the component sin-
gle or double mutants (Table 3.3). Sugar and starch concentrations of both mature?’?
and immature®’ kernels of ae du su2 are similar to those of ae su2 kernels. Sugar
concentrations are higher than those in the single mutants or other double mutants in
this combination, while starch concentration is lower.?’%?’> The quantity of WSP is
higher in mature and immature kernels of ae du su2 than it is in normal or any of the
single and double mutants in this combination (Table 3.5). However, Black et al.??
did not detect phytoglycogen in ae du su2, and the nature of the WSP has not been
determined. Apparent amylose percentage of ae du su2 starch is similar to that in du
and su?2 starch, but is lower than that in ae starch (Table 3.6).

18. Amylose-extender Dull Waxy

The mature kernel phenotype of the triple mutant ae du wx differs from any of the
single mutants (Table 3.3). Starch concentration is low compared with the component
single and double mutants, while sugar concentrations are several-fold higher.?7%-*72
WSP concentration in ae du wx kernels in a dent background is lower than in du wx,
but is similar to the quantity in the single and other double mutants (Table 3.5). Little
if any of this WSP is phytoglycogen.?® In contrast, amyloplasts from ae du wx in a
sweet corn background frequently contain one or two starch granules surrounded by a
non-crystalline polysaccharide.***%*4 The structure of the non-crystalline polysaccha-
ride has not been determined, but the iodine-staining property appears to be similar to
that of phytoglycogen in situ. However, in contrast with phytoglycogen in su kernels,
it is not readily removed from the granules during granule isolation.”**'# Extraction of
the isolated granules with 10% ethanol removes some polysaccharide.”® This extracted
material is largely composed of branched polysaccharides of intermediate size having
the same polysaccharide—iodine complex absorption maximum as the granules after
10% ethanol extraction, with this maximum higher than that of su phytoglycogen.”

These genes have been incorporated into sweet corn inbreds, and a new type of
vegetable corn that is intermediate in sweetness between standard sweet corn (su)
and sweet corns based on the sh2 mutation has been introduced.*!> This hybrid,
‘Pennfresh ADX,’ has the advantage of extra sweetness at harvest and sugar retention
for an extended time in storage.%*

Starch from ae du wx kernels is composed entirely of branched polysaccharides
that are largely of intermediate size between amylopectin and amylose (Table 3.7).
The absorbance maximum and absorptivities of their iodine complexes are similar
to those of amylopectin from wx and du, rather than those of the loosely-branched
polysaccharides of ae, ae double mutants, and other ae-containing triple mutants
(Table 3.7). Branching patterns were examined in four backgrounds (three sweet corn
and one dent) and found to vary with background.?>* However, consistent differences
were observed across lines when compared to wx amylopectin. A shorter length
was observed for longer B-chains as seen in du wx amylopectins, while a distinct
population of longer short B-chains was observed. Both du and wx kernels contain
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phytoglycogen-branching enzyme.?* In combination, they apparently overcome the
effect of ae, resulting in the production of polysaccharides, both granular and non-
granular, which are more highly branched than those of ae amylopectin (Table 3.7).

Endosperm of ae du wx in a sweet corn background has a major developmen-
tal gradient typical of normal and a type-II minor gradient characteristic of du.*’
Saussy*’ reports that starch granule and plastid development in ae du wx is similar to
that of du wx.

19. Amylose-extender Sugary Sugary-2

The mature kernel phenotype of the triple mutant ae su su2 differs from that of any
of the component mutants (Table 3.3). Mature kernel dry weight is similar to that
of ae su, and sugar and starch concentrations are intermediate between those of su
and su su2 and those of ae, su2, ae su and ae su2.>’”> Mature and immature kernels
contain intermediate levels of WSP (Table 3.5). This WSP has not been character-
ized and may or may not be similar to the phytoglycogen accumulating in su ker-
nels. Starch from ae su su2 kernels has been reported to contain 31-54% apparent
amylose (Table 3.6). Starches from ae su su2 have not been separated by SEC, and
thus the relative sizes of the polysaccharides and degrees of branching have not been
established.

20. Amylose-extender Sugary Waxy

The mature kernel phenotype of the triple mutant ae su wx differs from that of any
of the component mutants (Table 3.3). The dry weight per mature kernel is similar to
that of ae su and higher than that of su, ae wx and su wx.?”> Quantities of sugars and
WSP (Table 3.5) in mature?’? and immature®’® kernels are intermediate among the
component single and double mutant combinations. Starch content is relatively low,
but higher than that of su.2”! The WSP fraction contains phytoglycogen (Table 3.5)
with characteristics similar to su phytoglycogen.?* Kernels of ae su wx contain phy-
toglycogen-branching enzyme.??

Starches of ae su wx are reported to contain 13—14% apparent amylose when
measured by blue value tests (Table 3.6), but Ye h et al.”® (Table 3.7) showed that the
apparent amylose is due to the loosely-branched nature of the starch polysaccharides.

Amylopectin of ae su wx contains the higher proportion of long B-chains seen in
ae and ae wx amylopectins, but these are shorter than wx amylopectin as seen in su
wx amylopectin.?> Thus, wx blocks amylose accumulation, ae influences the degree
of branching and su influences branch chain length. The absorbance maximum and
absorptivity of the polysaccharide—iodine complex is similar to that of ae wx (Table
3.7). Starch granules isolated from mature ae su wx kernels vary from large spherical
granules to small aggregated and compound granules.”® Most granules are strongly
birefringent, but occasional phytoglycogen-containing plastids and non-iodine-
staining and non-birefringent granule particles are present in the starch granule
preparation.”®
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21. Amylose-extender Sugary-2 Waxy

The ae su2 wx kernel phenotype differs from each of the component mutants (Table
3.3). Mature ae su2 wx kernel dry weight is intermediate between that of the lighter
ae and ae wx kernels and the heavier su2, wx, ae su2 and su2 wx kernels.?’?> The
quantities of sugar in both mature?’> and immature®’® ae su2 wx kernels are similar
to those in ae wx, while WSP and starch concentrations are somewhat higher. The
small amount of WSP present (Table 3.5) has not been characterized, and its similar-
ity to phytoglycogen is unknown. The ae su2 wx starch has been reported to contain
28% amylose (based on blue values) (Table 3.6). Although not yet determined, this
apparent amylose is most likely due to the presence of a loosely-branched amylopec-
tin similar to that present in ae wx®®?7® The A:B-chain ratio and chain lengths for ae
su2 wx amylopectin were found to be similar to those of wx amylopectin.**®

22. Dull Sugary Sugary-2

The mature kernel phenotype of the triple mutant du su su2 is similar to that of su
(Table 3.3). Also, sugar concentrations in both mature®’? and immature?’® du su su2
kernels are similar to those in su, but WSP and starch contents are higher and lower,
respectively, in du su su2. Various amylose percentages have been reported (Table
3.6). The 77% amylose observed in one study®®® is the highest percentage observed
in genotypes lacking ae; however, because of the low starch content, this genotype
has little or no commercial value. As observed with other genotypes, amylose per-
centage varies with year of production.®® Starch granules of du su su2 are small, sim-
ilar to su,>%* and exhibit little or no birefringence.?*>*%" Starch components from du
su su2 have not been separated by SEC, so the precise nature of the polysaccharides
is unknown.

23. Dull Sugary Waxy

The mature kernel phenotype of du su wx is similar to that of su (Table 3.3). The
quantity of sugars is similar to that in su.?’%?’?> Addition of du to su wx causes an
increase in WSP (Table 3.5) and a decrease in starch content.”’?> The phytoglycogen
from du su wx has a 3-amylolysis limit and chain length similar to that of su. The
enhanced phytoglycogen accumulation may result from the additive effect of the
branching enzymes present in each of the component single mutants.??

Starch from du su wx is approximately 100% amylopectin (Table 3.6) and consists
of large- and intermediate-size polymers (Table 3.7). The absorbance maximum and
absorptivity of the amylopectin—iodine complex are similar to those for wx and du wx
amylopectins (Table 3.7). However, the long B-chains are shorter than those in either
wx or du wx amylopectin.>> Starch granules isolated from mature du su wx kernels
vary from small spherical to aggregated and compound granules.”® Although most
granules are strongly birefringent, non-iodine staining and non-birefringent granu-
lar particles are also observed.”® The granular particles probably are the same as the
ultra-fine starch granule fragments reported by Saussy.**
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Young kernels of du su wx have the major gradient in endosperm develop-
ment characteristic of normal and the type-II minor gradient characteristic of du.*’
However, later in development, much of the central endosperm consists of a non-
cellular cavity containing starch granules and ‘phytoglycogen’ plastids.*3 Cells near
the pericarp contain amyloplasts with small, compound granules, while more inte-
rior cells are filled with large ‘phytoglycogen’ plastids void of starch, which appear
unique, in that the plastid contents are essentially unstained by iodine.*? Since the (3-
amylolysis limit and mean chain lengths of phytoglycogen from du su wx are similar
to those for su,'® the reason for the difference in staining properties of phytoglycogen
plastids in du su wx and su is unknown.

24. Dull Sugary-2 Waxy

The mature kernel phenotype of the triple mutant du su2 wx differs from that of any
of the component mutants (Table 3.3). Mature kernel dry weight of du su2 wx ker-
nels is similar to that of the component mutants.?’> Sugar concentrations in both
mature?’? and immature?’® kernels are similar to those in du wx kernels. The content
of WSP is slightly higher and that of starch lower in du su2 wx kernels as compared
to du wx kernels (Table 3.5). The WSP has not been characterized, and its similarity
to phytoglycogen is unknown. Starch from du su2 wx kernels is 100% amylopectin
(Table 3.6), reflecting the effect of wx. The BEPT of du su2 wx starch granules is
low, reflecting the influence of su2.3%°

25. Sugary Sugary-2 Waxy

The mature kernel phenotype of the triple mutant su su2 wx is similar to that of su
(Table 3.3). Kernel dry weight and carbohydrate concentrations in both mature?’?
and immature®’? su su2 wx kernels are similar to those in su su2 kernels. The WSP,
the concentration of which is elevated (Table 3.5), is assumed to be phytoglycogen,
although it has not been characterized. The wx gene is epistatic to su su2, resulting in
the accumulation of starch composed of 100% amylopectin (Table 3.6). Starch gran-
ules show little birefringence.*>° The BEPT is low, similar to that of su2 starch.>>’

26. Amylose-extender Dull Sugary Waxy

The mature kernel phenotype of the quadruple mutant ae du su wx differs from each
of the component mutants (Table 3.3) and varies depending on the sweet corn inbred
background (Garwood, unpublished). Mature kernel dry weight is similar to that of
su kernels.?®® Starch from ae du su wx consists of 100% amylopectin (Table 3.7),
with most of the polysaccharides of intermediate size.”® The degree of branching of
the major component (intermediate size) is similar to that of wx amylopectin (Table
3.7). Aqueously isolated granules contain starch granules with associated non-bire-
fringent polysaccharides similar to those in ae du wx, and extraction of the granule
preparation with 10% ethanol removes 27% of the total polysaccharide.”® The addi-
tion of su to ae du wx increases the occurrence of small, aggregated and compound
granules.”
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Endosperm development in ae du su wx is similar to that in du su wx, with the
type-II minor gradient observed and the central endosperm cavity being present by
27 days post-pollination.** Starch granule and phytoglycogen plastid development in
ae du su wx is similar to that in su, except that the quadruple mutant has greater
apparent phytoglycogen content at 16 days post-pollination than does su or any other
mutant combination.*> However, with development, there is increasing deterioration
of the plastids and central endosperm cells.*?

VIIl. Conclusions

By using mutants of maize and other species, progress has been made in understand-
ing the pathways and enzymes involved in starch biosynthesis and the fine structure
of starch polysaccharides. However, starch biosynthesis (Chapter 4) and granule for-
mation are still not completely understood. Thus, integration of the information on
polysaccharide biosynthesis (Section 3.6) with that on mutant effects (Section 3.7),
is necessary to fully understand polysaccharide biosynthesis and to delineate the lim-
its of this knowledge.

A number of maize endosperm carbohydrate mutants have been shown to influence
the in vitro activity of particular enzymes (Table 3.9). To date, modification of a spe-
cific enzyme activity has not been related to the su2 mutation. Effects shown in Table
3.9 need not necessarily be the primary effect of a mutant, but are the ones known at
this writing. Screening for enzyme activities by earlier workers probably would not
have detected changes in isozyme activities involving the multiple forms of phosphory-
lase, starch synthase, branching enzyme and starch debranching enzyme that exist in
plants. Thus, more careful examination will be needed to identify additional enzyme
lesions. In addition, molecular approaches have provided new tools to define gene—
enzyme relationships. For example, the cloning of the su gene in maize'”! has further
supported earlier observations that this gene encoded a starch-debranching enzyme.'”°
A similar molecular approach has been used by Myers, James et al.**74%! to clone the
Du gene, which most likely encodes the 180 000 molecular weight primer-dependent
soluble starch synthase.?*”#"! Other experimental approaches, including transforma-
tion to over- or underexpress a given enzyme, may be needed to gain information on
the precise pathway of starch biosynthesis in intact, compartmented plant cells.

Mutations such as sk, sh2 and bt2 cause major blocks in the conversion of sucrose
to the sugar nucleotides UDPG and ADPG (Table 3.9), indicating the key in vivo roles
of sucrose synthase and ADPG pyrophosphorylase in starch synthesis. The su mutant
allows the accumulation of phytoglycogen due to the activity of phytoglycogen-
branching enzyme*®®*% and the deficiency of debranching enzyme discussed above.
Phytoglycogen-branching enzyme activity was also found in wx and du,>* but these
mutant kernels did not produce phytoglycogen, except when they were incorporated
into a sweet corn background.*® Thus, the presence of the branching enzyme alone is
not sufficient for phytoglycogen production, and the balance of the pathway as influ-
enced by background can alter the final glucan products. The double mutant du wx
contains phytoglycogen-branching enzyme and also accumulates phytoglycogen.?®
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Table 3.9 Summary of mutant effects in maize where an associated enzyme lesion has been reported

Genotype Major biochemical changes® Enzyme affected
sh T sugars | starch | sucrose synthase
sh2 1 sugars | starch | ADPG-pyrophosphorylase
T hexokinase
bt2 T sugars | starch | ADPG-pyrophosphorylase
sh4 1 sugars | starch | pyridoxal phosphate
su T sugars T phytoglycogen | starch 1 phytoglycogen-branching enzyme
| starch-debranching enzyme
wx = 100% amylopectin 1 starch-bound starch synthase
| phytoglycogen-branching enzyme
@ T loosely branched | branching enzyme Ilb

polysaccharide
T apparent amylose %
du T apparent amylose % | starch synthase
| branching enzyme lla
1 phytoglycogen-branching enzyme

bt1 T sugars T ADP-Glc | starch T membrane bound proteins
2Changes relative to normal, T, | = increase or decrease, respectively. Sugars = the alcohol-soluble
sugars

Approximately 100% of amylopectin is produced in kernels homozygous for wx
(Table 3.6). In wx, the major starch granule-bound starch synthase is missing, but the
two soluble starch synthase activities are unaffected.?*> The ae mutant interferes with
typical branching causing accumulation of a loosely-branched polysaccharide (Table
3.7). The presence of this polymer causes an increase in ‘apparent’ amylose percentage
when measured by iodine-binding methods (Table 3.6). The starch-branching enzyme
IIb, which co-elutes with starch synthase I from DEAE cellulose columns, is missing
in ae, but the presence of starch-branching enzymes I and Ila are unaffected.?*?

Interaction of these mutants further clarifies the biosynthetic pathway. For example,
the wx mutant is epistatic to all other known maize endosperm mutants and no amy-
lose accumulates (Table 3.6). Mutants such as sh2, bt2 and su cause major reductions
in starch accumulation, but when in combination with wx, the starch produced is all
amylopectin.?’! In the double mutant ae wx, wx prevents the production of amylose
and ae reduces the degree of branching, resulting in the accumulation of a loosely-
branched polysaccharide.®® The su mutant is epistatic to du, su2 and wx relative to
accumulation of phytoglycogen, but ae and sh2 are partially epistatic to su, causing a
marked reduction in the su stimulated phytoglycogen accumulation (Table 3.6). The
addition of du or wx to ae su partially overcomes the ae inhibitory effect, and phy-
toglycogen accumulates.

Obviously, our understanding of starch biosynthesis is still incomplete, since
mutants occur for which the primary metabolic effect has not been determined.
Continued evaluation of isozymes and effector compounds, and studies of the in vivo
pattern and rate of *C labeling of intermediates of starch biosynthesis in normal,
mutants and mutant combinations should aid in clarifying the nature of the muta-
tions and the pathways of starch biosynthesis. Other aspects of starch formation
also remain to be explained. For example, how are starch granules formed as the
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amylopectin molecules are branched and debranched? How do reserve starch gran-
ules develop species-specific shapes? Does UPTG'® as the amylopectin molecules
are branched and debranched only function in initial primer production very early in
development prior to starch granule formation or does it continue to synthesize glu-
cosyl primers in the amyloplast stroma that are necessary for further polysaccharide
synthesis during development?

In spite of these limitations to our complete knowledge of starch biosynthesis,
information about the pathway of starch biosynthesis gained from studies of maize
endosperm mutants can probably be generalized to other plant species because
related mutants have occurred in peas, sorghum, barley, rice and Chlamydomonas,
and because the same enzymes are found in starch-synthesizing tissues in other plant
species. Variation in the number of isozymes and their developmental expression, and
variations in cellular compartmentation, however, could result in a range of pathways
with significant differences.
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