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Foreword

Wheat has a long history of serving as an important food crop to mankind.
Especially in the Northern Hemisphere, it has been appreciated as a major
source of energy through its carbohydrates, and in more recent times for its
supply of valuable proteins. This combination of carbohydrates and proteins
gives wheat its unique properties for making breads of different kinds of
tastes.

During the course of history, the quality of wheat has improved stead-
ily, undoubtedly for a long time by accident, and for reasons little under-
stood. Over the last 150 years our knowledge has increased on farming and
crop husbandry, on bringing about improvements through goal-oriented plant
breeding, and on milling and baking technology, leading to the standards that
we enjoy today. This process will certainly continue as our knowledge of the
genetic reservoir of wheat species increases.

The European Cereal Atlas Foundation (ECAF) maintains the aim of in-
creasing and disseminating knowledge about cereal crops. Within that scope
ECAF has decided to publish a book on the history of bread wheat in Europe,
the development of associated bread-making technology, and the breeding of
bread wheats during the twentieth century.

As ECAF is a Dutch foundation, its Board is particularly pleased to have
found three Dutch scientists willing to contribute to this volume. Two of them
have served wheat science in the Netherlands for their entire scientific careers,
spanning a period starting around 1955 and lasting for several decades of very
productive wheat science development.

Dr Bob Belderok, who contributed the first part of this book, has long
experience in the Institute for Cereals, Flour and Bread (IGMB) of TNO,
Wageningen (now part of TNO Nutrition and Food Research International,
Zeist), and is an internationally recognised expert on wheat milling and bak-
ing technology. He has worked at the interface of technological development
and plant and grain quality characteristics for many years. ECAF acknow-
ledges TNO’s contribution through making it possible for Dr Belderok to
utilise data and information collected during and after his service with them.

Ir Hans Mesdag spent his entire scientific life in the cereal department of
the Foundation for Agricultural Plant Breeding (SVP), now merged into Plant
Research International, part of Wageningen University and Research Centre.
His careful experimens with wheat germplasm gathered from all corners of
the globe and with genotype-environment interactions that influence the bread-
making quality of breeding lines — the most promising of which were made



available to Dutch plant breeding companies — made him renowned among
his practical wheat-breeding colleagues.

Ir Dingena Donner, after a substantial period of international wheat breed-
ing on several continents, has served ECAF as a member of the Board and has
maintained the secretariat of the editorial committee preparing this book. Her
editing work and her contribution to the second part of the book, as co-author
with Hans Mesdag, has been of critical value to this publication.

The Board of ECAF is much indebted to Dr Cees Mastenbroek, himself
a successful wheat breeder and one who has been acknowledged for his
international activities for the benefit of plant breeding. As ECAF’s former
chairman, he played a great part in the early initiatives to write this book. As
chairman of the editorial committee, his continued interest had an important
influence on the final content of the book.

Many other specialists have made contributions: they are acknowledged
for their specific efforts at the end of the appropriate chapter for each country.
In addition, ECAF is much indebted to Mr Ian Cressie of Cressie Commu-
nication Services for his correction of the English manuscript and to Kluwer
Academic Publishers for the publication of this book.

I sincerely hope that this book, explaining the state of the art of breed-
ing for bread wheat at the beginning of the twenty-first century, and with
its description of what has been the history of purposive wheat breeding
for bread-making quality during the twentieth century, will help the next
generation of wheat quality engineers — farmers, technologists, biochemists,
breeders, geneticists, plant physiologists and many others — to further improve
wheat, one of the world’s tastiest basic foods.

Kesteren, June 2000 On behalf of the Board of ECAF
Leo A.J. Slootmaker, chairman
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Statistics

Anonymus (1927) La distribution du froment dans le monde. Rome: Institute
of International Agriculture.
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(1987) see chapter 7, part
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PART ONE
Developments in bread-making processes

B. BELDEROK

Former head of cereal research of

TNO Nutrition and Food Research Institute,
Zeist, The Netherlands



1. Historical introduction

1.1. Introduction

Since time immemorial, cereals have played an important role in human
nutrition. They have been grown by man for thousands of years, beginning
long before the Christian era. Botanically, cereals belong to the grass family
(Gramineae), which is subdivided into several genera.

In temperate zones, one can readily find representatives of the genera like
wheat, barley, rye and oats. Wheat and barley are grown on relatively fertile
soils, whereas rye and oats are more adapted to poor (acid and dry) soils.
Maize is the most important cereal crop in subtropical zones, although it is
grown in temperate zones too.

In tropical zones, rice, sorghum and various kinds of millet are grown.
Rice is the main crop in areas where water is sufficiently available (South-
East and East Asia). In areas where water is limited (Africa), mainly sorghum
and maize are cultivated, whereas millet is a ‘famine crop’ that is able to
thrive under extremely dry conditions. Rice, sorgum and millet are as im-
portant for the population of tropical areas as wheat is for the population of
temperate areas.

Wheat, rice and maize are spread widely over the world. The importance
of wheat is mainly due to the fact that its seeds can be ground into flour,
semolina, etc., which form the basic ingredients of bread and other bakery
products, as well as pastas (e.g. macaroni, spaghetti).

1.2. Evolutionary history of the hexaploid bread wheats

Wheat in its present-day form has gone through a long and interesting evo-
lution (Maynard Smith, 1958; Riley, 1975). The origin of the genus Triticum
(wheat) is found in Asia and parts of Africa, in the area that stretches from
Syria to Kashmir, and southwards to Ethiopia. This is where cultivated wheats
gradually evolved from wild plants, in the very distant past long before the
birth of Christ.

The genus Triticum consists of several species, which can be divided into
three basic natural groups, each distinguished by the number of chromosomes
in the generative and vegetative cells. Pollen and unfertilized egg cells contain
7, 14 or 21 chromosomes. In vegetative cells this number is doubled. Con-
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sequently, diploid, tetraploid and hexaploid wheat species carry 2 x 7 = 14;
4 x 7 =28 and 6 x 7 = 42 chromosomes, respectively.

Today’s commercial wheats (durum wheat and common or bread wheat)
are products of natural hybridization of ancestral types, none of which now-
adays is still of any commercial importance. The best known ancestor of our
modern cultivated wheats is Triticum monococcum, einkorn wheat, a diploid
wheat containing two sets of seven chromosomes. The haploid set of the
chromosomes of a distinct diploid species is called a genome. The genome of
monococcum is called the A-genome. Genetically, plants of this species can
thus be described as AA plants.

Archeological findings indicate that a spontaneous cross between a wild
einkorn wheat and an unknown wild grass species with seven generative chro-
mosomes may have occurred sometime before 8000 B.C. This second set of
chromosomes, from the wild grass, clearly differs from the A-genome and is
indicated by the letter B. As the chromosomes of the A- and B-genomes are
not able to pair during meiosis, the hybrid with 2 x 7 = 14 chromosomes
is not fertile. Through spontaneous doubling of chromosomes, however, a
fertile allopolyploid originated with 28 chromosomes, 14 derived from T.
monococcum and 14 from the unknown grass parent. The genome of this
tetraploid species is called the AB-genome. Genetically, plants of this species
can be described as AABB plants.

The wild tetraploid Triticum dicoccoides and the cultivated tetraploids
Triticum dicoccum and Triticum durum developed in a similar way. T. di-
coccoides and T. dicoccum are often referred to as emmer wheats. 7. durum
is grown widely nowadays as durum or pasta wheat, with numerous cultivars
in Mediterranean countries and North America.

The origin of the 42 chromosome common or bread wheats, Triticum aes-
tivum, is more remarkable. It was presumed for a long time that these wheats
were allohexaploid hybrids of the tetraploid T. dicoccoides and some diploid
species with 14 somatic chromosomes. The discovery of a technique to ex-
perimentally produce polyploids by treatment with colchicin made it possible
to confirm this assumption and to identify the other parent. It proved to be the
species Aegilops squarrosa, also called Triticum tauschii, a species without
any economic value that grows as a weed on the borders of wheat fields in the
Near East. Aegilops has a somatic chromosome number of 14. These chro-
mosomes belong to the D-genome (the term C-genome had already been used
to characterize other Triticum species). Therefore, the genome of T. aestivum
is called the ABD-genome, and plants of this species can be characterized by
the formula AABBDD.

The artificially produced allopolyploid hybrids were fully fertile and re-
sembled bread wheats in appearance. When crossed with bread wheats, a



DIPLOID SPECIES (14) X DIPLOID SPECIES (14)
T. moncoccum unknown wild grass
einkorn wheat

INFERTILE HYBRID (14)

|

FERTILE ALLOPOLYPLOID (28) X AE. SQUARROSA (14)
‘emmer’ -like wheats Triticum tauschii

|

INFERTILE HYBRID (21)

l

FERTILE ALLOPLYPLOID (42)
bread wheats

Figure 1.1. The probable evolutionary history of the hexaploid bread wheats according to
Maynard Smith (1958) (somatic chromosome numbers are shown between parentheses).

fertile offspring arose. Thus, it was possible to reproduce experimentally the
process summarized in Figure 1.1, which illustrates the evolution of bread
wheat.

T. aestivum probably generated spontaneously somewhere on the Iranian
highlands or nearby areas. Archeological finds indicate that this took place
some 6000 years B.C.

The unique milling and baking properties of common bread wheat are
not found among the diploid and tetraploid wheats. Since only the hexaploid
group possesses the D set of chromosomes, derived from Aegilops squar-
rosa, the desirable quality characteristics of bread wheats have been attributed
preponderantly to the presence of this third genomic component.

1.3. Dispersion of wheat in ancient times'

The wild and primitive wheat species from which cultivated wheat has evol-
ved are characterized by a brittle rachis of the ear, which causes the spikelets
to separate; also, the grains are strongly enclosed by the chaff. For man, these
are undesirable features that cause problems during harvesting and thresh-
ing. Moreover, the number of grains per ear in a primitive species is low.
Therefore, the older cultivated wheats with these unwanted characteristics

I For more information see Peterson (1965a).
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have gradually been replaced by types with naked kernels, which are easier
to thresh and have higher yields.

Archeological discoveries not only proved that einkorn and emmer were
grown as crops some 4000 years B.C., but also that these crops were widely
spread over northern Africa and western Europe.

The most primitive cultivated wheat, the diploid einkorn, has been a minor
crop, grown on a smaller scale than emmer; it often has been merely a con-
taminant of emmer. Grains of emmer have been detected in the ruins of Troy,
situated at the entrance of the Dardanelles, a city which was destroyed and
rebuilt several times between 2000 B.C. and the first centuries after the birth
of Christ. The cultivated tetraploid emmer became the most important wheat
and as a result of human migrations around 4000 B.C. its cultivation spread
from the Middle East to Egypt and Ethiopia, and to large areas around the
Mediterranean Sea. There it remained the most widely grown wheat until
somewhat after 300 B.C., when wheats of the type of T. durum, with naked
seeds and a much wider adaptability, began to appear.

Thousands of years of cultivation, continuous gene mutation and cross-
fertilization have resulted in a tremendous variability in tetraploid wheats
derived from the 7. dicoccoides wild type. These wheats have been used to
make both unleavened and leavened bread, and for several other purposes,
some of which are still common today (e.g. bulgur, couscous). During the
time of the Roman Empire, most of the wheats carried from the colonies to
Rome were of the dicoccum/durum species. In the course of a few centu-
ries, around the beginning of the Christian era, 7. durum took the place of T.
dicoccum as the most important species of wheat.

Of all cultivated tetraploid wheats, today 7. durum types are by far the
most important, even though they are grown on only 10% of the whole area
under wheat, the remaining 90% being the hexaploid bread wheats. Durum
wheat is particularly suited to the production of pasta products (macaroni,
spaghetti, etc.).

Literature on the dispersion of hexaploid bread wheats over Europe is
scarce. One may reasonably assume that 7. aestivum came to western Europe
from its area of origin during the second and first millenium B.C. through the
Mediterranean region. During the same period in Europe north of the Alps,
T. dicoccum was replaced in many regions by a hexaploid wheat, T. spelta.
The changeover followed the same course that T. dicoccum had taken earlier:
through the Rhine valley as far as Britain and Scandinavia. Spelt wheat in turn
was replaced by the common or bread wheat. In the late Middle Ages, the
hexaploid wheats T. spelta and T. aestivum occurred widely all over Europe.
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The high chromosome number of hexaploid wheats contributed to their
wider adaptability than species such as einkorn and emmer. This explains the
great dispersion from southwestern Asia in various directions.

By crossing and selecting, man has produced numerous cultivars of hexa-
ploid wheat and it is still the most important wheat species grown in Europe,
North America and Australia today. In particular the flour of T. aestivum is
not only suited for baking bread; it is also used for making biscuits, various
confectioneries and all sorts of pastas.

1.4. Bread making

Man began to cook cereals long before starting to make bread. Some sort of
porridge was probably the first form in which cereals were prepared for food.
This technique of preparation is still practiced by many cultural groups, espe-
cially in Africa. Porridge was, in many cases, succeeded by flat, unleavened
cakes. These primitive forms of ‘bread’ still persist here and there, sometimes
having ritual significance: various porridges, the Scottish oat cake, Indian
chappaties and Jewish unleavened bread.

People from Sumeria, in the southern part of Mesopotamia, were the first
to bake leavened bread. About 6000 years B.C., they started to mix sour
dough with unleavened dough. Sour dough is generated during the natural
yeasting process of flour and water, during which carbon dioxide is formed,
which in turn causes the dough to rise.

The Sumerians transmitted their way of preparing bread to the Egyptians
some 3000 years B.C. The Egyptians perfected the system and started to use
yeast generated from brewing beer. Moreover, they developed a baking oven
which made it possible to bake several loaves at once.

The production of wheat loaf bread was achieved successively by the
Egyptians, the Greeks and the Romans and was considered by them to be
a sign of a high degree of civilization. Bread must have been eaten in large
quantities by well-to-do Jews and Egyptians. In most families, women and
girls ground the grain with hand mills and prepared both leavened and un-
leavened bread.

Bread also represented a substantial part of the daily food in ancient
Athens, as well as later in Rome and other Italian towns. The wheat needed
for its preparation was mainly imported from elsewhere in the Mediterranean
region. In Imperial Rome, much of the baker’s trade consisted of contract
work for the city or town. This meant supplying bread to people in public
institutions, the army, prisons, other official bodies and to citizens — when a
free issue was being contemplated.



8

1.5. Cereals in Europe before and during the Middle Ages

In the Mediterranean region, long before recorded history, various cereals
formed a substantial part of the human diet. For some time, barley was grown
more extensively than wheat and apparently it was considered to be more
valuable for human consumption, albeit closely followed by wheat.

A considerable amount of information is available about the crops grown
in Britain during the period between 1200-1700 A.D. (McCance & Wid-
dowson, 1956). Wheat, rye, barley and oats were the principal grain crops,
beans and other pulses were grown as well. People depended on locally grown
products to a much greater extent than in later centuries.

Throughout the Middle Ages, in central and eastern Europe, rye was more
important than the various species of wheat available at the time. Bread made
from rye, however, was mainly considered as food for the poor. When rye
was in short supply, it was supplemented with flour from oats, peas, beans
and sometimes even acorns. Rich people ate bread prepared from a mixture
of wheat and rye flour. In the Mediterranean basin, however, rye was hardly
known. Around the middle of the 18th century, wheat became more and more
popular and gradually most people began to eat wheat bread, although the
poorest still had to content themselves with rye bread.

Cereals were not only needed for making bread and other foodstuffs but
also to brew beer. Coffee and tea were not known until the 17th century,
available water was of poor quality and wine was expensive. It is therefore
not surprising that beer, albeit a weak brew, was a common drink for a large
part of the population.

1.6. Amsterdam — the granary of Europe?

Up to the 13th century, cereal production in northwestern Europe was suf-
ficiently high as to fulfill the needs of the population. As the numbers of
inhabitants increased, it gradually became necessary to import cereals from
countries with a surplus, for example the Baltic states.

An intensive commercial network was set up between the larger cities
of northwestern Europe (London, Boston (England), Bruges, Antwerp and,
especially, Amsterdam) and the more remote areas of the Mediterranean and
the Baltic. As far as the exchange of cereals was concerned, contacts between
Amsterdam and the Hanseatic cities of north Germany were the most valu-
able. Connections between these cities had been established as far back as the

2 For more information see Heyder (1979); Schama (1987).
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13th century, when Dutch cargo ships sailed along the coast to Hamburg and,
by the end of that century, they even dared to extend their journeys to Jutland,
the Sont and the Baltic. Hamburg was considered a transit harbour between
west and east. Several merchants from Hamburg settled in Amsterdam and at
the beginning of the 15th century even formed their own guild.

It is not surprising that in Amsterdam, through contacts with German
merchants, a growing interest developed in commercial activities with the
German home cities, especially after Dutch sailors became familiar with the
trading routes. That is how the first commercial traffic between Amsterdam
and Hamburg, Liibeck, and several other German cities was established. Later
on, these cities were no longer visited as business was done directly with the
countries bordering the Baltic.

The main products imported into Holland from Russia and the Baltic states
were wheat, rye, wood, furs, bacon, beer, linen, cloth and wool; while sim-
ultaneously butter, cheese, wine, (Flemish) cloth, tin, lead, salt and later on
herring (common food for our ancestors) were exported from Holland into
other countries in northwestern and northeastern Europe.

Cereals, especially, were traded in such large quantities that Amsterdam
was said to be the ‘Granary of Europe’. At the end of the 16th and the begin-
ning of the 17th century some 1000-1200 ships sailed through the Sont every
year, of which more than half was loaded with cereals for Amsterdam.

From Amsterdam, Flanders could be reached by interior waterways. In
the 14th, 15th and most of the 16th century, Bruges and Antwerp had been
the staple markets for goods (including cereals) imported from countries on
the Mediterranean and from France, southern Germany and England. These
products were reloaded in Bruges and Antwerp and shipped to Amsterdam to
be sold on markets there.

The central position of Amsterdam in the European grain trade lasted until
the end of the 18th century. Developments in other countries, not the least
of which were in northern America and Russia, led to a situation in which
Amsterdam lost its leading position in the trade.

1.7. Landraces

Ever since wild aestivum wheats were first domesticated, new forms of wheat
have arisen from time to time in farmers’ fields through hybridization, gene
mutation and natural selection. Those types that were more adapted to cul-
tivation than the stock from which they arose tended to survive. Farmers
probably applied some kind of conscious or unconscious selection by dis-
carding apparently poor plants or by choosing healthy ones for sowing. As a
result, landraces or groups of landraces developed.
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Until late in the 19th century, wheat varieties of the countries of north-
western Europe consisted mainly of such landraces. They were well adapted
to the regions where they were grown, for example by being sufficiently frost
resistant. However, they were often mediocre in features such as yield or
strength of straw. As landraces are usually quite heterogeneous, it has often
been possible to select distinct types with improved yield, strength of straw
or other agronomic properties.

Landraces are generally named after the region from where the seed was
obtained or after the region where they originally were grown. Little is known
about types of landraces cultivated before the 17th century. Most information
dates from the 19th and 20th centuries (Zeven, 1986 and 1990).

Landraces can be categorized into landrace groups. As an example, the
most important groups cultivated in the Netherlands during the 19th and 20th
centuries were:

— Zeeuwse landrace group. Races belonging to this group covered French
and Belgian Flanders, the Dutch province of Zeeland, parts of Essex,
Great Britain and probably adjacent regions. They were awnless, had
white glabrous glumes and white grains. Their frost resistance was low.

—  Ruwkaf Essex landrace group. Landrace material of this group was intro-
duced from Great Britain into the Netherlands. It was marked by awnless
ears, pubescent white glumes and white grains. The original material
was probably grown in Essex.

— Gelderse landrace group. This group was introduced into the Nether-
lands in the 19th century from regions around Cleve, Goch and Geldern
in western Germany. The same material was introduced into other parts
of Germany and has, therefore, covered a large part of western Europe.
Originally the wheat of this group came from eastern Europe. The group
is characterized by awnless ears, red or white glabrous glumes and red
grains.

— Squarehead landrace group. Squarehead is a wheat type that was dis-
covered in 1865 in Great Britain and later introduced into the Nether-
lands. The period of cultivation was too short to allow complete adapta-
tion.
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1.8. The second half of the nineteenth century

The 19th century was marked by considerable social and technical changes
(Jacob, 1956). In 1800 the world population was less than one thousand
million people. Fifty years later this number had increased to 1.3 thousand
million. Another fifty years brought the total world population to about 1.8
thousand million. This growth has not stopped, and in the year 2000, at the
end of the 20th century, the world population reached already 6 thousand
million. This increase in population, especially in Europe, created an import-
ant incentive to strive for higher production levels in agriculture, including
animal production. The application of mineral fertilizers to reduce specific
nutritional deficiencies largely contributed to growth in production.

At the same time, enormous economic and industrial changes were tak-
ing place. The possession of overseas colonies meant an important source of
income for the state budget of many European countries and it offered the op-
portunity to spend more money on the development of an infrastructure to the
benefit of trade and industry. A considerable increase in the use of the steam
engine during the 1880s led to a network of railroads and an improvement in
the navigability of the main waterways.

The changes that took place in North America during this period markedly
affected the wheat trade in Europe. Wheat was brought to the northern part
of the present-day United States by Russian Mennonites in the 1830s and
early 1840s. Here, production became important after immigrants started to
cultivate the Great Plains in subsequent decades: North and South Dakota,
Nebraska, Kansas, Oklahoma, Texas, New Mexico, Colorado, Wyoming and
Montana. A similar development took place in Canada. There, wheat had
been imported from France at the beginning of the 17th century. In the follow-
ing period, provinces such as Manitoba, Saskatchewan and Alberta developed
into very important wheat producing areas.

This rapid increase in wheat production was partly due to immigrants
having at their disposal vast areas of virgin arable land, especially in the 19th
century. These settlers came from various European (relatively poor) coun-
tries expecting to build a better life in the New World. Farms were very large
by European standards. Many immigrants brought seeds of crops, including
wheat, with them from their native lands. This provided a considerable range
of wheat varieties for trial on farms in the new territories.

At more or less the same time, mechanization in agriculture made a great
leap forward (Jacob, 1956; Peterson, 1965b). The use of huge horse-drawn
reapers (McCormick), self-binders and steam-powered threshing machines
made it possible to harvest vast areas of wheat in a short time. In the 20th
century, these machines were replaced by combine harvesters, integrating the
functions of reaping and threshing in one single operation.
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The construction of a railway network across the North American con-
tinent was an efficient way to open up the western part of the United States.
Wheat could then be transported cheaply to the Atlantic and the Pacific coasts,
from where it was shipped to Europe. Most Canadian wheat was transported
to the Atlantic coast via Winnipeg and the Great Lakes. Some was transported
by train to Vancouver and from there shipped to Europe.

The enormous scale on which wheat was produced in North America
made it possible to offer the product on the European market for relatively
low prices. In addition, North American wheats had higher protein levels
and excellent baking qualities compared to most European wheats. Therefore
flour mills in Europe, especially those in England, where industrialization had
recently flourished, showed a clear preference for American and Canadian
wheat. Practically all wheat used for bread making, in most of the north and
western European countries, was imported from the New World, hence the
term ‘American Wheat Imperium’. This situation lasted for most of the 20th
century. Even in 1950, about 75% of the bread wheat processed in Western
Europe was obtained from the United States and Canada.

In the second half of the 19th century, both in the Old and the New World,
a start was made with the deliberate breeding of wheat varieties with im-
proved agronomic and technological qualities such as earliness, disease re-
sistance, high yield and good baking properties. This work was based on the
theory of evolution as developed and propagated by Lamarck and Darwin.

As an example, the history of the famous Canadian variety Red Fife is
described briefly. At first breeding of common red wheat in Canada consisted
mainly of bringing seed from Europe and subsequent selection by individual
farmers. About 1842, David Fife, a farmer in Ontario, discovered a plant
of spring growth habit in a plot of winter wheat that had been grown from
seed received from Europe. The progeny of this plant gave rise to a high
yielding variety possessing excellent milling and baking qualities that came
to be known as ‘Red Fife’. It was introduced into Western Canada about 1882,
and from then until 1908 it was the leading variety in that region. The variety
was introduced into the United States in about 1860 and proved to be a great
success there too. Red Fife, via the variety Yeoman, is an ancestor of many
improved British and French wheat varieties.

After about 1880, the trade in high-quality seeds developed in Europe and
several breeders and their families, such as De Vilmorin, Rimpau and Von
Lochow grew to prominence. The breeder Hyalmar Nillson, who in 1886
became the first director of the breeding station of the Sveriges Utsiddeforen-
ing in Svalof (Sweden), was famous for his consistent application of line
selections in wheat. In the Netherlands, L. Broekema started to cross English
Squarehead types, with stiff straw and high yields, and the Zeeuwse Witte, a
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local variety with relatively good baking qualities. The result was the famous
variety Wilhelmina, with white grains, which was introduced on the market
in 1901.

1.9. The twentieth century

The rediscovery of Mendelian laws in 1900 by De Vries, Correns and Von
Tschermak resulted in a new understanding in genetics. As a result wheat
breeding was modernized, offering new possibilities and prospects.

In Europe, a growing tendency to become independent of wheat imports
from the USA and Canada developed. To achieve this goal, the activities of
breeding stations all over Europe were increased, resulting in a great number
of new varieties. Much attention was paid to yield capacity, disease resistance
and tolerance to climatic stress factors; milling and baking qualities were
also taken into account. European breeders were well aware that the task of
equalling the quality of wheats from across the ocean was a hard one.

During the first years after the Second World War, Europe spent all its
energy on rebuilding its economy. Scientific research during the second half
of the 20th century indicated that increasing application rates of nitrogen fer-
tilizer, especially its split application, resulted in grain yields considerably
higher than had been achieved up till then. In addition, the use of herbi-
cides and fungicides contributed significantly to this production increase. In
France, for instance, average wheat yield in the years 1950-1955 was 2100 kg
per ha; in the period 1980-1985 yields increased to an average of 5180 kg per
ha. Ten years later (1994-1995) the average yield per hectare was 6450 kg.
Similar developments took place in other countries.

In 1957, six countries (Belgium, Germany, France, Italy, Luxemburg and
the Netherlands) signed the Rome Convention, in which they agreed to co-
operate economically in the European Community. The Rome Convention
included a separate chapter on the subject of agriculture. After a transitional
period, the Common Market for agriculture became a fact in 1967. For most
products a so called market plan was introduced, such as for cereals, dairy
products, sugars, meat and oil-producing seeds.

One of the basic principles of the new agricultural policy was that of com-
munal preference. This meant that customers in the European Community
(EC) should give preference to products from one of the other member coun-
tries. In order to give wheat from EC-countries a better chance on the market,
the price of wheat from ‘third countries’ was kept artificially at a higher level
than that of EC wheat. Moreover, when possible, better prices were paid for
wheat with good bread making quality. This stimulated breeders to pay more
attention to the milling and baking quality of their breeding material.
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In 1973, Denmark, Ireland and the United Kingdom entered the Com-
munity, followed in 1981 by Greece, in 1986 by Portugal and Spain and in
1995 by Austria, Sweden and Finland. The Europe of Fifteen, now referred to
as the European Union (EU) covers a market of some 375 million consumers.

Liberalization of the world trade in the 1990s led to a new Common
Agricultural Policy (known as CAP reforms) in the European Union, with
substantial changes in the subvention system for agricultural products. In or-
der to reach a more market-oriented price system, intervention in the pricing
of most agricultural products, including cereals, was reduced to a minimum.
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2. The wheat grain

2.1. Anatomy'

The fruits of most plants contain one or more seeds which, at ripeness, can be
easily separated from the rest of the fruit tissue. For Gramineae this is differ-
ent: a fertilized egg cell in the ovary develops into a single seed, comprising
the whole fruit. Fruit wall (pericarp) and seed coat are united (Figure 2.1),
as a result the seed and fruit cannot be separated. This type of fruit, which is
characteristic for all grasses, including cereals, is given the botanical term of
caryopsis.

Figure 2.2a shows a whole wheat grain of a length of about 5 mm. The
kernel has a somewhat vaulted shape with the germ or embryo (the future
plantlet) at one end, and a bundle of hairs, which is referred to as the beard
or brush at the other end. Figure 2.2b shows a cross-section of the grain, in
which the endosperm is clearly visible. The endosperm is rich in starch and
contains the proteins that will form the gluten at dough making. The ventral,
flat side of the grain has a rather deep crease. The endosperm is surrounded
by the fused pericarp and seed coat. The endosperm mainly contains food
reserves, which are needed for the growth of the seedling.

Figure 2.2c shows an enlarged view of part of the endosperm. The section
consists for the greater part of prismatic cells, filled with starch granules
embedded in protein. In the centre of the grain (not shown in this picture)
these cells are round. Only the outer endosperm, the aleurone layer, has a
different structure: it consists of a single layer of cells of cubic shape. The
‘inner endosperm’, i.e. the endosperm without the aleurone layer, is referred
to as mealy or starchy endosperm. The aleurone layer is rich in proteins and
enzymes, which play a vital role in the germination process.

During the first stage of milling, the outer layers of the wheat grain, i.e.
the bran, are separated from the mealy endosperm. The fracture is located
right under the aleurone layer. This means that bran is made up of the fused
pericarp, plus the seed coat, plus the aleurone layer.

Wheat grains have either a dark, orange-brown appearance (red wheats
or red-seeded wheats) or a light, yellowish colour (white wheats or white-
seeded wheats). There was a time when many countries preferred white-
seeded wheats. In Europe this preference has gradually disappeared and main-
ly red-coloured varieties are grown nowadays. The main reason for this

! For more information see Evers (1988); Hoseney (1986); Kingswood (1975).
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Figure 2.1. Wheat grain cut lengthwise through crease.

Figure 2.2. Scanning electron microscope images of wheat grains: (a) intact wheat grain, at
the right the beard, at the left the germ; (b) cross section of a grain, at the right the crease; (c)
detail of the cross section picture.

change is that white wheats are more susceptible to pre-harvest sprouting than
the majority of the red wheats. White wheat varieties are grown particularly
in Australia, and to a lesser extent in Canada and the USA.

In brief, the wheat grain is constituted by three distinct parts: the germ
(embryo), the bran and the mealy endosperm. Wheat grains contain 2-3%
germ, 13-17% bran and 80-85% mealy endosperm (all constituents conver-
ted to a dry matter basis).
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2.2. Chemical composition?

The moisture content of commercial lots of wheat may vary between 12 and
18%, depending on the weather during harvest.

Until recently, the composition in percentages of wheat fibres were based
on analysis of crude fibre material according to a method developed by Ween-
de. The values resulting from this analysis tend to be rather low. A more
accurate method was inroduced later by Van Soest: the Neutral Detergent
Fibre (NDF) method. It measures the ‘dietary fibres’ and results in higher
values that correspond more closely to reality. The fibre contents mentioned
in Table 2.1 have been measured using the NDF method. As a consequence,
the values for carbohydrates are lower than those for the method of Weende.

Table 2.1. Chemical composition of the whole wheat grain and
its various parts (converted to percentages on a dry matter basis)

Whole Mealy Bran Germ
grain  endosperm

Proteins 16 13 16 22
Fats 2 1.5 5 7
Carbohydrates 68 82 16 40
Dietary fibers 11 1.5 53 25
Minerals (ash) 1.8 0.5 7.2 4.5
Other components 1.2 1.5 2.8 1.5
Total 100 100 100 100

Most of the mealy endosperm consists of food reserves: 82% carbohydrates
(mainly starch), 13% proteins and 1.5% fats. The contents of minerals (ash)
and of dietary fibres are low, 0.5% and 1.5%, respectively.

More than half the bran consists of fibre components (53%). Proteins and
carbohydrates each represent 16% of total dry matter. The mineral content is
rather high (7.2%). The two external layers of the grain (pericarp and seed
coat) are made up of empty cells and are dead. The cells of the inner bran
layer, i.e. the aleurone layer, are filled with living protoplasts. This explains
the rather high levels of protein and carbohydrate in the bran.

Finally, the germ is rich in proteins, fats, carbohydrates and dietary fibres.
The mineral level is also rather high (4.5%).

2 For more information see Pomeranz (1988).
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2.3. Grain hardness

Note that the terms hard wheat and soft wheat, used in official EU reg-
ulations, do not have the same meaning as described in this section. EU
officials use the term ‘hard’ wheat exclusively for durum or macaroni
wheats, and the term ‘soft” wheat for aestivum or bread wheats, irrespective
of the hardness of their grains.

Wheat varieties vary widely in grain hardness. Two categories are distin-
guished: varieties with ‘hard’ and varieties with ‘soft’ grains. The kernels
of hard wheats often, but not always, have a dark, shiny aspect and they look
vitreous. Soft grains have a more opaque, floury appearance.

Grain hardness is a character of particular interest to the milling and bak-
ing industries. Hard grains exhibit more resistance to grinding than soft wheat
grains; the several methods for determining grain hardness are based on this
property (see Section 8). In general, hard wheat grains have a higher protein
content than soft ones. Growing conditions also play a role.

Hard wheats result in more damaged starch than soft wheats in the milling
process. In bread, this damage largely contributes to the soft texture and
the gentle, pleasant mouthfeel of the crumb; moreover starch damage has
a retarding effect on the bread going stale. Soft wheat flours, on the other
hand, have less damaged starch. They are more suited for the production of
biscuits, cakes, crackers, wafers, etc. The lower protein content and the finer
granulation of a soft wheat flour undoubtedly contributes to its suitability for
these products.

The inheritance of grain hardness has been documented by Symes (1965,
1969), who in crosses between soft and hard wheat cultivars demonstrated
that in most cases one single gene is responsible for grain hardness. However,
in some cases grain hardness is caused by more than one gene. For a wheat
breeder, these are important conclusions, since the conversion of a soft wheat
variety into a hard one, and vice versa, should be relatively easy by means of
crossing and back-crossing.

Photographs taken with a SEM (Figure 2.3) clearly show that differences
in hardness can be related to differences in the interior structure of the endo-
sperm cells (Belderok, 1973).

Figure 2.3a shows a European wheat variety with soft grains that are low
in protein content (10.9% on dry matter basis). Elliptical starch granules are
clearly visible. The surface of these granules is generally smooth but dents
can be seen on a few spots. Probably these dents have been caused by neigh-
bouring starch granules that were in the way during the growing process.
Between the starch granules, one can see a small number of round, angular
particles of smaller size and lighter shade. The light-coloured particles are
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Figure 2.3. Scanning electron microscope images of endosperm cell contents: (a) image of a
soft European wheat variety; (b) image of a middle-hard Northern-Spring wheat; (c) image of
a hard and vitreous Australian Prime-Hard wheat.

what are known as protein bodies. The image suggests that, inside the cell,
starch granules and protein bodies exist as discrete particles without much
coherence. Furthermore, one can discern small voids, which are actually filled
with air. Such a loose structure scatters light falling in many directions and
causes the mealy, floury appearance of soft wheat grains.

Figure 2.3b shows the inside of an endosperm cell of a US spring wheat
variety, with a medium-hard grain structure and a protein content of 16.5%
of total dry matter. In spite of a relatively high protein level, cell elements
are more or less the same as in Figure 2.3a. However, the distribution of the
protein is both in the form of protein bodies and a paste spread between the
starch granules. This causes a higher degree of consistency of cell content.

Figure 2.3c shows an extremely hard, vitreous Australian Prime-Hard
wheat with a protein content of 17.8% (dry matter basis). The protein bodies
do not appear as separate particles, but as a paste that is spread between the
starch granules, covering them completely. Obviously the content of this cell
is much more coherent than that of the cells shown in Figures 2.3a and 2.3b.
The compact structure and the absence of voids between the starch granules
explain the vitreous appearance of Prime-Hard wheat, since most light passes
right through the grains and is not reflected.
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3. Milling of wheat

3.1. Introduction'

Most cereal grains are used either for the production of animal feed or for the
milling of flour for human consumption.

If used as an animal feed, the grains have only to be crushed to obtain a
granulated product. Any type of mill may be used for this purpose. In most
cases it will be a hammer mill, which in one processing step fragments the
grains and pulverizes them by a beating action of hammers.

The grinding of wheat for human consumption, however, has to meet
higher standards and is called milling. The main purpose of milling is to
completely separate bran and germ from the mealy endosperm and to thor-
oughly pulverize the mealy endosperm into middlings, semolina and flour
(definitions of these substances are given in Section 3.4). This is achieved
through the shearing and scraping action of millstones (in windmills and
watermills) or mill rollers (in a modern flour-milling factory). In this process
it is essential to extend slightly the floury particles to such a degree that their
internal structure is made loose. In German this is called ‘Auflosung’. The
water absorption capacity at doughmaking will be higher in a flour with a
loose structure and it will form a more elastic and stronger dough than in a
flour with a compact structure. Milling of flour for human consumption is
achieved in three steps:

1. cutting open the grains,
2. scraping bran from semolina and other floury substances, and
3. reducing the size of the semolina and middlings to form flour.

3.2. Conditioning or tempering

In European mills, grains of soft-kerneled wheats are usually brought to mois-
ture contents of 16% and hard-kerneled wheats to 17.5%. Higher moisture
levels are required for milling extremely hard wheats. Duration of tempering
varies from about 8 hours (for soft wheats) to 24 hours (for hard wheats).

A tough bran and a friable mealy endosperm are prerequisites for an ef-
ficient separation of the two. As the bran becomes progressively tougher and
less brittle with increasing moisture content, milling will produce flour that

! For more information see Hoseney (1986); Bass (1988).



22

is less contaminated by bran dust, thus being whiter and having a lower ash
content. The mealy endosperm is rendered mellower and more friable with
the addition of the correct amount of moisture. However, excessive moisture
causes flaking, whereas insufficient moisture leads to undue pulverization.
Since an ideal moisture distribution is achieved when the bran is slightly
damper than the endosperm, a second light tempering (about 0.5% moisture)
is often applied shortly (less than 1 hour) before milling.

To improve the physical state of the grains for milling, the actual milling
process is preceded by conditioning or tempering of the wheat. This process
involves the addition or removal of moisture (wetting or drying, respectively)
for definite periods of time, in order to obtain the desired moisture content in
the mass of grain, and the desired distribution of moisture throughout each
kernel.

3.3. Milling

3.3.1. Milling in a traditional mill

In windmills and watermills, cereals are ground between a pair of horizontally
placed millstones. The lower or bed stone is fixed to the floor of the milling
room. The upper stone rotates on a central axis. The two stones are approx-
imately 1.5 m in diameter, but the thickness of the stones may vary from mill
to mill. Wheat is poured from a bin in the upper storey of the mill into a hole
(the eye) in the centre of the upper stone (Figure 3.1). In this way the wheat is
positioned centrally between the two millstones. The upper-side of the lower
stone and the under-side of the upper stone are fluted (Figure 3.2).

The distance between the two stones is in the centre about 1 cm, in the
periphery less. During the first few rotations the grains are cut and broken
by the edges of the flutings, which work like scissors. Thereafter, the milling
good goes in a spiral movement towards the periphery of the stones, where
the next step of the process takes place: the inner part of the grains, i.e. the
mealy endosperm, is separated from the outer part, i.e. the bran. The large
and medium-large endosperm particles that are released during this process
are called semolina. The diameter of these particles can vary from about 300
pm to 750 pm.

Finally, the ground particles end up in the outer 15 cm of the millstones,
where the distance between the stones is the smallest. Here, the semolina is
rubbed into dust-like particles: flour. Floury particles ground on a millstone
have a diameter of about 200 wm or less.

If the stones are properly set, the tough bran will remain intact. The flour
that is ejected from between the millstones will be a mixture of bran, pure
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Figure 3. 1. Driving gear of a stone-mill.

Figure 3. 2. Carves on the milling surfaces of the two millstones (H. Titulaer, Miihlsteinbau,
Geldern 1-Veert D).
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flour and semolina that has not been fully ground. Such a mixture is referred
to as whole-wheat flour. This whole-wheat flour may be led through a round
sieve (a bolter) in order to obtain pure flour.

3.3.2. Milling in a roller-mill

Around 1850 the idea arose, first in Switzerland and later in Hungary, to use
porcelain or steel rollers instead of millstones. The diameter of these rollers
is 25 or 30 cm and their length may vary between 100 and 150 cm. The
rollers are positioned horizontally in pairs and rotate at different speeds in
opposite directions. The distance between the rollers can be adjusted. Por-
celain rolls are not used any more. Roller-mills have certain advantages over
traditional stone-mills. The capacity of a roller-mill is much larger than that
of a windmill or watermill. The range of products from a roller-mill is larger
and better geared to the needs of industrial processing. Moreover, a roller-mill
does not require the laborious and time-consuming sharpening of the furrow
edges of the millstones. It is, therefore, not surprising that many modern flour-
milling factories have been created since the 1880s, in Europe as well as in
North America. Life without these mills is hard to imagine nowadays. Roller-
milling is a cleverly designed process. Although most of the work in a modern
mill is done by special machines (e.g. rollers and plansifters) considerable
milling experience and skill are still required to obtain good results. Roller-
milling comprises several grinding steps, each being followed by a sifting
operation. Broadly speaking, the grinding stages may be grouped into two
successive sytems: the break system and the reduction system.

The break system. Primarily, the break system aims to bring about a virtual
separation between the bran and the mealy endosperm. It is carried out with
the aid of corrugated or fluted iron rollers, called break rollers (Figure 3.3).
They operate in pairs, revolving in opposite directions and at different speeds
(the speed differential is approximately 1:2). The process includes successive
milling steps, in which the corrugations of the rollers become progressively
finer and the milling gap (distance between the rollers) smaller. Under each
pair of rollers a set of horizontal sieves (plansifters) is placed so that the
milled product is graded according to size. End products of the break system
are mainly coarse offals (bran), germs, coarse endosperm particles (semolina,
300-750 pum and middlings, 125-300 um) and a certain amount of flour
(diameter less than 125 pm).

The reduction system. Primarily, the reduction system aims to reduce coarse
endosperm particles (semolina and middlings) to flour fineness. It involves a
series of reduction steps in which, as in the case of breaking, the rollers are set
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Figure 3. 3. The milling of wheat with two break rollers.

progressively closer at each successive processing step. The reduction rollers,
also, operate in pairs. They have smooth, slightly roughened (mat) surfaces;
and speed differentials are 4:5 (in Europe) or 2:3 (in USA and Canada). Each
reduction is again followed by plansifters, through which the ground material
is sifted according to particle size. The reduction process is repeated several
times until ultimately most of the mealy endosperm has been converted to
flour.

End products of the reduction system are mainly: fine offals (shorts) and
fine endosperm particles (flour).

To illustrate the milling steps in some more detail, the simple flow diagram
of the experimental laboratory mill in Figure 3.4 will be discussed here.

Conditioned wheat is fed to a pair of corrugated chilled-iron rollers known
as the first break-rollers, one of which revolves at two-and-a-half times the
speed of the other. The space between the first break-rollers is such that the
grains are broken mainly into relatively coarse pieces with a minimum of
crushing, so as to avoid powdering the bran (powdered bran cannot be sepa-
rated from flour).

The material released from the first break-rollers passes to a sifter machine
(plansifter), which separates the particles according to size by means of a
stack of horizontal sieves of increasing degrees of fineness. The sieve sizes
are (from top to bottom) 750, 300 and 125 wm, thus dividing the grinding
stock into four fractions: coarse materials (larger than 750 pm), semolina
(between 300 and 750 pm), middlings (between 125 and 300 p«m) and flour
(smaller than 125 pum).

The finest material (flour) leaves the mill and passes directly to the flour
bag. Intermediate-sized particles, those larger than flour particles, are sent to
the first reduction rollers (semolina) or (the smaller particles, middlings) to
the third reduction rollers.
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Figure 3. 4. Flow diagram of an experimental mill.

The coarsest particles are fed to the second break-rollers, which have finer
flutings and are set closer than the first break-rollers. Again, the resulting
grinding stock is divided into four sieve fractions: coarse material, semolina,
middlings and flour.

After passing through the third break-rollers, the coarse material (overtails
of the top sieve) consists of bran flakes from which almost all endosperm has
been removed. The second and third break-rollers are meant to scrape all
endosperm off the bran skin, releasing the mealy endosperm in large particles
of semolina and middlings and leaving the bran in large flat flakes so that it
can be easily removed. Note that the production of flour is not the main object
of the break system.

The coarse endosperm particles released from the break-rollers are fairly
pure, i.e. free from bran fragments. They are fed to reduction rollers, where
smooth rollers crush these particles into flour. One roller revolves at 1.25
times the speed of the other. The smooth rollers desintegrate the endosperm,
whereas most of the tougher bran and germ particles are merely somewhat
flattened and can thus be sifted out. The reduction rollers (designated as
first, second, third, and fourth reduction rollers) are set progressively closer
together.

Thus, the main object of the reduction system is the production of flour.
In addition to flour, fine offals are obtained, called shorts. The simple mill
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diagram in Figure 3.4 shows only one offal. This byproduct consists of small
bran fragments to which some endosperm is still attached. It also contains
germ. In contrast to bran, germ can be easily separated from the endosperm,
due to its putty-like consistency. It will flatten rather than pulverize under the
force of the rollers.

Laboratory roller-mills exist in many sizes and capacities. The smallest
can mill 100 g of wheat into flour within a few minutes. The largest have
capacities of about 100 kg/h or more. All these mills, even the smallest,
produce flour which is comparable to flour of commercial mills. They may
be used in ordinary laboratory analyses such as those carried out by milling
and breeding companies (including baking trials on a micro-scale).

3.4. End-products of milling and their application

Semolina is a milling product consisting of coarse particles of mealy endo-
sperm with a diameter of 300-750 wm. Middlings are a product consisting
of intermediate-sized endosperm particles with a diameter of 125-300 pm.
Both are used as ingredients in porridge and for the production of pastas.
Flour consists of fine endosperm particles of less than 125 pm diameter. It
is used for making white bread, confectionary products, and certain pasta
products. Besides fine endosperm particles or flour, meal contains a certain
amount of flaky bran and, sometimes, germ. It is used for making light and
dark types of brown bread. In so-called whole-meal flour and whole-meal
bread, the endosperm, bran and germ are present in the same proportion as
they are in wheat grains.

3.5. Milling quality

In a commercial mill, the aim is to obtain a maximum yield of flour with a
‘healthy’ white colour. As described in Section 2, mealy endosperm generally
has a very low ash content (about 0.5%), whereas bran and germs are char-
acterized by much higher ash levels (about 7.2% and 4.5%, respectively). In
other words, the lower the ash content, the whiter the flour.

A laboratory-scale mill may give a rough indication of the milling quality
of wheat. A middle-sized mill with an hourly capacity of several kilogram
is well equipped for giving reliable milling figures. Larger mills with higher
capacities will provide more detailed information; they are used exclusively
in the laboratories of flour-milling factories.
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The milling quality* of wheat is determined by successively measuring the

following characteristics in a standard milling experiment:

a) the amount of grain that can be milled per time unit,

b) the flour yield of each milling passage, and

¢) the moisture and ash content of each milling passage.
The values of (b) and (c) need to be converted to a standard moisture content
(approximately 14%). The successive flour fractions are combined till an ex-
traction rate of 70% has been reached. If an extraction rate of 70% cannot be
reached, a small quantity of shorts is added. Finally, the ash content of this
mixture is determined.

The ash content of flour at a standard milling or extraction rate (in our case
70%) is a reliable indication of the milling quality of the wheat. The lower
the ash content, the higher the flour yield in a commercial mill will be. The
ash content of flour may vary between 0.45% and 0.60%.

Theoretically, a reverse technique may be used whereby the flour yield at a
standard ash content (e.g. 0.45%) is taken as a measure for milling quality.
The thus determined extraction rates vary from 67% to 75%. This method
is generally used in commercial milling practice.

3.6. Soft wheat versus hard wheat

In the milling of soft wheats, the mealy endosperm is fragmented indiscrim-
inately. Therefore, the flour particles consist mainly of fragments of single
cells or fragments of clusters of two or three neighbouring cells. The interior
of the cells more or less bulges. When rubbed between thumb and forefinger,
the flour has a soft, ‘woolly’ feel. The flour of soft wheats contains many
loose starch granules and protein particles due to the low degree of cohesion
between starches and proteins. The flour easily sticks together and sifts with
difficulty, tending to close the apertures of sieves.

In the milling of hard wheats, fracturing of the grain follows the middle
lamellas of the mealy endosperm cells. As a consequence, flour particles
consist of one or more intact cells, some with and some without adhering
wall material. As the cohesion between starch and protein is much stronger in
hard than in soft endosperm wheat, the flour contains hardly any loose starch
granules and protein particles. Hard wheats yield a coarse, gritty flour which
is free-flowing and easily sifted. When rubbed between thumb and forefinger,

2 For more information see Russell Eggit & Hartley (1975).
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amore or less ‘sandy’ structure can be felt. The flour yield of a hard wheat is
generally a few percent higher than that of a soft wheat.

3.7. Durum wheat milling

Semolina from durum wheat is the preferred raw material for the manufacture
of pastas (macaroni, spaghetti, noodles). In durum milling, the objective is to
produce a maximum yield of highly purified semolina. Although the same
sequence of operations is involved in the production of semolina as in flour,
the milling systems differ in their design.

Durum wheat milling involves thorough cleaning and proper condition-
ing of the grains, light and careful grinding, and thorough purification. In a
purifier, a shallow stream of impure semolina passes over a large sieve that
is shaken rapidly backward and foreward. An upward air current through the
sieve draws off very light material to dust collectors and tends to hold bran
particles on the surface of the moving semolina so that they drift over the tail
of the sieve.

Cleaning, breaking, sifting and purifying systems are, therefore, much
more elaborate and extensive than in flour mills. On the other hand, the reduc-
tion system is much shorter in durum mills because the primary product is re-
moved and finished in granular condition; reduction rollers are only required
for reduction of the tailings from the various parts of the break system.
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4. Survey of gluten proteins and wheat starches

4.1. Gluten proteins

4.1.1. The composition of wheat proteins

The protein content of wheat grains may vary between 10% and 18% of the
total dry matter. Wheat proteins are classified according to their extractability
and solubility in various solvents. Classification is based on the classic work
of T.D. Osborne at the turn of the last century. In his procedure, sequential
extraction of ground wheat grains results in the following protein fractions:
— albumins, which are soluble in water;
— globulins, which are insoluble in pure water but soluble in dilute NaCl
solutions, and insoluble at high NaCl concentrations;
— gliadins, which are soluble in 70% ethyl alcohol, and,;
— glutenins, which are soluble in dilute acid or sodium hydroxide solu-
tions.
Albumins are the smallest wheat proteins, followed in size by globulins.
The separation of albumins and globulins turned out to be not as clear as
initially suggested by Osborne. Gliadins and glutenins are complicated high-
molecular weight proteins.

Most of the physiologically active proteins (enzymes) in wheat grains
are found in the albumin and globulin groups. In cereals, the albumins and
globulins are concentrated in the seed coats, the aleurone cells and the germ,
with a somewhat lower concentration in the mealy endosperm. The albumin
and globulin fractions cover about 25% of the total grain proteins.

Gliadins and glutenins are storage proteins and cover about 75% of the
total protein content. The wheat plant stores proteins in this form for future
use by the seedling. Gliadins and glutenins are mainly located in the mealy
endosperm and are not found in the seed coat layers nor in the germ.

Storage proteins in wheat are unique because they are technologically act-
ive. They have no enzyme activity, but they have a function in the formation
of dough as they retain gas, producing spongy baked products.

4.1.2. The function of gluten proteins

During mixing of a wheaten dough, gliadins and glutenins absorb a certain
amount of water; the thus hydrated constituents are then transformed into a
coherent protein mass, called gluten. Starch, added yeast and other dough
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components are embedded in this gluten skeleton. The bread-making quality
of a dough depends chiefly on two factors: the quantity and quality of its
gluten.

Gluten quantity. The protein content of wheat grains mainly depends on the
amount of nitrogen available to individual plants during their growth. Another
factor is the number of grains that can profit from this nitrogen: a high grain
number tends to be coupled with a low protein level of the individual grain
and vice versa. The protein level of the grains can be raised considerably by
increasing the amount of N-containing fertilizers. Split nitrogen applications
are common practice nowadays: a first application is given in spring (winter
wheat in early spring, spring wheat at sowing), followed by a second and
sometimes a third during the period from stem elongation until just before
flowering. The aim of the first application is to support initial growth and to
stimulate tillering of the crop. The nitrogen of the second, and perhaps third,
application mainly favours the protein uptake of the grains.

Gluten quality. Yeast produces carbon dioxide out of sugars in the dough.
Cultivars with a good bread-making quality have a dough that is able to pro-
duce and retain a large amount of carbon dioxide in small alveoles. This is
an essential condition for the production of a well-shaped loaf of bread with
a medium-large to large volume. Some wheat varieties do not respond, with
regard to baking quality, in the same way to a higher protein level in the
grains. The quality of the gluten from the plant is mainly determined by its
genetic background; it cannot be changed by changes in environmental con-
ditions or by the use of fertilizers. Higher protein levels will generally result
in higher baking quality, provided that the gluten quality is good. However,
higher levels of N in a variety with a poor protein quality will give only a very
restricted improvement in the baking quality (Figure 4.3).

4.2. Wheat starch!

4.2.1. Composition of the wheat starch

Cereal grains store energy in the form of starch. The amount of starch con-
tained in a wheat grain may vary between 60% and 75% of the total dry
weight of the grain. Starch occurs in seeds in the form of granules. Wheat
has two types of starch granules: large (25-40 pm) lenticular and small (5—
10 pm) spherical ones. The lenticular granules are formed during the first

1 For more information see Hoseney (1986a).
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Figure 4.1. Microscopic view of native and damaged starch granules. Left view under normal
light, right view under polarized light.

15 days after pollination. The small granules, representing about 88% of the
total number of granules, appear 10-30 days after pollination.

Starch is basically a polymer of glucose. Chemically, at least two types of
polymers are distinguishable: amylose, a predominantly linear polymer, and
amylopectin, a highly branched polymer. The molecular weight of amylose is
around 250 000 (1500 glucose molecules) but varies widely. The structure of
this polymer was assumed to be mainly linear, but this appears to be true for
only part of the amylose; the remainder is slightly branched.

Amylopectin is branched to a much greater extent than amylose. So much
that, on the average, the unit chain in amylopectin is only 20-25 glucose
molecules long. Amylopectin has a molecular weight of about 10%. It is truly
a huge molecule — one of the largest found in nature, with 595000 gluc-
ose units, or 30 000 chains with an average degree of polymerization of 20.
Amylopectin is thought to be randomly branched. The ratio of amylose to
amylopectin is relatively constant, at about 23.

4.2.2. Damaged starch

In the process of milling, part of the starch present in the endosperm is mech-
anically crushed; the miller calls this damaged starch. Under a microscope,
damaged starch granules can be easily recognized from native starches, the
former swell in water so that their outline becomes unsharp (Figure 4.1).
These granules are called ‘ghosts’. Undamaged starch granules hardly swell
in water and keep their clear outline completely. Damaged granules can easily
be coloured with a solution of Congo red or a very dilute (0.02-0.03%) iodine
solution. Moreover, damaged granules have lost their crystalline structure
and, as a consequence, no longer show a double fraction in polarized light.
The term ‘damaged starch’ may suggest that this is an undesirable prop-
erty. On the contrary, flour with good bread-making characteristics needs a
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certain amount of damaged starch because it has two properties important in
bread making:
— it absorbs water quickly and in much greater quantities than undamaged
starch, and;
— it can be digested by amylolytic enzymes at dough temperatures to give
various breakdown products, including maltose and dextrins (Figure 4.2).
In certain cases it may even be advantageous to increase the proportion of
starch damage and thus the water absorbing capacity of a flour, i.e. to make
the highest number of loaves possible from a certain amount of flour. This is
only useful in countries where bread is sold by its total weight and not by its
dry matter weight.

Two factors determine the proportion of starch damage. The first is the
wheat-kernel hardness. Milled under the same conditions, a hard, vitreous
grain will sustain more starch damage than a soft, mealy kernel. The second
factor is the milling procedure. At the start of the milling process, bran and
mealy endosperm are separated. The endosperm particles (semolina) are then
reduced to flour. Starch damage can be achieved either under low milling
pressure combined with a large number of milling passes, or under high
milling pressure and less passes. In most flour types, the percentage of dam-
aged starch varies between 4% and 10% of the total dry matter.

As far as loaf volume and other bread-making characteristics are con-
cerned, a proportion of starch damage of some 7% of the dry matter content
of the flour is considered to be optimal. On the other hand, the damaged starch
content should not exceed the 9%, because the dough and the bread crumb
will then become sticky, causing problems in the slicing of the loaf.

The percentages in this section have been determined according to the
67-30 method (Approved Methods of the American Association of Cereal
Chemists, AACC, St Paul, Minnesota, 1990). In most UK laboratories the
Farrand method (Cereal Chemistry 41, 1964, 98-111) is used, which gives
values that are considerably higher than those of the AACC method.

4.2.3. Enzymes®

Because cereals store their excess energy as starch and contain relatively high
levels of this substance, it is not surprising that the starch-degrading enzymes
have been studied extensively.

Cereals contain two types of amylases: «-amylase and B-amylase. Alpha-
amylase is an enzyme that breaks glucosidic bonds on a more or less random
basis. The result of the enzyme action is a rapid decrease in the size of
large starch molecules and thereby a rapid reduction of the viscosity of a

2 For more information see Hoseney (1986b).



34

starch suspension. Enzymes work much faster on damaged starch than on nat-
ive starch, although given sufficient time, they will also degrade undamaged
starch granules.

B-amylase is an enzyme that breaks down starch at the ends of the poly-
mers and releases maltose molecules (maltose is a disaccharide sugar con-
taining two glucose residues). It, thus, reduces a linear chain to maltose.
B-amylase cannot pass a branch point on the starch chain.

If the amylose were completely unbranched, one would expect that only
maltose would be produced from amylose. Actually only about 70% of the
amylose is converted to maltose, indicating that some branching does occur.
With amylopectin, only about 50% is converted to maltose, the remainder
being a large molecular-weight (10*) B-limit dextrin.

The combination of «- and B-amylase degrades starch quite rapidly and
much faster and more completely than either alone. Each break that «-amylase
makes, produces new ends for B-amylase to attack. A mixture of the two
enzymes does not, however, completely degrade starch, as neither enzyme
can break the branch points in amylopectin. In general, a combination of the
two enzymes results in about 85% conversion of starch to sugar.

There are two types of «w-amylase, green amylases and malt amylases.
Green amylases occur in immature wheat grains. During ripening, the activity
of this enzyme rapidly decreases, dropping to practically zero at harvest-
ripeness. Malt amylases have a clearly different chemical composition, but
the same working mechanism, as green amylases. They hardly occur in sound,
intact wheat grains. However, when ripe wheat grains start germinating the
activity of malt-amylase enzymes increases rapidly. If this happens under
natural conditions in the field it is called sprouting in the ear.

In some varieties, the activity of the green «-amylases does not diminish
during ripening. Sometimes, it even increases. The result is that ripe grains
of these varieties have a relatively high level of «-amylase, even when they
have not sprouted. This makes the wheat unsuitable for bread making. Some
well-known examples include the English varieties Maris Huntsman, Fen-
man, Kinsman, Mardler and Norman. Each of these is derived from the old
Belgian variety Professeur Marchal, a variety that was frequently used by
English wheat breeders during the 1960s, until this deleterious characteristic
was identified.

Unlike «-amylase, f-amylase is found in sound intact cereal grains. In
general, the level does not increase much as a result of germination.

4.2.4. Sprouting damage

One last aspect of grain quality relevant to bread making is resistance to
sprouting. Under rainy conditions, the grains of some cereal varieties ger-
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minate in the ear either before or at harvest-ripeness, known as sprouting in
the ear. Some wheat varieties never exhibit any sign of sprouting, even in
very poor weather, whereas other varieties are so liable to sprouting that their
grains even germinate after very light rains. Most varieties are intermediate
in this respect.

Research has shown that just-matured wheat grains are usually not able to
germinate. They first have to go through a rest period, called dormancy, which
ends more or less gradually, depending on the variety. Research has also
shown that the length of the dormant period depends on the weather before
harvest: high temperatures and low relative air humidities in the dough-ripe
stage result in a shortening of dormant period; low temperatures and high
relative air humidities result in lengthening of the period. Thus, it is possible
that grains of a variety that is resistant to sprouting in normal years undergo
such a shortening of the dormant period due to hot and/or dry weather in
the dough-ripe stage that they will start to germinate because of rainfall just
before or at harvest time.

Bread made from sprouted wheat has an inferior quality because of the
high a-amylase activity (Section 4.3.1). Therefore, particularly in countries
with a rainy climate, varieties with high sprouting resistance should be chosen
for bread making.

At germination, the endosperm reserves are transformed into soluble com-
ponents that serve as food for the young plant. This process is initiated by
an increase in a-amylase activity in the grains, although no external signs
of germination are yet visible. Only one or two days after the start of the
sprouting process, small rootlets appear at the base of the grains.

The a-amylase activity in grains and flour has proved to be a good in-
dicator of the degree of sprouting. Alpha-amylase activity can be measured
rapidly and accurately with the Hagberg-Perten test (Section 8).

4.3. Components of baking quality

Broadly speaking, baking quality is determined by factors relating to gas
production and gas retention.

4.3.1. Gas production

In wheat milling, a certain percentage of the starch (4-10%) will be damaged
by the pressure and shearing action of the rollers (Section 4.2.2). Damaged
starch can be easily digested by amylase enzymes at dough temperatures to
give the breakdown products, dextrins and maltose sugars.
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In the later stages of dough fermentation, yeast enzymes transform the
maltose molecules into carbon dioxide (CO;) and alcohol. The CO, gas aer-
ates the dough; the alcohol evaporates in the oven during baking. Insufficient
gas production is not a serious defect as it may be easily corrected by adding
extra sugars and/or malt enzymes in the formula.

The dextrins in the bread crumb contribute to the gentle mouthfeel and the
velvety texture of the crumb; moreover, they have a retarding effect on the
staling of the bread crumb.

During bread baking, a high «-amylase activity is undesirable as an excess
of this enzyme will break down too much starch into dextrins, causing the
crumb to become sticky and unpleasant to chew; the bread is also difficult to
slice. On the other hand, the amylase activity should not be too low, either.
For a proper fermentation of the dough, a certain amount of available sugar
is needed as substrate for the yeast.

4.3.2. Gas retention

Gas retention depends on the visco-elastic properties and the quantity of the
gluten. During mixing, gluten forms a skeleton around the starch granules
and part of the endosperm cells. This skeleton holds the CO, formed during
fermentation. The better the extensibility and the elasticity of the gluten, the
better it will hold the CO, enclosed in the dough and so the more the dough
will rise. When, subsequently, the dough is heated in the oven, the protein
skeleton will be fixed, and with it crumb structure and loaf volume. Good
gluten characteristics are found in most of hard, high-protein wheats. In North
American literature, these wheats are often called strong wheats.

The gluten of soft, low-protein wheats is not strong enough to prevent
CO, from escaping readily; this would lead to small loaves of coarse crumb
structure. Soft, low-protein wheats with poor gluten characteristics are often
referred to as weak wheats. Obviously, strong wheats are not required for the
baking of unleavened bread — a type that is eaten in the Middle East and India.

The best test to demonstrate bread-making quality is the baking process
itself (Figure 4.3). The loaf obtained in such a test will be judged according
to several criteria: volume, crust colour, crumb structure and crumb colour.
A very high correlation exists between loaf volume and the total value of
the other bread characteristics. Therefore, loaf volume is mostly used as an
indicator of baking quality.

The lines in Figure 4.4 represent the relationships between loaf volume
and protein content of the flour from three wheat varieties, of good, interme-
diate, and low baking quality. Samples of the Swedish spring-wheat variety
Ring give rise to much larger loaves at a given protein content than those
of the German spring-wheat variety Peko. Thus, the gluten quality of the
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Figure 4.2. Role of starch during milling of wheat and baking of bread.

Figure 4.3. A loaf baked from a flour sample of a breeding line with a good baking quality
(right) and a loaf baked from a flour sample of the old commercial variety Orca (left) with a
poor baking quality; both grown in a trial field in the Netherlands.

former variety is better than that of the latter. The Dutch variety Orca holds
an intermediate position.

N.B. The relationship between protein content of the flour and loaf volume
obtained in a baking test provides the best indication of the bread-baking
quality of a flour sample.

A baking test is too elaborate and too expensive to be used by a breeder
during the early stages of selection. Moreover, usually the quantity of grains
per selected line is not large enough for a standard baking test. Therefore,
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Figure 4.4. The relation between loaf volume and protein content of the flour for three wheat
varieties of good (A), intermediate (O) and poor (@) baking quality.

quite a number of indirect tests for gluten quality have been developed, some
of which are of special interest to breeders: the wheatmeal fermentation test
(Pelshenke test); the Zeleny sedimentation test; the SDS sedimentation test;
the Chopin alveograph test; and the mixograph test. A concise description of
these tests is to be found in Section 8.

4.4. Soft wheat versus hard wheat

Soft-wheat flours have a relatively low protein content and form a soft gluten
with poor gas-retaining properties. They contain a low percentage of damaged
starch (4-6% on a dry matter basis) and, therefore, have low water-absorbing
capacity. They yield doughs of inferior handling quality (which give trouble
in machine baking), and are critical in their mixing and fermentation require-
ments, so that they are more likely to fail in breadbaking. Soft-wheat flours
require less mixing and fermentation than hard-wheat flours to give good
results in the making of biscuits and/or biscuit-like products.
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Hard-wheat flours contain a relatively high content of proteins and form a
tenaceous, elastic gluten with good gas-retaining properties. They are capable
of being baked into well-risen, shapely loaves of bread, possessing a good
crumb structure. They have a relatively high percentage of damaged starch
granules (6-9% on a dry matter basis) and, therefore, require a considerable
amount of water to make a dough of proper consistency. Their doughs have
excellent handling qualities and are not critical in their mixing and fermenta-
tion requirements; for this reason they yield good bread over a wide range of
baking conditions.
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5. Bread making

5.1. Introduction

In addition to its milling properties, wheat needs certain other character-
istics to make it suitable for the production of a particular food item. As
wheat is predominantly milled for bread making, the general term baking
quality usually refers to the specific properties required for the production
of leavened bread. Bread is a traditional food, and the baking profession
has a long tradition. Most European bakeries are small, even sole-trader en-
terprises with their production unit annexed to the main selling point, the
bakery shop. This is common in France, Spain, Italy, Germany and eastern
European countries. Nevertheless, large-scale bakeries with several points
of sale do also exist in Europe, predominantly in the UK and Scandinavia.
Differences between recipes, processes, types of bread, size of the business
and equipment are too large to speak of an average European baker. If one,
nevertheless, wishes to characterize the European baker, one could describe
him or her as a small entrepreneur usually with one point of sale, reason-
ably well equipped, and product- rather than process-oriented. In Section 5
attention will be paid to (1) traditional bread-making processes as they were
practised in most European countries until the middle of the 20th century;
and (2) the technological developments that have come into use thereafter.

5.2. Traditional processes'

By way of example, the bread-making procedure, as it has been practiced in
most Dutch bakeries during the 20th century, will be described.

5.2.1. Formula

The basic ingredients (by weight) are: 100 parts of flour, 50-60 parts of wa-
ter, 1-2 parts of yeast, and 1-2 parts of salt. Flour is the major structural
element. It is responsible for forming a visco-elastic dough that retains gas.
As described in Section 4, bread flour is preferably from hard, high-protein
wheats.

! For more information see Lupton & Derera (1981); Hoseney (1986).
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The yeast may be compressed fresh yeast or active dry yeast. Its major
role is to convert fermentable carbohydrates into CO, and ethanol. In addi-
tion to its gas-producing ability, yeast has a marked effect on the rheological
properties of the dough.

Salt has two major functions. Firstly it improves the taste: bread made
without salt is quite tasteless. Its second function is to influence the dough’s
rheological properties: salt makes the dough stronger.

One or more of the following optional ingredients may be added in dough
making: sugar (0.5-2% flour weight), malt flour or malt extract (0.1-1%
flour weight), and fat (1-3% flour weight). Sugar is a source of fermentable
carbohydrate for the yeast and it provides a sweet taste to the bread.

With regard to amylase activity, as described in Section 4, a certain level
of these enzymes is necessary to obtain bread of an optimal quality. A lack
of enzymes in the wheat may be compensated for by adding enough malted
flour or barley flour to reach a Falling Number level between 180 and 250
(Section 8.2.4).

Fat or emulsifiers are often added to the dough to make the crumb softer
and to keep the bread fresh longer. Moreover, they cause an increase in volume
of some 10% compared to bread made without such shortenings. Tradition-
ally, lard, a byproduct of pig- and cattle-butchering, was used for this purpose.
Nowadays, specific additives that may be derived from any kind of oil or fat
are developed for bread making. It is also possible to use an emulgator, such
as lecithin.

Very often, the miller adds flour improvers to flour at levels of a few parts
per million (w/w). These improve dough strength considerably, resulting in
bread with a higher loaf volume and a better crumb texture. Oxidative flour
improvers are commonly used by modern bakeries to obtain satisfactory bak-
ing products. Two well-known flour improvers are potassium bromate and
ascorbic acid. Potassium bromate has been frequently used in the past, but as
it may adversely affect human health it has been replaced almost completely
by the harmless ascorbic acid, better known as vitamin C. Flour for commer-
cial bread making in Europe is improved with ascorbic acid. It may seem
odd to refer to ascorbic acid as an oxidizing agent, whereas chemically it is
a reducing agent. In flour, however, it plays a reducing role due to its rapid
enzymic conversion to dehydroascorbic acid, the true oxidizing agent.

5.2.2. Mixing and dough formation

The bread-making process comprises three stages: mixing ingredients into a
dough; fermentation periods alternated with punches (punches are a variety of
mechanical treatments of the dough intended to drive out occluded gas); and,
finally, baking. Within this framework there is large variation in the duration
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and rate of mixing, as well as in the number and duration of fermentation
periods. Dough mixing produces a homogeneous mixture of all the formula
ingredients. The most important aim is to form a coherent visco-elastic mass
that is typical of a wheat flour dough. The events that take place during dough
mixing are together indicated as dough development. Mixing takes 10-20
minutes; the dough leaves the mixer at a temperature of 25-30 °C.

5.2.3. First fermentation

At the end of the mixing process, the dough still does not have the gas-
retaining properties required to produce a well-risen loaf of bread. These
properties are developed during one or more resting periods, called the fer-
mentation time. During fermentation, the dough becomes more flexible and
elastic and the yeast gradually becomes fully active. In conventional bread
making, the first fermentation period (bulk fermentation) takes about
30 minutes.

5.2.4. Dividing into pieces, rounding and intermediate proof

After the first fermentation, the dough will be divided into pieces of either
50 g or 400 g. Each piece will be rounded, either by hand or mechanically, to
give it a ball shape. During this scaling in pieces and rounding, most of the
CO, that has been formed in the first fermentation period will be squeezed
out of the dough. This loss of gas will be compensated by submitting the
dough pieces to an extra fermentation period of 30 minutes, referred to as
‘intermediate proof” in British literature.

5.2.5. Moulding and final proof

The next step is to mould the dough pieces in order to give them the desired
loaf shape. The moulding action consists of sheeting the dough and rolling
the sheet into a cylinder, which is put into pans in the case of tin bread.
During the following rest period (the final proof) of about one hour, the dough
will undergo a substantial increase in volume. However, in many European
countries bread may also be baked on the floor of the oven. In that case, the
dough cylinders will be placed side by side on a metal plate, which, after a
final proof of again one hour, will be fully risen.

5.2.6. Baking

At the end of the final proof, the risen dough is put into an oven and baked for
15—45 minutes, depending on the size of the dough pieces. Oven temperature
is usually 230-250 °C. During baking, the dough volume will continue to
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increase. The better the quality of the flour, the more the dough will increase
in volume. The crust of the loaf and the texture of the crumb will be fixed
during the baking stage at 55-65 °C by gelatinization of the starch, which
then binds part of the water. After baking, the loaves have to cool down to
room temperature. The shape of floor-baked bread is less regular than that of
tin bread. On the other hand, floor bread has a stronger crust and more aroma.

5.3. Technological developments’

5.3.1. Increased utilization of European wheat

In 1969 the European Union (EU) consisted of six countries with a total
human wheat consumption of 38 MT of aestivum wheat per year, of which
8.3 MT were imported from non-EU countries (e.g. USA, Canada). The im-
ported wheat was primarily used in the flour-milling industry.

In 1995 the EU comprised 15 countries with a total human consumption
of 64.5 MT aestivum wheat per year; only 2.5 MT being imported from
other countries. This means that the contribution of EU wheat to total human
consumption increased considerably over those 25 years. This change was
prompted by the EU agricultural policy and had no technological basis.

The higher utilization of EU wheats for bread making has also had its
influence on the breeding, growing and marketing of wheat varieties with
better bread-making qualities. In various countries, farmers grow an increas-
ing proportion of high quality wheats, and millers have been able and willing
to buy these wheats for making bread flour. However, the baking quality of
European wheat varieties is not as good as that of US and Canadian wheats,
so the milling and baking industry has had to adapt to the new situation.

5.3.2. Addition of gluten to flours

Up to 1970, almost all cereal starch produced in the EU was maize starch.
In the following 15 years, most of the maize starch factories were closed
and large production units for wheat starch were erected. For the European
milling and baking industry, the pleasant consequence of this was that large
quantities of gluten appeared on the market as a byproduct of starch. This glu-
ten is mainly used to improve the baking quality of flour made from European
wheat.

The addition of gluten to flours is especially desirable for the production
of light-textured brown bread and wholemeal bread. There is a large market

2 For more information see Chamberlain (1975); Williams (1975); Sluimer (1994).
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in Europe for these high-fibre products. In wholemeal bread, quantities of
gluten up to 5% of flour weight are added.

During the last few decades of the 20th century, the consumption pattern
of bread has changed drastically. In 1984, 72% of the bread consumed in the
Netherlands was a standard white bread of a low fibre content. In 1990, the
consumption of brown bread, including whole-meal and multi-grain breads
amounted to 72% of total bread consumption. A similar picture can be seen
in Germany. In other countries the change in pattern is less pronounced.

5.3.3. Mechanical dough development

During the first half of the 20th century, lengthy and complex bread-making
processes were customary in the UK, for example fermentation and/or proof-
ing of several hours was quite usual. As a consequence, bakers had to get up in
the middle of the night to provide their clients with fresh bread for breakfast
the next morning.

Especially since World War II, many efforts have been made to reduce
night work in bakeries. It soon became clear that fermentation and proofing
times could be reduced considerably by using intensive mixing machines.
The development of a protein skeleton requires less time with intensive mix-
ing than with conventional mixing. This is referred to as mechanical dough
development.

The term ’intensive mixing’ primarily refers to the high speed mixers:
rather robust machines that have mixing arms with relatively simple move-
ments which make more strokes per minute. The capacity of the motor is
approximately four times higher than that of a traditional mixer. As the de-
velopment of the dough is better, the subsequent fermentation process and
proofing are shorter. An optimal dough may be obtained within 4—12 minutes.
This type of mixing machine easily found its way into European bakeries.

The most advanced technology in this field is widely found in the UK
(Chamberlain, 1975; Williams, 1975). Prior to the introduction of mechan-
ical dough development, the great majority of bread produced in commercial
bakeries was made by a process with a first fermentation period of three or
more hours. One should bear in mind that very strong Canadian wheat that
needed a long fermentation time, was incorporated in the miller’s grists. Also,
British types of yeast were less active than Continental yeasts. By using very
powerful high-speed mixers, it became possible to skip the first fermentation
completely. The whole bread-making process from mixing to the end of bak-
ing was reduced to 1-1! /, hours. The loaf appearance, the crumb structure and
the taste of the bread were more than satisfactory to the British consumers.

It was the British Baking Industries Research Association (BBIRA) — now
part of the Flour Milling and Baking Research Association — which, between
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1958 and 1962, developed the Chorleywood Bread Process (CBP) and made
it ready for use. Chorleywood is the name of the place where the BBIRA-
institute is located. The procedure is also referred to as the Tiveedy Process,
after the name of the mixing machine that was initially used. This high-speed
mixer has a curious shape, with a hexagonal plate at the base of a cylindrical
mixing chamber. The plate can make 250-500 revolutions per minute. Ob-
viously the capacity of the mixer has to be very high, i.e. 25-50 kWh per
100 kg flour. By using this type, a dough with the required characteristics
may be obtained within a very short time (2-3 minutes).

5.3.4. Dough retarding — frozen dough

Another way to reduce night work and still produce fresh bread at any time
and at any place is to use cooled or completely frozen doughs. These tech-
niques are frequently used in Europe nowadays. A clear distinction should
be made between dough retarding practiced in craft bakeries using doughs
with a shelf life of one or two days, and the frozen dough production in a
centralized bakery for a number of outlets with a shelf life of 1-2 weeks.

Dough retarding was developed for the small traditional bakery to reduce
night work. By preparing a dough up to the moulding one or two days in
advance, it is possible to start working less early in the morning. After the
dough pieces have been put in tins, they are kept in a retarder (refrigerator)
at temperatures between 0 °C and —10 °C. As yeast is hardly active at tem-
peratures below 0 °C, the rising process is practically brought to a halt. The
retarder may be programmed to start warming up at a fixed time, so that the
dough is ready for baking when the baker normally starts work. However,
when the dough is kept in the retarder for more than two days, the quality of
the baked bread will deteriorate considerably.

The process of dough retarding requires certain adjustments in formula
and methods of preparation. The flour should be of high baking quality and
the dough must not have undergone a full rise before it is cooled down. In
other words, the baker has to start with ‘green doughs’ instead of working
with well-risen doughs. In addition, a short and less intensive mixing process
should be applied.

The production of frozen doughs has resulted from the requests of super-
markets and croissant shops that bake their own bread products to stimulate
sales. In this concept, the dough is prepared in a centralized bakery and frozen
after it has been shaped into the required pieces. The pieces are then trans-
ferred to the selling points, where they will be thawed in a special piece of
equipment. Brought back to the right temperature, the final proof will start.
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The advantage of this concept is that no dough-making machinery is needed
at the point of sale, just the equipment for thawing the frozen doughs and
giving them a final proof, and an oven.

Enterprises specialized in the production of frozen doughs are able to
deliver high-quality dough pieces with excellent baking characteristics ow-
ing to rigidly controlled processing. Recently, fully-proofed frozen dough
products have entered the market. These products can be baked directly from
the frozen state. A product of good quality made in this way is the croissant.
Fully-proofed frozen dough for loaves and baguettes is also commercially
available.
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6. Manufacturing of other wheat products

6.1. Biscuit (cookie) making'

6.1.1. Introduction

One of the largest outlets for soft-wheat flours is the biscuit industry. Biscuits
are made from soft-wheat flour and are characterized by a formula high in
sugar and shortening, and relatively low in water. Apart from these major
ingredients; baking powder, emulsifiers, flavourings, and dough conditioning
agents are also used. The diversity of biscuit products is rather great. Biscuits
are dry products with a moisture content of less than 10%. As a consequence,
they have a very long shelf-life. In the United States, similar products are
called ‘cookies’. In addition to their requiring soft-wheat flour, most of these
products have in common that they are leavened chemically; yeast is rarely
used in these soft-wheat products.

6.1.2. Chemical leavening

By far the most popular leavening agent is sodium bicarbonate (NaHCO3), or
baking soda. Its popularity is based on a number of advantages: it is cheap,
non-toxic, easy to handle and it gives no off-flavour in the end products. In
dough, sodium bicarbonate can exist as free CO;, or in one- or two- ion forms,
HCOj or CO3. At pH < 5, nearly all bicarbonate in the dough is dissociated
into the leavening gas CO,. At a pH between 5 and 8, only part of the CO,
is in the gaseous state. No leavening gas is available at a pH > 8. Many soft-
wheat dough products have a final pH of around 7, so if significant quantities
of gas are to be obtained, the dough must contain acid components that lower
pH. Many ingredients used in baking are sources of acid (e.g. acidic fruits).
When the other ingredients are acidic, one can use sodium bicarbonate by
itself to obtain leavening. If the formula does not contain acid, a combination
of baking soda and an acid (i.e. baking powder) should be used. Monocal-
cium phosphate is often used as an acid component in many applications: it
reacts readily at room temperature and is widely used in baking powders.
However, a number of other acid-producing salts exists, some reactive at
room temperature (e.g. cream of tartarate, the mono-potassium salt of tartaric

! For more information see Hoseney (1986a,b,c); Yamazaki & Greenwood (1981).
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acid) and others requiring oven temperatures for reaction (e.g. sodium acid
pyrophosphate and sodium aluminium phosphate).

6.1.3. Production

The first stage in the production of biscuits is the mixing of the ingredients
into a dough of even composition and uniform physical properties. The phys-
ical properties of the dough vary according to its composition, and to some
extent to the way the dough has been prepared. The next step is the prepara-
tion of separate dough pieces of a desired shape ready for baking. This may
be achieved in three ways: cutting, moulding or depositing. In commercial
practice, biscuits are baked in long tunnel ovens. Typically, the baking zone of
such an oven is about 1 m wide and 45-90 m long. The biscuits are generally
baked on a solid-steel belt that conveys the product through the oven at a rate
that will produce the desired baking time.

6.1.4. Dividing up the dough

The best way to classify biscuits is by the way the dough is divided into dough
pieces.

Cutting-machine biscuits. The main difference between this method and the
other methods of dividing the dough is that the desired pieces are punched
from a continuous sheet of dough. This sheet passes underneath a roller on
which stamps with protruding edges are mounted. Dough pieces are cut from
the sheet. The dough still surrounding the cut-out pieces, called ‘scrap’, is
lifted from the conveyor belt and removed to be returned to the hopper of
the dough sheeter. This dough contains much more water than the other two
types of biscuit doughs. The dough used for this method must have sufficient
tensile strength and extensibility to enable it to be smoothly stretched into a
sheet and to transport the scrap without problems. For this reason the gluten
has to be ‘developed’.

Rotary-moulded biscuits.  For this type of biscuit, the dough is forced into
moulds on a rotating roll. As the roll completes a half-turn, the dough is
extracted from the cavities and placed on a belt for baking. The dough for
rotary-moulding has to be short, so that all the moulds can been filled uni-
formly. On the other hand, it should have sufficient coherence and not be
sticky, so that the moulded dough pieces can easily be pulled out of the
moulds. To achieve this, more shortening is used than in dough-cut biscuits.
Doughs for rotary-moulded biscuits are characterized by fairly high sugar and
shortening levels and very low amounts of water (less than 20% of the total
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weight of flour, including its moisture content). The dough is crumbly, lumpy
and stiff, with virtually no elasticity. The cohesion of this type of dough
mainly comes from the shortening used. The gluten in the dough should not
develop during mixing.

Deposited biscuits. Unlike cutting and moulding, the dough for deposited
biscuits is portioned directly on a steel belt from the oven or on baking plates.
A depositor works as follows: a hopper is filled with dough, which is pressed
from the hopper to a nozzle by a set of counter-rotating rollers. The dough is
then extruded through the nozzle and cut to size, usually by a wire. Hence, the
American name ‘wire-cut biscuits’. Nozzles of different shape enable the final
product to be varied. Deposited biscuits rise and spread as they are baked; the
final size of the biscuit is determined by the dough formula and the flour used.
Depositing requires an easily deformable dough without elasticity. The relat-
ively soft dough must be cohesive enough to hold together, yet short enough
to separate cleanly when cut by the wire. A typical formulation may contain
50-70% sugar, 50-60% shortening and up to 15% eggs (all proportions based
on flour weight).

6.1.5. Biscuit quality

Biscuit quality can be summarized in two general terms. Firstly is the size of
the biscuit, both the width and the height. If the biscuit spreads too much, it
cannot be packaged without breaking. If the spread is too little, then the pack-
age box will not be completely filled. Secondly is how the biscuit bites. Good
quality biscuits must have a tender bite. This is obtained by the use of extra
fat or shortening. Soft-wheat flours are superior for these products. The lower
level of protein in combination with weak glutens imparts tenderness to the
baked biscuits. Processing and machine qualities are excellent and consumers
find the eating qualities attractive.

6.2. Pasta making’

6.2.1. Introduction
Pasta or paste is a wheat-based product which is made from a dough that has

not undergone fermentation or baking. The storage life of dried pasta products
is very long, up to several years at relative air humidities below 70%. It is

2 For more information see Hoseney (1986d).
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possible to prepare a meal quickly by boiling the pasta in water or baking it
in fat.

The legendary Marco Polo (1254—-1323) has been given credit for introdu-
cing noodles from China into Italy. Macaroni and lasagna were well-known in
Italy in the 14th century. In the 15th century, consumption of pasta products
greatly leaped forward in Italy, possibly because:

— durum-type wheat with hard and vitreous grains, growing in the southern
parts of Italy, proved to be optimal for the preparation of alimentary
pastes; and

— the climate, especially around Naples, was very suitable for drying pasta
in the open air, due to the presence of humid air from the sea during
daytime and dry air from inland at night.

Up to the early 19th century, pasta was produced on a small scale, almost ex-
clusively by housewives and cooks. Nevertheless, the production of pasta on
an industrial scale started in the late 18th century around Naples and Genoa.
There, pasta-making machinery appeared on the market halfway through the
19th century. At the turn of the 19th to the 20th century, Italian-type pasta-
making factories were established in other countries as well.

In these factories, wheat semolina and water were mixed by a mixing
machine into a loose, crumbly dough, then transferred batch-wise to a second
machine and kneaded into a compact, smooth product. The dough was then
transferred to an extruder for extrusion into a continuous dough. Eventually
it was cut into pieces of the desired shape. Pasta production in these first
factories was carried out in batches and was not continuous.

Since 1935, pasta manufacturing has changed drastically. Production in
batches has been superseded by a continuous process. In the late thirties, the
first continuously working screw press was introduced. Whereas the capa-
city of batch presses was no more then 150 kg/h, the average capacity of a
modern continuous press is about 1000 kg/h. Screw presses combine dosing
of ingredients, mixing and kneading dough, and dividing dough into pieces
in one instrument: four unit operations that used to be carried out by four
different machines.

6.2.2. Raw material

Pastas are generally made from semolina derived from Triticum durum. How-
ever, in some countries (e.g. Germany and the Netherlands) a considerable
amount of flour from mixtures of durum and bread wheats or even only
bread wheat is used for pasta making. Aestivum wheat for bread making is
not appropriate for pasta production. A hard Triticum aestivum with a fairly
high protein content is needed for pasta making. Not only protein content, but
especially protein quality is of major importance.
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In many countries, egg macaroni products are manufactured as well; these
contain 3 eggs per kg pasta. Vegetable macaroni products are also made (e.g.
in Italy and France), containing tomato or spinach.

6.2.3. Dough making

Pasta formula is very simple: it usually consists of only semolina (and/or
flour) and water. Enough water is added to obtain a dough with a moisture
content of 30%, which gives a very dry dough. The water content is about
half that of bread dough. When mixed, pasta dough is formed to balls of
about 1-2 cm diameter. Then, the dough is kneaded again for 15-20 minutes
into a smooth homogeneous mass.

6.2.4. Extruding

From the mixer, the dough enters an auger that kneads and exerts pressure as
the dough moves down to the barrel of the extruder. The dough is pressed to
the specific holes of a die at temperatures of 40-50 °C. At higher temperatures
there is a risk of denaturation of the protein, which should be avoided. In
the die, pressures of 80-120 atm occur. The combined effect of kneading
and pressure produces a smooth homogeneous dough that can be extruded.
A considerable amount of heat is produced in that process, therefore the
extruder barrel is jacketed and cooled with water. A cutting machine is po-
sitioned behind the dies of the short goods, to cut the extruded dough into
adequate pieces. Long goods are only cut after drying. Pasta products may be
categorized into four groups:

— Long goods, the most common type, include macaroni (tube-shaped,
hollow, and more than 2.5 mm but less than 6.5 mm in diameter) and
spaghetti (cord-shaped, not tubular and between 1.5 mm and 2.5 mm in
diameter);

— Short goods, which include elbow macaroni, shells and fusilli. The num-
ber of sizes and shapes that can be produced is virtually unlimited;

— Curled pasta, which includes products such as nests and skeins; and

— Specialty items, which include lasagne, manicotti and stuffed pasta.

6.2.5. Drying

The extruded product still contains about 30% moisture and must be dried to
about 12% before it is fit for transportation and storage. If it dries too fast, the
product may check. Checking is the formation of numerous hairline cracks
in the product that makes it appear opaque and decreases its strength. Drying
that is too slow may also cause problems. The transport system of pasta in
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dryers is different for short and long goods. Long goods are transported on
sticks mounted on a chain that passes through the dryers; short goods are
dried in drums or belt dryers; whereas curled pasta products are dried on
screens. Just before packing, long goods are cut into 27 cm lengths and bent
parts are then removed.

6.2.6. Pasta quality

Uncooked pasta should be mechanically strong so that it will retain its size
and shape during packaging and transport. When cooked in boiling water,
the product should maintain its shape without splitting or falling apart. After
it is cooked, it should give a firm bite (known as ‘al dente’) and its surface
should not be sticky. The cooking water should be free of starch. Finally,
the pasta should be resistant to over-cooking. Although it is said that ‘real’
pasta should be made from durum-wheat semolina, actual conditions in a
large part of the world impose the use of bread-wheat flours, some of them
with rather poor properties for pasta production. However, nowadays there
are installations that, by the use of high temperatures, make it possible to use
flour from mixtures of durum and bread wheats or from bread wheats only
for the production of long or short pasta. The resulting product is of a higher
quality, i.e. more solid and thus less sticky and more resistant to over-cooking,
than was formerly possible.

6.3. Other uses of wheat

Other wheat products exist than bread, biscuits and pastas. A detailed de-
scription of their production is beyond the scope of this text. However, for
completeness, the most important of these products are listed here.

Yeast-leavened baked foods. Strong (hard-wheat) flour is the basic ingredi-
ent for most baked products in which the gluten network holds the CO, gas
produced by yeast fermentation and the steam formed between the lamin-
ations in Danish and puff pastries. Crusty wheat rolls are eaten in many
European countries every day, as well as traditional French bread (e.g. ‘ba-
guettes’) and croissants in France. Because the shelf-life of these products
is only a few hours, many bakers produce these types of bread twice a day.
Also, there is a wide variety of soft rolls (buns, brioches, etc.) with a shelf-
life that is about one day longer than the crusty rolls and croissants. Danish
and puff pastries are made up of layers of dough and layers of shortening or
butter. To obtain the layers, the dough is worked to a sheet, then half of it is
covered with fat and the dough folded to sandwich the fat. The dough is then
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repeatedly sheeted and lapped, creating many alternating layers of dough and
fat. The shelf-life of Danish and puff pastries is at most 8 hours. The well-
known (cake) doughnut, which is very popular in English-speaking countries,
also belongs to the group yeast-leavened baked products.

Chemically-leavened baked foods. Soft-wheat flour is used for many che-
mically-leavened baked products such as snack crackers; tea breads (muffins,
crumpets, scones); sponges and cakes; Swiss rolls; fruit tarts; and a wide vari-
ety of confectionery products, often filled and/or decorated with products like
whipped cream, custard cream, fondant or fruit. Soft-wheat flour appears to
be uniquely suited for these goods: it gives products that are more tender, and
larger in size and that have a superior internal structure to those made from
flours of other classes of wheat. The low protein content and water absorbing
capacity, and the fine granulation undoubtedly contribute to its acceptance.

Non-baked foods. Soft-wheat flour is also the basic ingredient for the pro-
duction of many breakfast cereals: wheat flakes, shredded biscuits, puffed
cereals, extrusion cooked cereals, wheat germs, etc. Some of these cereals
require cooking in milk, some are ready to eat (Hoseney, 1986e). Beer is
usually made from barley malt. However, wheat malt is sometimes used for
the manufacturing of a good beer with a characteristic odour and taste, for
example ‘Weizen Bier’.

Non-food uses. The use of wheat to manufacture starch and gluten in Europe
is restricted to a few countries. The most important are the Netherlands, Ger-
many, France, England, Ireland and Spain. The production capacity rapidly
increased during the 1980s. In 1990, some 152 000 t of gluten (more than 50%
of world production) and approximately 1 Mt of wheat starch were produced
in Western Europe, for which 2 Mt of wheat were needed. About 80% of
the gluten produced, is used as a dough strengthener in bread-flour mixes.
Thus, expensive wheats of good baking quality and high protein content can
be replaced by cheaper wheats of medium protein content fortified with glu-
ten. Gluten can also be used in the production of pet foods and breakfast
cereals. Wheat starch is the basic material for a large number of industrial
products, among them are glucose, modified starches, ethanol and adhesives.
One should not forget that a substantial part of the European wheat production
is used for animal husbandry. Some figures for the EU may illustrate this:
of the 64.5 Mt of aestivum wheat produced in 1990, 24.3 Mt were used as
animal feed. It should be mentioned that part of this wheat was produced and
consumed on the same farm. The rest of it was processed by the mixed-feed
industry. The only requirements that wheat must meet to be used as animal
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feed are that its moisture content must not exceed 16% and that the grains
must be of good external quality, i.e. have no visible fungal or heat damage.
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7. Genetic basis of quality in bread wheat

7.1. Introduction

Bread wheat is a hexaploid species (see Section 1) containing three different
but related genomes of seven chromosomes, arbitralily named A, B and D. In
all likelihood, these genomes originate from the three ancestors of our modern
bread wheat. The unique milling and baking properties of common bread
wheats are not found among diploid and tetraploid wheats. Since only the
hexaploid group possesses the D set of chromosomes, the desirable quality
characteristics of bread wheat have been attributed mainly to the presence of
this third genomic component. More recent research has revealed, however,
that the other genomes are also involved. The cytogenetics of wheat chromo-
somes has been studied extensively. As a result of these studies, each of the
21 different chromosomes has been given a chromosome number (1 to 7),
followed by the genome assignment (A, B or D). The Arabic numerals 1 to
7 represent the homoeologic chromosomes, i.e. chromosomes with more or
less the same genetic structure.

7.2. Grain hardness

Wheat varieties vary widely in their grain hardness. Two main categories can
be distinguished: varieties with ‘hard’ and varieties with ‘soft’ grains. The
kernels of hard wheats often, but not always, have a dark and shiny aspect,
and a vitreous appearance. The kernels of soft wheats have a more opaque
and floury appearance. Grain hardness is a property of particular interest for
the milling and baking industry (for details see Sections 2.3, 3.5 and 3.6).

The inheritance of grain hardness has been dealt with by Symes (1965,
1969), who in crosses between soft and hard Australian wheat cultivars demon-
strated that, in most cases, one single gene was responsible for the difference
in hardness between the two parents, although modifying genes could also
play a role. Doekes & Belderok (1976) found that major factors for grain
hardness were located on chromosome 5D of each of the hard wheat varieties
Cheyenne, Hope and Timstein, and, moreover, on chromosome 7B of Tim-
stein. The presence of only one of these chromosomes with a gene for grain
hardness was sufficient to make the wheat hard. For a wheat breeder this is
an important conclusion, since it means that the conversion of a soft-wheat
variety into a hard one, and vice versa, is relatively easy.
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7.3. Milling quality

Berg, a wheat breeder at Weibulsholm (Sweden) from 1911 until his death in
1946, initiated research on milling quality. He showed that grittiness of flour
is mainly a varietal characteristic. He started systematic breeding work on
quality and transferred improved milling quality from Hungarian wheats with
hard grains to Swedish winter-wheat material with soft grains. His variety
Eroica, released in 1943, was the first north European wheat variety with
hard grains.

Fajersson (Berg’s successor in 1946) carried on the research on milling
quality. A number of wheat varieties with excellent milling properties, e.g.
Starke, Starke II, Holme, Walden, Ring, and Pompe, were bred by Fajersson
and marketed in Sweden and neighbouring countries.

Svensson (1981) presented a thesis at Weibulsholm about varietal and en-
vironmental effects on milling quality of wheat. He showed that, for many
properties of milling quality, the variation between varieties was greater than
that attributable to environment.

The work carried out by these three authors stimulated many European
breeders to pay more attention to the improvement of the milling quality of
their new varieties.

The main factors determining the milling quality of wheat grains are ease
of milling and yield of flour. High flour yield is promoted if the grain is short,
plump, almost spherical in shape and smooth, without a deep crease. Cookson
(1975) subdivided the complex concept ‘milling quality’ into the following
three requirements, which are still valid:

— the wheat grain must give a good yield of flour (min 72%);

— the flour must have a good colour, and;

— the wheat must have the capacity to give a reasonable level of damaged

starch upon roller-milling.

The identity of the chromosomes involved in the inheritance of milling char-
acteristics were investigated by Doekes & Belderok (1976). They used an-
euploid substitution lines of Cappelle Desprez, Cheyenne, Hope and Timstein
into the recipient variety Chinese Spring. The latter is a soft red spring wheat
with poor milling and baking characteristics. The four donor varieties have
satisfactory milling and baking properties. Cappelle Desprez is a soft red
winter wheat, Cheyenne is a hard red winter wheat, and Hope and Timstein
are hard red spring wheats.

By comparing the milling properties of the parental varieties with those
of each of the substitution lines, it was possible to determine on which of
the chromosomes the genes affecting flour yield are localized. The substitu-
tion lines yielded milling values similar to the poor-milling recipient Chinese
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Spring, with the exception of the 7B and 5D substitution lines of Cheyenne,
in which the flour yields were at the same level as those of the high-yielding
Cheyenne parent.

7.4. Bread-making quality

7.4.1. Endosperm proteins

As described in Section 4.1, three-quarters of grain proteins consist of gluten.
These proteins can be divided into gliadins and glutenins, according to their
extractability and solubility in various solvents. They are located in the mealy
endosperm and are not found in the seed coat layers, nor in the germ.

Gliadins and glutenins are storage proteins. They make wheat unique be-
cause of their function in the formation of dough, as they retain the gas
necessary for the production of spongy baked goods. The two fractions impart
different properties to the dough: the glutenins can provide both elasticity
and extensibility, whereas gliadins are viscous and confer extensibility. Large
glutenin molecules are tough and elastic with little extensibility. By contrast
small glutenins are weakly elastic but much more extensible. About 50% of
the gluten are gliadins; low-molecular-weight (LMW) glutenins amount to
40% of the total and high-molecular-weight (HMW) glutenins to 10%.

The gliadins occur in a complex mixture of small and simple proteins, with
molecular weights ranging from 11000 to 63 000. Any variety may contain
up to 50 different gliadins. Gliadins do not have a intermolecular disulphide-
bonded subunit structure. They do of course have intramolecular disulphide-
bonds. They have a globular structure, aggregated into micro-fibrils, that are
folded into the glutenin network. Clusters of gliadin genes are called gliadin
blocks (Metakovski, Novoselskaja, Kopus, Sobko & Sosinov, 1984; Sozinov
& Poperelya, 1982). Additional gliadin loci outside these blocks have also
been described (Metakovski, 1991).

The glutenins are much larger aggregates of high molecular weight (up
to several million), based on more than 19 different subunits connected by
disulphide bonds. Glutenins are considered to be the most important com-
ponents of wheat protein with respect to baking quality.

Genetic analyses show that:

— Genes controlling the HMW subunits of glutenin occur on the long arms
of chromosomes 1A, 1B and 1D. The loci that contain the HMW glut-
enin subunit genes are collectivily called Glu-/ and individually Glu-Al,
Glu-B1 and Glu-D1 for chromosomes 1A, 1B and 1D, respectively.



58

— The short arms of chromosomes 1A, 1B and 1D contain the genetic
information for the w- and y-gliadins, as well as for the LMW subunits
of glutenin.

— Genes for the «- and B-gliadins occur on the short arms of chromosomes
6A, 6B and 6D (see also Section 7.4.4).

The albumin and globulin fractions are believed to be of no or only minor
importance with respect to baking quality, although some molecules have
disulphide-bonded subunit structures and are known to be deleterious. By far
the most important are the glutenin fractions.

7.4.2. HMW glutenin subunits

The glutenin aggregates can be broken down into their component subunits
by treatment with an agent that breaks disulphide bonds (such as 2-mercapto
ethanol), and an agent that disrupts hydrophobic interactions and hydrogen
bonds, such as the anionic detergent sodium dodecyl sulphate, SDS. Fol-
lowing these treatments, the subunits can be separated by electrophoresis in
polyacrylamide gels containing SDS (SDS-PAGE).

The technique of determining the glutenin subunit composition of wheat
cultivars is described in Section 8.2.5. In this determination, proteins are
fixed and stained with a Coomassie Brilliant Blue solution. After destaining
with an ethanol-acetic acid solution, the protein subunits become visible as
dark-coloured bands. These are numbered according to their mobility from
1 (lowest mobility) up to 12 (greatest). Some new bands have since been
discovered with mobilities between 1 and 12 (Figure 7.1).

The genes that control the synthesis of HMW subunits of glutenin are
located at three loci, one each on the long arms of chromosomes 1A, 1B and
1D. There is considerable variation in the pattern of the HMW subunits due
to different alleles at each of the gene loci. Three alleles were identified for
the A1 locus (subunit 1, 2*, and the null genotype); at least seven alleles or
pairs of alleles for the B1 locus (6 +8,7,7 + 8,7 + 9, 13 + 16, 17 + 18,
20) and at least four for the D1 locus (2+ 12,3+ 13,4412, and 5+ 10). A
subunit pair is a combination of subunits with closely linked genetic locations.
The numbering of the subunits is according to Payne and Lawrence (1983).
Additional alleles, such as 21* (Glu-Al), 14+15 (Glu-BI) and 2.2+12 and
2+10 (Glu-D1) have since been described by other authors.

Initially, different numbering and lettering systems were used by several
research groups to describe the subunit patterns obtained by SDS-PAGE. This
made it difficult to compare one group’s work with that of others. Payne &
Lawrence (1983) proposed a simple, universally usable nomenclature. They
recommended that their allele numbers be referred to by all research groups,
thus enabling the work of different laboratories to be compared without dif-
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Figure 7.1. SDS-PAGE patterns of some European/Dutch wheat cultivars: (I) Arminda, (II)
Ritmo, (IIT) Scipion, (IV) Soissons, (V) Yacht. The HMW glutenin subunits are numbered
according to Payne & Lawrence (1983).

ficulty. This suggestion has been generally accepted. In addition McIntosh,
Hart & Gale (1990) gave a letter to each of the alleles coding for a (group of)
HMW subunit(s).

In a study carried out by NIAB, Cambridge (Cooke, 1995), the HMW
glutenin subunit composition of 746 currently grown wheat varieities from
19 countries all over the world was analyzed (Table 7.1). The varieties could
be divided into 63 groups on the basis of the HMW glutenin subunits, four of
which accounted for over a third of the varieties tested. Differences between
various countries in distribution of gluten alleles and in level of gene diversity
were noted. The Glu-D1 fallele (electrophoretic bands 2.2 + 12) appeared to
be relatively common in Japanese varieties and absent in those from else-
where. Novel subunits were reported on various occasions, for example in
Italian wheats.

A similar study was done by Morgunov, Peiia, Crossa & Rajaram (1993)
at CIMMYT in Mexico. They found that Glu-I alleles are not associated
with ecogeographical parameters in a worldwide context. The HMW glutenin
composition turned out to be similar in cultivars from countries with different
climatic conditions, e.g. Finland and Yugoslavia, or Italy and China.
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Table 7.2. Quality scores assigned to
individual HMW glutenin subunits or
subunit pairs after Payne, Nightingale,

Krattinger & Holt (1987)
Score Chromosome

1A 1B 1D
4 - - S5+10
3 1 17+ 18 -
3 2% 748 -
2 - 749 2412
2 - - 3412
1 null 7 4412
1 - 6+8 -

7.4.3. Relation between HMW subunits and bread-making quality

To his great merit, Peter 1. Payne of Plant Breeding International (formerly
Plant Breeding Institute), at Cambridge (UK), discovered a relationship be-
tween the presence of certain HMW glutenin subunits and the bread-making
quality of wheat (Payne, Corfield, Holt & Blackman, 1981). This brought the
use of SDS-PAGE within the interest of wheat breeders.

Certain high-molecular-weight subunits or pairs of subunits frequently oc-
cur in wheat varieties or selections with good bread-making characteristics.
They are 1 and 2* on the Glu-A1 locus, 17418 and 748 on Glu-BI and 5+ 10
on Glu-DI. Other subunits or pairs of subunits mainly occur in wheats with
inferior bread-making quality. They are 7 and 6 + 8 on Glu-B1 and 4 + 12 on
Glu-D1. Also, the absence of bands 1 and 2* (nullisome) on Glu-A1 generally
points to inferior bread-making quality. For more details, see Branlard &
Dardevet (1985), Branlard & LeBlanc (1985), Johansson, Svensson & Hen-
een (1995), Moonen, Scheepstra & Graveland (1983), Odenbach & Mahgoub
(1987), Payne, Corfield, Holt & Blackman (1981), Payne & Lawrence (1983).

Payne, Nightingale, Krattinger & Holt (1987) assigned quality scores to
each of the commonly occurring HMW glutenin subunits. As the subunits
1 and 2* of chromosome 1A were shown to be associated with good bread-
making qualities compared with the null allele, the former two were each
given a score of 3 and the latter a score of 1.

The difference between loaf volumes associated with subunits 5 + 10 and
2412, coded by chromosome 1D, is at least as great as that between subunit 1
and the null allele. However, there is another encoded subunit pair, 4 4 12, of
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chromosome 1D, whose quality association is inferior to 2+ 12. The subunits
5 + 10 are, therefore, given a score of 4. The subunits 2 + 12 were given a
score of 2, and 4 + 12 a score of 1. By similar reasoning, scores have been
given also to 3 4 12 and all encoded subunits of chromosome 1B shown in
Table 7.2.

The quality score of a variety is simply calculated by summing the scores
of the individual subunits it contains. The maximum score is 10 and the
minimum is 3.

Some groups of scientists (e.g. Pogna, Mellini, Beretta & Dal Belin Peruffo,
1989) have compiled other scoring systems that correspond better to quality
assessments in Italy and France.

A novel HMW glutenin subunit 21* was discovered by Johansson, Hen-
riksson, Svensson & Heneen (1993) in Swedish wheats. This subunit was
found to be allelic to subunit 1 and 2* encoded on chromosome 1A. Results
obtained so far with Swedish grown wheats show that there is a positive cor-
relation between subunit 21* and bread-making quality (Johansson, Svensson
& Heneen, 1995).

7.4.4. Gliadins

Fifty percent of the storage proteins in wheat are gliadins. When applying
acid polyacrylamide gel electrophoresis (APAGE), the gliadin fraction is di-
vided into w-, y-, B-, and «-gliadins, based on the mobility of the subfrac-
tions.

Each cultivar may contain up to 50 gliadin subunits. The short arms of
chromosome 1A, 1B and 1D contain the genetic information for the w- and y -
gliadins as well as for the LMW subunits of glutenin (Section 7.4.1). Clusters
of gliadin genes are called gliadin blocks (Metakovski, Novoselskaja, Kopus,
Sobko & Sosinov, 1984; Sozinov & Poperelya, 1982). Additional gliadin loci,
outside these blocks, have also been described. Studies on the influence of
gliadins on bread-making quality are, therefore, more difficult then those on
HMW glutenin subunits (Johansson, 1995).

Sozinov and Poperelya were able to find consistent associations between
several gliadin blocks and Zeleny sedimentation volumes, which are used
as bread-making quality parameters. Branlard & Dardevet (1985) and other
investigators found quality differences between gliadins located on chromo-
somes 1A, 1B and 1D and on chromosomes 6A, 6B and 6D. However, it has
been shown that the correlation between quality parameters and the gliadins
located on chromosome group 1 might also be attributed to the LMW sub-
units of the glutenins. On these chromosomes, the genes encoding the LMW
subunits of glutenin and those of the gliadins are very closely linked.
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Van Lonkhuysen, Hamer & Schreuder (1992) demonstrated that 32 wheat
lines with the same HMW glutenin-subunit composition (null, 7, and 2 + 12)
but different gliadin composition varied greatly in bread-making quality. Loaf
volumes ranged from 445 ml to 616 ml per 100 g of flour. Variation in the
relative composition of four gliadins explained 82% of this variation.

7.4.5. Conclusion

The determination of glutenin and gliadin composition as a tool for the choice
of parents and for selection in the offspring has been a major factor in quality
breeding of wheat, although the results of different researchers are not con-
sistent in all respects. We are aware that the information presented in sections
7.4.3 and 7.4.4 may soon be updated, as new results in this field of research
succeed one another rapidly.

7.5. Cultivars giving sticky doughs

7.5.1. Wheat-rye substitution and translocation lines

Certain wheat varieties have the unpleasant property of producing sticky
doughs, indicating that the dough sticks to machines or hands during knead-
ing and successive processing steps. This makes it difficult for the baker
to handle the dough. Stickiness is often caused by the fact that at least one
of the parents is a wheat-rye substitution line, in which one wheat chromo-
some pair (1B) has been replaced by a rye chromosome pair (1R) — called a
1B/1R substitution. Sticky doughs may also occur in using varieties in which
only a fragment of the rye chromosome has been transferred into the wheat
chromosome. This is specifically the case when the short arm of the wheat
chromosome (1BS) has been replaced by the short arm of the rye chromo-
some (1RS). Such progenies are referred to as 1BS/IRS translocation lines
(Zeller, 1973; Zeller & Fischbeck, 1974; Zeller, Giinzel & Fischbeck, 1982;
Moonen, Scheepstra & Graveland, 1983).

Varieties with a wheat-rye substition or translocation have often been used
as crossing parents in breeding programs. They have an improved resistance
to diseases such as stem rust, leaf rust and stripe rust compared to ‘normal’
wheat lines, and also a yield advantage, even in the absence of diseases. Only
later did it became apparent that dough made from flour of these varieties
was difficult to handle in European bakeries due to its stickiness (Payne,
Nightingale, Krattinger & Holt, 1987; Sreeramulu & Singh, 1994). In the
1970s, practically all countries of western Europe were confronted with sticky
doughs. The problem arose first in Germany, where the Kranich, Benno and
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Feldkrone varieties exhibited this inconvenient property. In France, the UK
and the Netherlands, this was the case with Clement. Wheat lots containing
these varieties were refused by the milling industry.

If wheat-rye substitution and translocation lines are involved in a breeding
program, it is important to discard the part of the progeny that produces sticky
dough as soon as possible. This characteristic can be recognized easily with
the ‘sticky dough test’ developed by Bolling (1975). The test may be used by
breeders as soon as enough seed is available (Section 8.4.1).

Despite this, varieties containing the 1B/1R chromosome can have good
bread-making quality if their composition of HMW subunits is adjusted so
that they would normally be regarded as ‘over strong’. In varieties such as Ri-
alto in the UK, France and Germany, the weakness of the 1B/1R chromosome
is counter-balanced by the excessive strength of the HMW subunits.

7.5.2. Endogenic high a-amylase levels

There are twostypes of a-amylase: the ‘green amylases’ and the ‘malt amyl-
ases’ (Section 4). Green amylases are found in the grains of immature wheat
plants. During ripening, the activity of this enzyme rapidly decreases to a
level of practically zero at harvest-ripeness. Malt amylases have a distinctly
different chemical composition, but the same working mechanism, as green
amylases. They hardly occur in sound, intact wheat grains. When ripe wheat
grains start germinating, however, the activity of the malt-amylase enzymes
increases rapidly. If this happens under natural conditions in the field, it
causes sprouting in the ear.

In some varieties, the activity of the green «-amylases does not diminish
during ripening. Sometimes, it even increases. The result is that ripe grains
of these have a relatively high level of «-amylases, even when they have not
sprouted. It makes the wheat unsuitable for bread baking. Some well-known
examples of these are the English varieties Maris Huntsman, Fenman, Kins-
man, Mardler and Norman. Each of these varieties is derived from the old
Belgian variety Professeur Marchal, one frequently used by English wheat
breeders during the 1960s, until this deleterious character was identified.
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8. Assay methods and instrumentation

8.1. Introduction

Breeders of bread wheat should be well aware of the baking requirements of
new varieties, when they choose parents and select offspring of wheat crosses.
The different elements of these requirements may be grouped according to the
following characteristics (Irvine, 1975; Cookson, 1975):
Grain properties

— External aspects
Protein content
Grain hardness
Alpha-amylase activity
High molecular weight (HMW) glutenin subunits,
Milling quality
Dough properties

— Stickiness of dough

— Protein strength

— Baking quality.
This chapter briefly reviews the methods used by breeders to identify these
characteristics. A suggestion on how to choose among these techniques is
given at the end of the chapter.

8.2. Grain properties

8.2.1. External aspects

A wheat sample is spread out on the hand and assessed for grain colour, grain
size and filling degree. The colour of the grains has to be typical for the variety
in question. Gray kernels may be caused by a fungus infection at ripening or
at harvest and may influence the colour of the milled products in a negative
way. A light-brown, dull colour is often found in soft and mealy grains with
a relatively low protein content. A dark-brown, shiny colour usually points
to hard, vitreous grains with more protein. A sample taken from one and the
same wheat batch may contain a mixture of both mealy and vitreous grains.
The milling industry is generally more interested in wheat lots with
medium-size grains than in those with large grains. Medium-size grains have
undergone a relatively short ripening period, resulting in a higher protein
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content. On the other hand, wheat grains should not be too small as that
may be caused by premature ripening. Such grains have a somewhat boat-
like shape. Their extraction rate is low as bran and endosperm cannot be
separated properly. Moreover, the bran tends to shatter during milling, which
will negatively affect the colour and the bread-making quality of the flour.

8.2.2. Protein content

Gluten determination. The dough properties of a flour are mainly determ-
ined by the quantity and the quality of grain proteins that are insoluble in
a diluted salt solution, i.e. the gluten. To test protein content approximately
25 g of a wheat sample is ground in a small-scale disc mill (e.g. a Miag or
Moulinex mill or a Glenn Creston disc mill). Ten grams of flour are kneaded
for several minutes in a dish with 5 ml of a 2% NaCl solution until a stiff
dough is obtained. After a resting period, the dough is taken from the dish
and washed out with the fingers under a fast-dripping salt solution above a
silk-gauze filter. Starch and water-soluble parts are washed out. The gluten
ball remaining on the filter is then dried with the hands by rolling it with two
fingers from one hand on the palm of the other hand. The hand palm must
be dried at regular intervals; rolling stops when the gluten starts to become
sticky. The weight of the gluten, multiplied by 10, is the wet-gluten content.
A wet-gluten content of 20-27% (proportion of weight of the dry flour) is
normal for bread making. The dry-gluten content may be determined by dry-
ing the wet-gluten for 24 h at room temperature or for shorter times at higher
temperatures. A special machine has been developed to wash the gluten and
carry out the entire analysis. Note that of the ‘crude gluten’ obtained by this
method only 80% consists of proteins. It also contains considerable amounts
of fatty acids and carbohydrates, as well as small quantities of cellulose and
ash.

Protein determination by the Kjeldahl technique. For bread-making pur-
poses, a protein level in the flour of at least 13% on a dry matter basis is
required, whereas for biscuit making the level should not surpass 10-11%.
Protein content is generally determined by the Kjeldahl technique. Approx-
imately 1 g of ground wheat grain is transferred to a digestion flask. Con-
centrated sulphuric acid and small quantities of catalyst are added. The flask
and contents are heated until white smoke is given off and the liquid becomes
clear. The organic material in the flask is decomposed by the sulphuric acid,
and the nitrogen in the protein is transformed into sulphate of ammonia. The
fluid in the flask is then made alkaline by adding a strong lye, releasing an-
hydrous ammonia from the sulphate of ammonia:
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(NH4),SO4+ 2 NaOH —> Na,SO4 + 2NHj3 + 2H,0.

To prevent losses of ammonia, the digestion flask is attached to a distillation
device as soon as the lye has been added. The ammonia is displaced upon
boiling and collected in an excess of boric acid. Eventually, the amount of
nitrogen present is determined by titration. To calculate the amount of protein
in the sample, the N content of the protein has to be known. This factor is
5.7 for wheat protein, corresponding to a N content of 17.55%. The sample
is generally ground by hand. Subsequent steps, however, including the cal-
culation of the results, may be carried out with a Kjeltec Autosampler of
Tecator.

Protein determination according to the NIR technique. One could say that
the introduction of protein content as a quality standard had to await the de-
velopment of a method for analysing protein that could be performed cheaply
and accurately by unskilled personnel with limited laboratory services. The
technique that made this possible is called Near Infra-red diffuse Reflectance
Spectroscopy, usually abbreviated to NIRS or simply NIR. Briefly, NIR is
based on the following principle: monochromatic light (i.e. light of one single
wavelength) shines on a grain sample; it is partially reflected; the intensity
of the reflected light is measured by a photo-electric cell. By measuring
the reflection intensity at various wavelengths, it is possible to eliminate the
disturbing influence of other components than proteins. By using a wide vari-
ety of samples for the calibration, differences in origin of wheat, weather
circumstances during growth and ripening, etc.,can be excluded. In practice
determination is very simple. A sample is ground, transferred into a meas-
uring cup and placed in the NIR equipment. After 20 s the data appear on a
screen or are printed out. The whole determination takes about 2!/, minutes.
When requested to report on a certain parameter of the sample, the computer
software extracts the relevant data from its memory and transforms them
(according to supplied calibration constants) into the required format, e.g.
protein percentage. It is even possible to analyse more than one constituant in
one operation. For example, protein, moisture, ash and grain hardness can be
determined simultaneously.

8.2.3. Grain hardness

Large differences in grain hardness exist between wheat varieties (Section
2). Two categories are distinguished: varieties with hard grains, and varieties
with soft grains. Hard-wheat varieties are pre-eminently suitable for bread
making and soft-wheat varieties for biscuit making.
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Pearling Index. A measured weight of grains is subjected to the abrasive
action of a rotating carborundum disc. The loss in weight is determined. The
test can be carried out in several ways. Each is a variation on the following
commonly used procedure. Twenty grams of grains are ground for 70 s in a
Strong Scott Barley Pearler at 1400 rpm. The proportion (%) of the pearled-
off kernel weight to the original weight is the Pearling Index. The index varies
between 20% for hard-wheat types to 55% for soft-wheat types. The results
are well reproducible for samples of different moisture contents.

Grinding resistance. This involves the measurement of the time taken to fill
a specific volume when wheat (20 g) is ground under standard conditions in
a small disc-type mill or hammer mill. The grinding resistance can vary from
about 30 s for hard grains to about 55 s for soft grains.

Particle Size Index (PSI) (Symes, 1965). At milling, the endosperm of wheat
varieties with hard grains disintegrates for the greater part into single cells
and clusters of intact endosperm cells. Due to the strong bond between starch
granules and protein bodies, very few single starch granules and protein bod-
ies are found in the flour. Soft-wheat grains fall apart in fragments of one or
more cells and many single starch granules and protein bodies. Differences in
grain hardness are thus expressed as differences in particle-size distribution
of the flour. Twenty-five grams of wheat grains are ground into whole-meal
flour with a disc-type laboratory mill or a small roller-mill. This ground
material is then sifted for 10 minutes on a sieve with a mesh of 0.075 pum.
The material that passes through the sieve is weighed. The proportion of this
flour to original weight of grains is the Particle Size Index (PSI). It may vary
between approximately 13% (for extremely hard grains) and 55% (for very
soft grains). The test results are influenced by the moisture content of the
grains and by the grinding technique.

Visual examination of the bran (Bell & Bingham, 1957; Bingham, 1962).
A convenient single estimate of grain hardness was developed at the Plant
Breeding Institute, Cambridge (UK), in the 1950s. The method was based on
the tenacity with which the endosperm adheres to the bran. This character
can be easily scored, and a given finding can be compared with the score of
standard varieties. Grain samples are first brought to a moisture content of
about 15% and then milled in a small laboratory roller-mill, e.g. a Brabender
Quadrumat Junior mill. Then the bran is separated from the ground stock us-
ing a small hand sieve. In varieties classified as hard-milling, the endosperm
breaks down into particles composed of whole cells, which readily separate
from the skin, giving a bran with little adhering flour. In varieties classified as
soft-milling, the endosperm tends to be broken open indiscriminately during
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milling, resulting in a bran that is more difficult to clean from starchy ma-
terial. Bran samples can be scored from 1 (very soft wheat) to 5 (very hard
wheat). The scoring is very reliable and unaffected by differences in protein
content.

8.2.4. Alpha-amylase activity (Hagberg-Perten Falling Number)

The activities of amylolytic and proteolytic enzymes have to be very low in
a commercial batch of wheat. Germination of wheat entails a considerable
increase in a-amylase activity. A wheat lot with too many sprouted grains,
and thus an amylase activity that is too high, is not suitable for bread, biscuit
and/or pasta making.

The Hagberg-Perten Falling Number is a reliable measure of «-amylase
activity. A flour suspension is heated in a boiling-water bath so that the starch
will be gelatinized. Simultaneously, part of the starch is decomposed into
sugars and dextrins by the amylases in the sample. The higher the amylase
activity, the less viscous the remaining suspension will be.

Perten, a Swede, developed a Falling Number device that heats the flour
suspension and measures its viscosity. The main parts of the device are a set
of glass tubes with an inner diameter of 21 mm and a length of 220 mm, and
a set of stirrers of specific dimensions and weight.

Seven grams of flour and 25 ml of water are introduced into a glass tube
together with a stirrer. The tube is then placed in a boiling-water bath and
a stopwatch is started. The suspension is stirred for exactly 1 minute at a
frequency of two up-and-down motions per second.

The stirrer is brought in its upper-most position after 59 s and dropped at
60 s. As soon as the lowest position is reached, the stopwatch is stopped. The
number of seconds between the moment that the tube has been introduced
into the boiling-water bath and the time at which the stirrer has reached its
lowest position is called the Hagberg-Perten Falling Number. Wheat varieties
may be classified according to their suitability for bread and biscuit making
by their falling number (Table 8.1).

Some wheat varieties have a relatively high «-amylse activity, even without
any sprouting in the ear (Section 4). This is due to the fact that the activity
of ‘green’ amylases, normally present in unripe seed, does not sufficiently
decrease at ripening. Very often these varieties are derived from the Bel-
gian variety Professeur Marchal. These wheats are also unsuitable for food-
processing.
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Table 8.1. The relation between the Falling Number of wheat and suitability for bread and
biscuit making

Falling number  Suitability class

<< 120 High sprouting level, not suitable for bread — or biscuit making
120-180 Sprouted wheat, may be mixed with an unsprouted wheat lot

180-200 Low sprouted wheat

200-250 Unsprouted wheat

250-300 Unsprouted wheat, should be mixed with malt flour or sprouted wheat
>> 300 Unsprouted wheat, has to be mixed with malt flour or sprouted wheat

8.2.5. HMW glutenin subunits

Traditionally, storage proteins in wheat have been divided into two groups:
gliadins and glutenins. They are usually defined by their molecular size in
dissociating solvents. Gliadin molecules are relatively small; glutenins have
large, heterogeneous molecules, built up from some 19 different subunits
connected by disulphide bonds. The glutenin subunits fall into two unequal
groups, the low-molecular-weight (LMW) subunits and the less frequent,
high-molecular-weight (HMW) subunits.

By SDS-PAGE (sodium dodecy! sulphate, polyacrylamide gel-electrophor-
esis), storage wheat proteins can be split into their subunits, which can be
made visible as a band pattern. Payne, Nightingale, Krattinger & Holt (1987)
described a relationship between the presence of certain HMW glutenin sub-
units and the bread-making quality of wheat. This brought the use of SDS-
PAGE to the attention of plant breeders (Section 7.4.3).

The analysis of HMW glutenin subunits can be done on either wheat
grains or wheat flour. First, the grains have to be crushed with, for example,
a hammer, resulting in some 40 mg of material per grain. It is even possible
to analyse the embryo-less half of a grain and to keep the remaining part for
sowing.

The technique as it has been described by Moonen, Scheepstra & Grave-
land (1982) is given here as an illustration. A crushed grain or 50 mg of flour
is suspended in a centrifuge tube in 1 ml buffer of Tris-HCI (pH 6.8), 5%
mercapto-ethanol and 2% SDS (sodium dodecyl sulphate). Mercapto-ethanol
is a reducing agent with the ability to break the SS-bridges in the protein.
SDS is a detergent that encloses the degradation products of glutenins and
gliadins and prevents them associating.
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The tube with contents is placed in a shaking device and shaken for two
hours at room temperature. The tube is then transferred to a boiling-water
bath — to enhance the reaction — and finally centrifuged for 5 minutes.

Fifty ul supernatant are applied to a vertical polyacrylamide slab-gel.
The electrophoresis is carried out in a Pharmacia GE 2/4 system at room
temperature. Two slab-gels are run at a time with 60 mA for 30 minutes.
If necessary, the samples can also be analysed using a 7.5% or 10% gel, to
separate subunits 2 and 2% or 9 and 10, respectively.

Proteins are fixed and stained with Coomassie Brilliant Blue solution at
60°C for one hour and destained with ethanol-acetic acid solution at 60°C
overnight. After destaining, the protein subunits become visible as dark-col-
oured bands. These bands can be described and numbered, preferably accord-
ing to Payne & Lawrence (1983) (Section 7.4.2).

8.3. Milling quality

The main factors determining milling quality of wheat are ease of milling and
vield of flour. Milling quality should be determined for flour that is compar-
able to commercial bread and biscuit flours. This can only be achieved by the
shearing and scraping action of one or more sets of mill rollers.

A small laboratory mill will give only a rough indication of the milling
characteristics of a wheat sample. To obtain reliable results, a medium size
test mill with a capacity of several kilograms per hour should be used. As
this type of mill requires relatively large quantities of seed and as the ana-
lysis is rather time consuming, it is not very suitable for routine research on
a breeding station. Breeding companies generally use one of the following
laboratory mills for the making of bread and biscuit flour (LeBrun, 1986):

Brabender Quadrumat Junior mill. This is a very compact mill with four
corrugated rollers of 70 mm diameter and 30 mm thickness (Figure 8.1). The
rollers rotate in opposite directions at a constant speed. The upper two rollers
are positioned diagonally, the lower two are placed underneath in a horizontal
line. A round 240 pwm mesh sieve is placed under the rollers. Flour and bran
are collected in different drawers. Quantities of 100-1000 g of wheat can be
milled at a time.

Brabender Sedimat mill. As far as size and construction are concerned,
this mill is similar to the Quadrumat Junior mill described above. The main
difference is that the Sedimat mill produces a very white flour with an ex-
tremely low ash content. As a consequence, the flour yield is very low, about
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Figure 8.1. Brabender Quadrumat Junior laboratory mill.

18%. This mill has been designed especially for the Zeleny sedimentation test
(Section 8.4.2).

Chopin-Dubois mill. This mill has both a break and reduction system. On
the break side, it has three corrugated rollers with the same dimensions as
those of the Quadrumat Junior mill. Two round sieves are placed underneath
one another: a 150 um sieve to separate the flour and a 800 pm sieve to sep-
arate semolina and bran. Semolina and bran are transferred to the reduction
side of the unit, where the semolina is reduced to flour by a pair of smooth
rollers and a round 170 um sieve. The bran is not used for further analysis.
The Chopin-Dubois mill can mill 100-1000 g of wheat at a time.

Brabender Quadrumat Senior mill.  This is a middle size experimental mill
with a capacity of 1-3 kg a time. It takes approximately 15 minutes to mill 1
kg of wheat. The mill actually consists of two Quadrumat Junior mills placed
side by side: one with four corrugated rollers and corresponding sieves to
break the grains; and one with four finely corrugated rollers and matching
sieves for a further reduction of the material.

Biihler MLU 202 mill. This medium size experimental mill has three pairs
of corrugated break rollers on its left-hand side and three pairs of smooth
reduction rollers on its right-hand side. The rollers each have a diameter
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of 20 mm and a length of 12 cm. A plansifter is placed under each pair of
rollers. (The flow diagram has been described in Section 3, Figure 3.4. The
only difference is that here the mill has four instead of three pairs of smooth
rollers.) The milled products (flour from the three break rollers, flour from the
two reduction rollers, and shorts and bran) are collected separately. The five
flour fractions are generally mixed. This Biihler mill has a milling capacity of
1-5 kg at a time. It takes 30 minutes to mill 1 kg of grain.

8.4. Dough properties

8.4.1. Stickiness of dough

The offspring of certain wheat varieties have the unpleasant property of pro-
ducing sticky doughs, implying that the dough sticks to hands and machines
during kneading and the successive processing steps, which makes it difficult
to handle.

As described in Section 7, dough stickiness is often caused by at least
one of the parents being a wheat-rye substitution line in which one chromo-
some pair (1B) has been replaced by a rye chromosome pair (1R), a so-called
1B/IR substitution line. Sticky doughs may also occur in varieties in which
a fragment of the rye chromosome has been transferred into the wheat chro-
mosome. This is specifically the case when the short arm of the wheat chro-
mosome (1BS) has been replaced by the short arm of the rye chromosome
(IRS). This type of lines is referred to as 1BS/1RS translocation lines.

If wheat-rye substitution and translocation lines are involved in a breeding
program, it is important to discard progenies with sticky doughs as soon as
possible. They can easily be recognized with a test developed by Bolling
(1975). Approximately 200 g of wheat grains are milled to a whole-wheat
flour in a laboratory hammer mill. Then 50 g of flour and 30 ml water are
put into the beaker of a fast-rotating mixer and mixed into a stiff dough.
Subsequently, the dough is taken from the beaker and shaped into a ball by
hand. The stickiness of the ball is assessed by the feel of pressing the dough
several times in the hand. This very simple assessment is based on only one
criterion: sticky or not sticky. Rimpeau and Robbelen (1978) elaborated a
classification into five groups. Dhaliwal and McRitchie (1990) extended the
test by not only assessing the stickiness on the hands but also on the inside
of the mixer, on a bench surface and on a paper towel. Every sub-test results
in a score, the sum of which is a stickiness score, which varies between zero
and 20.



76
8.4.2. Protein strength

Saunders’ chewing test. At the turn of the century, a Canadian wheat breeder,
Charles Saunders, produced the hard spring wheat cultivar Marquis. This very
successful wheat consolidated Canada’s reputation in Europe as a supplier of
the highest quality milling wheat for bread flours. By the late 1920s, over
80% of the spring wheat area in Canada and USA was planted with this
variety alone. Saunders’ screening test for quality was a very simple one.
He used to chew a handful of kernels from each line. Based on the hardness
between his teeth he selected for milling quality; the gluten, which he had in
his mouth after chewing the wheat, was tested between his fingers for strength
and elasticity.

Wheat-meal fermentation test (dough-ball test; Pelshenke test). The wheat-
meal fermentation test is generally carried out according to its original de-
scription by Pelshenke (1933). A certain amount of grains is ground to a
coarse meal by a laboratory disc- or cone-type mill. With water and yeast,
10 g of this meal is kneaded to a dough by hand. The dough is split in two
parts and each part is rolled into a ball. Each ball is then placed in a beaker
filled with water of 32 °C. The CO, formed by the yeast inflates the dough
and the ball rises to the water surface after some 10 minutes. After a certain
amount of time the dough is no longer able to retain the gas and starts to
crack and fall apart. The time between the placing of the dough in the water
and its falling apart is measured and referred to as the Pelshenke value or P
value. The P value depends on both the gas-forming and gas-retaining capa-
city of the dough. As bread-making quality is largely dependent on these two
factors, Pelshenke assumed that the P value would indicate the bread-making
ability of the wheat concerned. P values can vary from 40 minutes (poor
bread-making quality) to more than 250 minutes (excellent bread-making
properties). However, the predictive value of intermediate P values is often
very poor.

The Zeleny sedimentation test (Zeleny, 1947). By measuring sedimentation,
it is possible to combine information on protein quantity and quality in one
value. The sedimentation test is based on the principle that high-quality wheat
proteins swell in a lactic acid solution more than poor-quality proteins do. The
Zeleny protocol requires flour of specific fineness, which is usually produced
by a specific mills. The Brabender Sedimat mill was especially designed for
this purpose. It is a laboratory roller-mill producing a low ash content and a
very low flour yield of about 18%. In practice the test is executed as follows:
3.2 g of flour is suspended in 50 ml water in a glass cylinder with a scale from
0-100 ml. The cylinder is shaken a few times to moisten the flour particles
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Figure 8.2. Zeleny sedimentation test; the level of the sediment is a measure of the baking
quality of the analyzed sample.

properly. Then 25 ml of a watery solution of lactic acid and isopropyl alcohol
is added and the cylinder is shaken again. The protein of the flour starts to
swell. Finally, the cylinder is left standing upright for 5 minutes in order to
allow the suspended protein to precipitate. Then the volume of the sediment
is read off the cylinder scale, giving the sedimentation value (Figure 8.2).
The higher the gluten content in the flour and the better the bread-making
properties of the gluten are, the more sediment will be formed. Thus, the
sedimentation value is a measure of both the quantity and quality of the
gluten. An advantage of the sedimentation test is that it can be mechanized
to a large extent by using a shaking device. By doing so, any subjective ele-
ment is excluded. Moreover, the test is simple and fast and does not involve
expensive machinery or chemicals (except the Brabender Sedimat mill). The
test is generally carried out in series of eight samples, which takes some 30
minutes (excluding the milling and weighing of samples and the cleaning of
the glassware).

The SDS sedimentation test. The Zeleny sedimentation test and the SDS
sedimentation test work on the same principle but differ in details. The Zeleny
test was developed in the USA in the late 1940s and has been adopted in many
European countries. The SDS sedimentation test was devised at the Flour
Milling and Baking Research Association, Chorleywood (UK), some 30 years
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Table 8.2. Relation between Zeleny sedimentation values and suitability for bread and
biscuit making of flour

Sedimentation value  Classification

<20 Low protein content, suitable for biscuit making

20-30 Medium protein content, medium bread-making quality
3040 High protein content, medium bread-making quality

> 40 Very high protein content, very good bread-making quality

later, to avoid the necessity of a special flour produced by the Sedimat mill. It
has been widely used in the UK, but has not been taken up to any significant
extent elsewhere in Europe, except for the former Soviet Union. Although it
can be performed with flour, the SDS test normally uses wheat ground on a
disc-type mill with a 1 mm sieve. Six grams of ground wheat are added to
50 ml water in a 100 ml stoppered measuring cylinder, and the meal is dis-
persed by vigorously shaking. The contents are re-shaken twice at 2 minutes
intervals. Following the last shaking, S0 ml of a SDS-lactic acid solution is
added and mixed by inverting the cylinder. Inversion is repeated at intervals
of 2, 4 and 6 minutes. After the last inversion the content of the cylinder
is allowed to settle for 20 minutes before the sedimentation volume is read.
The procedure allows for four samples to be assessed at once and four more
to be started up during the settlement step of the previous four samples. An
equation predicting Zeleny volumes from SDS volumes was derived. The
rough rule of thumb is Zeleny = SDS - 20.

The mixograph (Belderok, 1977). As early as 1933, Swanson and Working
published the description of a ‘recording dough mixer’ suitable for the ana-
lysis of the quality of wheat flour. Initially, this mixograph was used quite
successfully for quality breeding in USA and Australia. It found its way
to Europe much later. There are two versions: the macro-mixograph, with
a capacity of 30-35 g flour, and the micro-mixograph with a capacity of 10 g
flour; the latter version is especially used by breeders (Figure 8.3). The heart
of the mixograph is a regularly rotating pin-kneading machine (1 and 2 in
Figure 8.3). Ten grams of flour are kneaded for 7 minutes with a fixed amount
of water (usually 5.5-6 ml). The kneading time is registered on the horizontal
axis and the power exerted on the dough on the vertical axis of graph paper
passing through a recording device. In the beginning, the mixograph curve
increases to a maximum and then decreases (Figure 8.4). Several parameters
may be read from a mixogram:
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Figure 8.3. Micro-mixograph of Swanson and Working for the analysis of dough character-
istics; the kneading system has been tilted; kneading basin (1), kneading pens (2) and recorder

A3).

Figure 8.4. Characteristic mixograph curves; each vertical line represents one minute; curves
a through d show increasing dough development times and increasing dough tenacity.
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Figure 8.5. Characteristic mixograph curves of wheat giving a weak and sticky dough of the
Clement type (left) and wheat giving a stiff and short dough of the Felix type (right). Both
types are undesirable.

— the height of the curve, mainly dependent on the protein content of the

sample and the amount of water added;

— the developing time of the dough, i.e. the time span between starting the

mixing process and reaching the maximum level of the curve;

— the dough relaxation, i.e. the difference in height of the curve at its

maximum and 3 minutes later;

— the tenacity of the dough, measured as the bandwidth after a fixed time.
All heights are read from the centre of the band. A mixograph is relatively
cheap and easy to work with. Moreover, the analysis of one sample takes only
ten minutes, if the sample has been milled beforehand. Another advantage is
that mixograph curves allow a breeder to recognize samples with very weak
doughs (often sticky) and samples with extremely stiff doughs (Figure 8.5).
Both types of dough are unsuitable for bread and biscuit making.

The Chopin alveograph. In francophone countries the Chopin alveograph
is commonly used to determine the bread-making quality of wheat. The ori-
ginal device was developed in 1921 by the Frenchman Chopin and was called
an extensimeter; in subsequent years the device was modified and called an
alveograph. In the alveograph, a thin slice of dough is inflated with air until
it breaks. The pressure profile inside the dough is recorded on graph paper.
Thus, the changes that take place in rising dough are simulated, albeit in a
much accelerated form.

The first steps involve milling the wheat sample to produce flour, using
either a Chopin-Dubois laboratory mill, a Quadrumat Senior mill or a Biihler
MLU 202 mill (Section 8.3). The alveograph consists of two parts: a kneading
unit and the actual alveograph. The kneading basin has a horizontal slot in its
side that may be open or closed with a small plate. The kneading arm can
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rotate in two directions: if it turns to the right with the slot closed, the unit
works as a kneader; if it turns to the left with the slot open, an 18 mm thick
dough is pressed out through the slot.

The procedure is as follows: 125 ml of a salt solution (concentration 25
g/) is added to 250 g of the flour to be analyzed. After 6 minutes kneading,
the kneading arm is turned in the opposite direction and the slot is opened
so that a slice of dough is pressed out of the mixing bowl. Five round pieces
of 50 mm diameter are cut from the dough slice. After a resting period of 20
minutes, the dough pieces are, one by one, placed horizontally in the alveo-
graph. Compressed air is blown underneath the dough, causing it to balloon.
Eventually, the ‘balloon’ starts to leak and collapses. The ultimate size of the
balloon depends on the elasticity of the dough. The relation between pressure
and elasticity is registered as a curve, an alveogram. The curve increases
steeply to its maximum, then it decreases rather strongly at first and somewhat
more gradually afterwards, finally to drop sharply as the dough collapses
(Figure 8.6).

-+ t
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Figure 8.6. Representative alveogram.

Five curves, all starting at the same position, will thus be registered on
the recording paper. The average of these five curves is used to character-
ize a sample. The following measurements may be taken from this average
alveogram:
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P: the dough resistance to the pressure (stiffness), measured by the ‘over-
pressure’ or highest pressure achieved during the test = the length of h
(in mm) multiplied by 1.1 (correctionfactor of the manometer);
L: the dought elasticity, measured by the length of the alveogram to the
point of rupture (in mm);
S: the area under the curve, measured with the help of a planimeter (in
cm?);
W: the ‘W of Chopin’ is the amount of energy required to inflate the dough
bubble to bursting point. It is derived from the area S under the curve:
W =6.54 x S x 10% ergs.
W is generally taken to be a measure of protein strength. The classifica-
tion of wheat varieties in several countries is based on the ‘W of Chopin’
(see Table 8.3 and Figure 8.7).
P/L: is an indicator of the balance between P (dough stiffness) and L (dough
elasticity).

Table 8.3. Relation between the ‘W of Chopin’ and the suitability for bread and biscuit
making of flour

W of Chopin  Classification

<50 Not suitable for making bread and biscuits
50-100 Biscuit-making quality
100-150 Medium bread-making quality
150-250 May be used as improver wheat, ‘blé améliorant’.
250-350 High quality wheat with a high protein level and excellent bread-making

quality, ‘blé de force’.

8.4.3. Baking quality

Micro-baking tests for bread. The standardization of baking trials is not
an easy job. First of all, the grains of the sample to be analysed must be
milled into a baking flour. At micro level, this can only be done with one
of the laboratory roller-mills described in Section 8.3. Then, a dough with
constant technological properties must be made. This means that for each
sample the amount of water to be added to the flour must be determined
apart. An experienced test baker can do this by touch. The kneading time
and mixing intensity of the dough, the duration of the several resting periods,
etc., have to be properly standardized. The whole test takes several hours
and is relatively expensive. Breeding companies, do not, therefore, perform
micro-baking tests themselves but contract this out to specialized laboratories
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Figure 8.7. Alveograms of different flour types. (A) normal dough, (B) short dough with poor
elasticity and (C) soft dough with high elasticity.

Figure 8.8. Micro-baking test for bread.

and institutions. A selection of references on micro-baking tests based on
10-100 g of flour is given at the end of this chapter.

Micro-tests for biscuit, cake and pasta making. For the sake of complete-
ness, it should be mentioned here that standard test methods for making
biscuits, cakes and pastas are given in literature as well. They are often based
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on 40-100 g of flour. As a start, readers may consult the Approved Methods
of the American Association of Cereal Chemists.

8.5. Evaluation

Each of the assay methods just described determines one, or exceptionally
two, parameter(s) of milling and baking quality. A positive result on one
parameter is no guarantee for an overall good processing value. Breeder’s
material is therefore generally submitted to a series of quality tests.

8.5.1. Early stage of breeding

During the first stage of breeding, the complete offspring of a cross may be
assessed for its processing value:

— External quality: this property is relatively easy to determine and does
not require any special equipment.

— Protein content: extremely high or low values generally refer to abnor-
mal growth or ripening conditions. Several techniques may be used to
determine protein content. The NIR method is very convenient because
it combines analyses of protein content and grain hardness.

— Grain hardness: as a rule, bread-making wheat should have hard, vit-
reous grains; biscuit-making wheat, on the contrary, has grains with soft,
opaque kernels. Several simple methods exist for the determination of
grain hardness.

— Protein strength: the breeder may choose from three tests to determine
gluten quality: Zeleny sedimentation, SDS sedimentation or a mixo-
graph test. All three are quick and simple methods and suitable for large
numbers of samples.

8.5.2. Additional assessments

For specific reasons certain analyses may be done on a limited number of
samples.

— Alpha-amylase activity. If the a-amylase activity is too low, the miller
can readily increase it through the addition of malt flour or fungal amyl-
ases, but if it is too high there is no way of reducing it. Thus, ¢-amylase
level in wheat has become a major quality factor. The analysis of the
Falling Number is only useful if one, or both of the parents of a cross
has high natural e-amylase activity, as in the case of descendents from
the variety Professeur Marchal.
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—  SDS-polyacrylamide gel-electrophoresis. With this technique it is pos-
sible to determine the HMW glutenin subunits. A guide for wheat breed-
ers who wish to develop varieties with improved bread-making quality
is therefore to cross genotypes that have complementary good-quality
subunits and to select progeny with an increased quality score.

8.5.3. Final breeding stages

In the final stage of quality breeding, the milling and baking characteristics
of a restricted number of promising lines have to be assessed on an indus-
trial scale, before introducing them on the commercial circuit. It is common
practice for a breeding company to co-operate with the milling and baking
industry, which can give a professional opinion on the practical value of a
new variety.
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General introduction to the Nordic countries

1. Climate

The climate of northern and northwestern Europe, which includes the Nor-
dic countries (NC), is greatly influenced by the Gulf Stream. The climate is
strongly maritime but with trends towards continental in eastern parts of the
region.

The maritime climate of Denmark is marked by mild winters, cool sum-
mers and a fairly evenly distributed rainfall. The differences between regions
are small. The vegetation period (the period with daily mean temperatures
above +5 °C) varies between 200 and 220 days.

The climate of Finland is influenced both by the Atlantic and by the great
continental landmass to its east; the maritime influence is strongest along the
Baltic coastline. In agricultural regions annual rainfall is about 600 mm.

The climate of Norway is strongly influenced by the Gulf Stream. The high
mountain ranges, however, cause great variations and regions may be found
with a continental and others with a maritime climate, although the latter is
prevalent. Typical is also the great variation in annual rainfall from one region
to another. Along the coast, as far north as Trondheim, the vegetation period
is 200 days; it decreases to the east and the north.

Sweden shows great climatic variation. The climate in Scania, for ex-
ample, is about the same as in Denmark. Variations during summer are fairly
small. The winter temperatures and the duration of winter varies considerable
within the country, however. In eastern Sweden the annual rainfall is 500-
600 mm, with an uneven distribution, which often results in severe early sum-
mer droughts. In western Sweden conditions are somewhat more favourable.
The vegetation period varies from 210-220 days (Akerberg, 1965).

2. Harvest and yield of wheat

The harvest of wheat in the Nordic countries currently totals more than 5.5 Mt
annually, of which the Danish wheat crop alone comprises more than 3 Mt
(Table NC.1). Denmark accounts for nearly one-half of the area under wheat
(more than 400000 ha, and even 650000 ha in 1997) in the Nordic coun-
tries. Wheat production of the Nordic countries more than doubled during
the period 1975-1995, due in particular to the expansion in Danish wheat
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Table NC.1. Average yield (kg/ha) and production (1000 t) of winter and spring

wheat in Nordic countries

Denmark Finland Norway Sweden
1988-1990  1988-1990  1988-1990  1986-1990

Yield wWwW 7180 3720 4560 5 880
swW 5030 3130 3 860 4330
Production ~ww 3024 81 25 1399
sW 62 392 145 316
total 3086 473 170 1715

Source: Salovaara & Fjell (1995).

production, which has increased four-fold since 1970 and which has benefited
from Denmark’s membership of the EU (Salovaara & Fjell, 1995).

3. Use of the wheat harvest

Less than one-quarter of the total wheat harvest of the Nordic countries is
used for human consumption. The main use of wheat is as an animal feed,
either directly on the farm or as a component of industrially-produced animal
feed. In the past, Denmark and Sweden have exported wheat on a regular
basis, and occasionally Finland, whereas the volume of the Norwegian crop
has never met domestic need (Salovaara & Fjell, 1995) (Table NC.2).

Table NC.2. Wheat export and import (1000 mt) from and to Nordic

countries
Denmark Finland Norway Sweden
1987-1990  1988-1990 1990 1991  1988-1990
Export 65 252 0 0 472
Import 116 87¢ 159 130 56

4 Export under international food-aid programme.
b Approximate value.

¢ Mainly US or Canadian wheat, including durum wheat for pasta

production. Source: Salovaara & Fjell (1995).
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4. Quality of Nordic wheat

There is much variation in quality due to location and year. The protein
content of Nordic winter wheat seldom exceeds 12-13% (dry matter basis),
whereas spring wheat may have an average protein content of 13—15%. Farm-
ers are encouraged to produce high-protein wheat by using a split nitrogen
application. A protein pricing system is applied in Sweden, Finland and Nor-
way. The premium to the farmer for higher protein also makes spring-wheat
growing somewhat more competitive to winter wheat. In the domestic wheat
trade in Sweden and Norway, spring wheat goes under the term ‘quality
wheat’, which relates to its higher protein content, among other properties.
Practically all wheat cultivars in the Nordic countries are hard-kernel types
and hence have good milling properties. Electrophoretic analyses have shown
that the wheat varieties grown in northern Europe possess HMW subunits
characterized by high quality scores in Payne’s classification system.

S. Consumption of wheat

The per capita consumption figures for wheat as food in Denmark, Finland
and Sweden are among the lowest recorded in Europe and the OECD! coun-
tries. Typically, Norway has a higher wheat consumption and lower rye con-
sumption than its neighbouring countries. However, relatively low wheat con-
sumption in Denmark, Finland and Sweden is compensated for in part by
the relatively high consumption of rye, which is used not only for making
crisp bread and whole rye bread but also for various ‘mixed’ or brown breads
containing some rye flour (Table NC.3).

Table NC.3. Annual human consumption (kg per capita) of
wheat, rye, barley and oats in Nordic countries

Denmark  Finland Norway Sweden

wheat 56.0 58.4 80.8 68.6

rye 20.2 19.8 9.3 15.1

barley 0.1 2.0 0.4 0.4

oats 4.8 5.3 2.8 3.6

wheat +rye 76.2 78.2 90.1 83.7
Sources: OECD Food balance sheets (1991); Salovaara &
Fjell (1995).

I OECD= Organisation for Economic Cooperation and Development.
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6. Wheat flour usage

Most wheat flour is used by bakeries for making various types of bread.
Alongside this industrial use, one-quarter to one-third of all wheat flour pro-
duced in Finland, Norway and Sweden is sold for household use. In Den-
mark the proportion is lower: namely 16% as compared with 35%, 30% and
25% for Finland, Norway and Sweden, respectively. Different types of flour
products and flour mixes for home bakers are marketed. Most home baking
flour is lower in protein content and quality than flour delivered to commercial
bakers. Home baking is more common in the sparsely populated northern
parts of Norway, Sweden and Finland than in the southern parts, where the
consumers have more access to bakeries. In spite of this, home baking seems
to have survived even in urban areas.

JM.
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Norway

1. Introduction

Norwegian (N) agriculture has been shaped by its geographic position, far to
the north, with short cool summers and long winters with extreme conditions.
Early ripening in annual crops harvested for seed, and winterhardiness in per-
ennial crops, are absolute requirements for varieties to be grown and these
are the primary aims of plant breeders (Wexelsen, 1965). With increased
importance of domestic wheat production during the last two decades, ad-
ditional breeding objectives are: yield, disease and lodging resistance and
bread-making quality.

Spring-sown varieties dominate in wheat. The values in Table N.1. de-
monstrate the decrease of wheat area between the 1930s and the 1970s and
its gradual increase thereafter. Grain yields increased from 2000 kg/ha in the
1930s to a maximum of 5420 kg/ha in 1993.

On the basis of variety trials done in south east Norway from 1899 until
1960, Strand (1964) calculated the differences in yielding capacity of the vari-
eties used at the beginning and the end of this period. He found a difference
of 725 kg/ha for winter wheat, of which 52% could be attributed to genetic
differences and the rest to improved husbandry. The corresponding figures for
spring wheat were 425 kg/ha and 53%.

Likewise, on the basis of a great number of variety trials in the country,
the improvement in grain yield during the period 1960-1992 was assessed

Table N.1. Wheat area (1000 ha), grain yield (t/ha) and
total production (1000 t) in Norway during the 20th

century
Year(s) Area Yield Production
1924-1925 9 1.54 13
1934-1938 28 2.01 56
1948-1952 28 2.06 58
1961-1965 8 2.57 19
1969-1971 4 3.13 11
1979-1981 15 4.26 63
1989-1991 46 4.32 203
1995-1997 65 4.42 288

Sources: IIA and FAO statistics.
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(Strand, 1994). For winter wheat the annual increase in recorded grain yield
was 88 kg/ha and for spring wheat 75 kg/ha; genetic improvement of cultivars
contributed 57% and 47% to this increase, respectively.

2. General remarks on wheat breeding

Plant breeding work in Norway began very early in the 20th century. Plant
breeders were greatly influenced by work done at Svalof (Sweden). Initially
the work centered on selection in local varieties.

Hybridization in self-fertilizing crops was begun around 1920. Even
though early ripening was already an absolute necessity, the introduction of
combine harvesting in the 1950s strengthened the demands for this character-
istic (Wexelsen, 1965). It is true to say that a short growing period is of crucial
importance in this country; yielding ability is of secondary importance. Thus,
the challenge of breeding for improved baking quality is primarily one of
combining this characteristic with a restricted length of the growing period.

Traditionally, Norwegian wheat quality was not considered to be sufficient
for bread making. Therefore imported high quality wheat was added to the
home-grown wheat before milling. To increase the proportion of Norwegian
wheat in the flour, which was about 30% in 1987, there was a need for new
varieties with higher protein content and better protein quality. Although in
the Norwegian wheat-breeding programmes the improvement of both protein
content and quality was the aim, most effort has been invested in improv-
ing the second characteristic (Uhlen & Mosleth, 1987). The proportion of
Norwegian wheat in the flour was 60% in 1997.

3. Breeding institutes

Traditionally all plant breeding in Norway was publicly funded, and cereal
breeding was the responsibility of the Department of Crop Science (formerly
Farm Crops Institute) at the Agricultural University of Norway, and the State
Experiment Stations Mg@ystad near Hamar and Voll (later transferred to Kvit-
hamar) near Trondheim. Between 1955 and 1975 additional funds were pro-
vided by the Norwegian Agricultural Research Council, and in 1975 the ce-
real breeding activities were merged into a research programme with funding
from public and semipublic organisations. In 1993 all cereal breeding was
transferred to a private company, Norsk Kornfgredling AS, located at the ex-
periment station Bjorke near Hamar, but part of the breeding activities are still
carried out on a contract basis by the public research institutions (Ringlund,
1998).
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4. Winter wheat

The area of winter wheat was restricted in Norway until 1980, but has in-
creased since then. Accordingly, the breeding work in winter wheat has been
intensified.

Essential characteristics in wheats for cultivation in the Oppland/Hedmark
region of Norway are good overwintering capacity, stiff straw, satisfactory
grain quality and an average yield of 3 t/ha. In trials done between 1920
and 1930, a new variety, named Heid, met these requirements except for
its weak straw. According to official government laboratory tests, baking
strength was good: this wheat needed only a small addition of improving
flours. It seems likely that the variety Heid is a selection from the Russian
quality line Stavropol-193 (Glaerum, 1939). From the offspring of a cross
of Stavropol-193 with the Finnish variety Labors Elite 05, the varieties Sigyn
and Sigyn II were selected. This work was done at Mgystad (Wexelsen, 1965).
The variety Sigyn apparently inherited the good flour quality, which is also
typical for Heid. Owing to its very stiff straw, Sigyn exceeded Heid in grain
yield (Bjaanes, 1942, 1953a). In a comparison of the baking quality of a
number of Norwegian varieties with that of Gluten, the baking quality of
Sigyn and Heid was above average, but not equal to that of Gluten (Bjaanes,
1953b).

The main winter-wheat varieties grown during the period 1959-1981 are
presented in Table N.2. The great influence of Swedish varieties is notable.

Table N.2. The main home-bred winter-wheat varieties grown in Norway
between 1959 and 1997

Variety  Pedigree Year of release
Sigyn I ~ Stavropol/Labors Elite 05 1950
Skjaldar ~ Sigyn/Fram II//Redcoat/3/Trond 1976
Rida Sigyn/Fram II//Redcoat/3/Trond 1976

Kalle Yorkstar/Trond//Mo67-38/3/
Kavkaz/4/0Odin/3/Vakka//Fram II/Sigyn 1990
Sources: Skinnes (1982) and Ringlund (1998).

During the period 1956-1973, a total of 157 trials with winter cereals was
carried out in the southeastern part of the country. A summary of the results
for the main winter-wheat varieties is presented in Table N.3a and N.3b. It
is evident that the agricultural value of the winter-wheat varieties improved
from the years 1956-1973 to 1974-1981 in terms of grain yield, straw length,
lodging resistance and earliness of ripening (Table N.3a). It is also interesting
to note the high grain yield of the rye variety Kungsrug II in these trials.
The Zeleny sedimentation value, as far as it had been determined, was on
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Table N.3a. Winter-wheat varieties (and one winter-rye variety for compar-
ison) in trials in southeastern Norway during 1956-1973

Variety Grain  Zeleny Straw Lodging Date of
yield value® length (%) ripening
(rel.)? (cm) in August

Gluten 82 - 103 35 14

Virtus 96 - 105 51 14

Odin 90 27 101 20 16

Sigun 11 80 - 107 51 13

Trond 100 32 95 31 11

Mo 64-43 98 26 97 12 10

Kungsrug II (rye) 124 9 116 29 12

2 Grain yield 100% = 4200 kg/ha.
b Apparently not determined for some varieties.
Source: Skinnes (1982).

Table N.3b. Winter-wheat varieties in trials in eastern Norway during
1974-1981

Variety Grain Zeleny Straw Lodging Date of

yield value length % ripening
(rel.)? (cm) in August
Trond 100? 34 89 39 10
Skjaldar 108 34 83 39
Rida 106 33 83 18 8

2 Grain yield: 100% = 4290 kg/ha.
Source: Skinnes (1982).

a reasonable level for winter wheat. The improvements are still clearer in
the two younger varieties, Skjaldar and Rida (Table N.3b). These varieties
were grown on a considerable scale in Norway between 1977 and 1981:
the maximum percentage of Skjaldar was 100 and that of Rida 40 (Skinnes,
1982).

A new winter-wheat variety, named Kalle, bred by the Department of Crop
Science of the Agricultural University of Norway at As was released in 1990.
It is suitable for areas with short growing periods and severe winters. It was
derived from the cross Moystad 7044/Kavkaz/Moystad 7066. The grain has a
soft endosperm with a protein quality that is superior to that of other varieties
released in Norway. The grain yield is higher than that of Rida, but lower than
that of the Swedish variety Folke (Uhlen, Ringlund & Skinnes, 1992).
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Table N.3c. Winter-wheat varieties in trials in eastern Norway during 1993-1997

Variety Country Year of Lodging Grain Protein Spec.
of release (%) yield in grain SDS
origin in Norway (rel.)? (%)

Folke Sweden 1987 64 98 10.6 5.49

Kalle Norway 1990 54 84 11.0 5.03

Portal Germany 1993 31 95 11.5 6.36

Rudolf Sweden 1993 37 100 10.7 5.60

Mjolner Sweden 1996 18 102 10.7 5.95

Bjorke Sweden 1996 14 93 11.4 5.78

Terra Denmark 1997 14 97 10.5 591

2 Grain yield: 100% = 6330 kg/ha.
Source: Assveen et al. (1998).

It is obvious that the mean grain yield in these trials (Table N.3c) is consid-
erably higher than in those of 1956-1973 and 1974-1981. The straw stiffness
of the more recently released winter-wheat varieties tested in eastern Norway
during 1993-1997 was clearly improved (Table N.3c). It is interesting to note
the great variation in Specific SDS Sedimentation values of those varieties.
During this period the area of the Norwegian variety Kalle deminished from
30% in 1993 and 1994 towards a few percents in 1997 (Assveen etal., 1998).

5. Spring wheat

5.1. Breeding of spring wheat at Moystad

In the Oppland region during 1925-1941, a number of Norwegian spring-
wheat varieties was compared with Finnish and Swedish varieties (Glaerum,
1941). Grain yields of Froya and As were equal during 17 years of trials; their
baking quality was satisfactory. Another variety, Froya II, gave a very good
flour for making bread without any addition of foreign high quality wheat.
Grain yield of the variety Froya II was 200-300 kg/ha higher than that of
Froya and As, although they ripened practically at the same time

A series of crosses between the home-bred cultivars Fram I or Fram II and
the foreign cultivars Pika, Marquis, Sopu or Diamant II was made by Bjaanes
in 1936. Disease resistant individual plants were selected from F, progenies.
Subsequent families were screened up to F; for agronomic value and baking
quality, using the Pelshenke test. One outstanding heterogenic F,-family was
investigated in more detail, leading to the conclusion that high quality was not
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Table N.4. Results of trials with spring-wheat varieties at Vollebekk during 1960-1974

Variety Year of Grain Zeleny Straw Lodging Duration
’ release yield sediment length (%) development
(rel.) value (cm) (days)
Diamant II 1938 88 39 92 52 115
As 1945 92 36 95 55 113
Norrona 1952 95 37 90 53 11
Drott 1954 95 39 92 18 119
Svenno 1954 93 54 84 28 114
Nora 1959 95 39 89 50 112
Rollo 1963 1002 49 80 12 110
Moystad 1966 98 46 87 25 112
Runar 1972 110 47 80 3 110
Reno 1975 112 47 78 0 113

2 Grain yield: 100% = 3700 kg/ha.
Source: Strand (1975).

inherited recessively. This is in contradiction with the findings of Pelshenke
in Germany (Bjaanes, 1951).

Selection in the offspring of the cross Fram II/Sopu resulted in the vari-
eties Norrona and Nora, released in 1952 and 1959, respectively. In these
varieties a valuable combination of earliness and yielding ability was created
(Wexelsen, 1965).

The later variety Trym was selected from the progeny of the cross Fyl-
gia/Huron (from Sweden and Canada, respectively); it was released in 1951.
This variety had nearly the same straw stiffness as Diamant II, but exceeded it
in yield by 6%; the difference in baking quality was small (Bjaanes, 1953b).

Table N.4. lists 10 main spring-wheat varieties grown successively in Nor-
way in order of their year of release. Note how a number of important agri-
cultural characteristics has been improved: grain yield; Zeleny sedimentation
value; straw length; percentage of lodging; and, more or less, the duration of
the growing period. The figures illustrate the struggle wheat breeders have to
combine as many essential characteristics as possible (Strand, 1975).

5.2. Breeding of spring wheat at the Agricultural University of Norway

At the Department of Crop Science, selection for mildew resistance began as
early as 1920. Crosses were made with a resistant line found in a local variety.
Three varieties originated from this work: Fram II, released in 1939; Snogg
I1, released in 1940, and As 11, released in 1945.
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Table N.5. Spring-wheat variety trials in eastern Norway 1992-1997

Variety Year Breeder? Lodging Dor- Grain Protein Specific
of (%) mancy yieldb in grain SDS
release sediment

Tjalve 1987 Sv-W 4 6 95 13.4 5.53

Bastian 1989 NK 2 9 90 13.2 5.89

Polkka 1992 Sv-W 2 4 94 13.7 4.86

Brakar 1995 NK 14 11 95 13.0 5.59

Avle 1996 Sv-W 4 10 100 13.5 5.44

Vinjett Sv-W 7 12 108 12.8 5.28

8 Sv-W = Svalof-Weibull (Sweden); NK = Norsk Kornforedling (Norway).
b Grain yield: 100% = 5240 kg/ha.
Source: Assveen et al. (1998).

During 1945-1965 the wheat production in Norway was drastically re-
duced. The old varieties were not suited for combine harvesting. A new breed-
ing programme was initiated by Strand in 1959 in which sprouting resist-
ance, resistance to shattering and lodging, together with disease resistance,
earliness and yield improvement were the main breeding objectives. This
programme resulted in the varieties Rollo, Runar and Reno, released in 1963,
1972 and 1975, respectively. Semidwarf wheats from the CIMMYT Wheat
Program were introduced in 1968, and the varieties Bastian and Brakar, both
semidwarfs were released in 1989 and 1995, respectively (Ringlund, 1998).

Tjalve was the main variety during 1990-1997, with 70% of the spring
wheat area in 1991 and about 50% in each of the years 1993-1997. The
Norwegian variety Bastian was grown on 40% of the spring-wheat area in
1993 and on about 20% in each of the years 1994-1997; the other Norwegian
variety, Brakar, was grown on a few percents of the area in 1997 (Assveen et
al., 1998). Thus, the position of home bred spring-wheat varieties in Norway
during the 1990s is of importance, but the competition of foreign, especially
Swedish, varieties is heavy.

It is obvious that lodging was on a low level in these trials and that the
Specific SDS sedimentation value in general was high for these varieties
(Table N.5).

6. Investigations on glutenin composition

A total of 13 spring-wheat varieties were investigated for their glutenin sub-
unit composition (Uhlen, 1990a). Among these cultivars was one land variety,
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some varieties selected from a land variety, and varieties selected from cross-
ing populations, all released between 1926 and 1975. The material is listed in
Table N.6.

Uhlen concluded that the 13 spring-wheat varieties had a limited allelic
variation on the Glu-1 loci. Note that the Glu-Al subunit 2% was already
present in the Norwegian land variety Borsum and (subsequently) in its de-
rivates. This is in contrast with the absence of this subunit in land varieties of
several other north and west European countries. It may be assumed that the
variation in the Norwegian land varieties was limited to the subunits 2x, 7+8,
7+9 and 2+12. The subunits 5+10 were introduced into the Norwegian spring-
wheat varieties Norrona and Nora through the Finnish variety Sopu, which in
its turn acquired the subunits through the Canadian cultivar Marquis.

Table N.6. HMW-subunit composition of Norwegian spring-wheat varieties

Variety Pedigree Year HMW-glutenin subunit composition
of Glu-Al Glu-B1 Glu-D1
release

Borsum Land variety 2% 7+8/7+9 2+12

As Sel.fromaland var. 1926 2% 7+9 2+12

Froya Sel. from Borsum 1933 2% 7+8/7+9 2+12

Fram I Jo3/MO07 1936 2% 7+8 2+12

Fram II Jo3/MO07 1940 2% 7+8 2+12

Snogg I Jo3/Sibirian/As 1940 2% 7+8/7+9 2+12

Trym Fylgia/Huron 1951 2% 7+9 2+12

Norrona Fram II/Sopu 1952 2% 7+8 5+10

Nora Fram II/Sopu 1959 2% 7+8 5+10

Rollo Kérn/Norrona 1963 2% 7+8 5+10

Moystad Mo 043-40/Kérn 11 1966 2% 648 2+12/5+10

Runar Els/"*Rollo 1972 2% 7+8 5+10

Reno Tammi/Kirn II/Els 1975 1 7+9 5+10

Source: Uhlen (1990a).

A total of 212 breeding lines, obtained from the spring-wheat breeding
programme in 1984-1986, were investigated for the effect of specific HMW
glutenin subunits on bread-making quality. These lines had not been subjected
to any selection for bread-making quality (Uhlen, 1990a). The results of these
investigations are presented in Table N.7.

According to Uhlen, the greater variation in Glu-1 alleles found in the
breeding lines as compared with the varieties of spring wheat reflects the
more extensive use of foreign germplasm in crosses during later decades. In
particular, germplasm from CIMMYT was used in the Norwegian spring-
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Table N.7. Frequencies (%) of the alleles at the loci Glu-Al, Glu-BI
and Glu-D1 for 13 varieties and 212 pure breeding lines of spring

wheat
13 varieties 212 breeding lines

Glu-Al 2% 92 74
1 8 24

Glu-B1 6+8 8 12
7+8 46 44
7+9 23 12
7+8/7+9 23 -
7 - 2
13+16 - 25
17+18 - 2
20 - 2

Glu-D1 2+12 54 24
5+10 38 76

2+12/5+10 8 -
Source: Uhlen (1990a).

wheat breeding programme. It is likely that the subunits 17+18 were trans-
ferred from this material. The presence of the subunits 13+16 could be attrib-
uted to a distinct CIMMYT line that was used as a crossing parent. In fact, the
frequency of these subunits 13+16 in a world collection of 300 varieties that
was investigated by Payne & Lawrence (1983) was very low. Uhlen presumed
that the prevalence of subunits 5+10 in the breeding lines reflects the extent to
which the varieties Runar and Reno contribute to the pedigrees of subsequent
lines.

Approximately 25-27% of the variance in Zeleny sedimentation volume
in this material could be related to the composition of HMW glutenin sub-
units. Although this estimate was lower than that reported for UK- and Span-
ish-grown wheat varieties, Uhlen considered SDS-PAGE as a useful screen-
ing test for bread-making quality in the Norwegian wheat breeding program-
me.

By relating several HMW subunits to Zeleny sedimentation value and ex-
tensogram values, it appeared that the quality of the lines with subunits 5+10
surpassed that of the lines with subunits 2+12; this finding is in agreement
with that of many other investigators.

Among the HMW subunits encoded by the 1B chromosome, the subunits
13+16 were strongly related to good quality. Among the other Glu-B1 sub-
units present in this material, both 6+8 and 749 seem to provide better quality
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than 748, at least in combination with the Glu-DI subunits 5+10. Further
studies were intended to investigate whether there is a different interaction
with the Glu-D1 subunits 2+12.

Uhlen (1990b) examined the quantitative variation of the HMW glutenin
subunits present in Norwegian wheat material. Electrophoretic patterns of
HMW glutenin subunits for 111 spring-wheat breeding lines were analysed
quantitatively by densitometer scanning. Significant differences in quantity
between subunit bands were found, but only with a slight effect on the vari-
ation in Zeleny sedimentation volume. From these results Uhlen concluded
that selection for bread-making quality according to the electrophoretic pat-
terns of HMW glutenin subunits can be made qualitatively without taking the
quantity of the subunits into consideration.

A set of 97 of the 212 breeding lines analysed for HMW glutenin subunit
composition was analysed further for their gliadin composition using acid
polyacrylamide gel electrophoresis (Mosleth & Uhlen, 1990). Of the 97 lines,
51 were grown in 1985 (85B2) and the other 46 lines were grown in 1986
(86B2). The data were analysed by the multivariate data analysis Partial Least
Squares (PLS) regression to study relations between protein composition and
bread-making quality. The PLS regression analyses were first carried out us-
ing the protein content and quantitative expressions (by use of densitometer
scanning) of the electrophoregrams of HMW glutenin subunits and gliadins
as the x-variables. Zeleny sedimentation volume or extensogram parameters
were used as the y-variable. From these analyses, six quality-related gliadin
bands were identified. Three w-gliadin bands and one y-gliadin band, cor-
responding to the gliadin block Gld1B8 (Gli-1Bk according to Metakovsky,
1991) were positively associated with the quality tests. Two other gliadin
bands, one w- and one y-gliadin band, encoded by chromosome 1B, were
negatively associated with the quality tests.

New PLS regression analyses were carried out using the protein content
and qualitative expressions of the protein composition (presence or absence

Table N.8. The proportion (%) of the variance in Zeleny sedimentation volume
that could be predicted by the three different sets of x-variables for breeding
lines grown in 1985 and 1986

x-variables Tested lines:
85B2 (n=51) 86B2 (n=46)

protein content 17 54
protein content + HMW glutenin units 39 64
protein content + gliadin bands 47 73

Source: Mosleth & Uhlen (1991).
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of the different polypeptides) as x-variables and Zeleny sedimentation volume
as the y-variable. The x-variables protein content, presence or absence of the
different HMW glutenin subunits, and presence or absence of the six gliadin
bands was added subsequently to the PLS analyses. The results are shown in
Table N.8. for the lines grown in each year separately. The PLS analyses were
evaluated by cross validation (Mosleth & Uhlen, 1991).

The figures in this table make clear that information on the protein content,
the HMW glutenin subunits, as well as the six gliadin bands, contributed to
the prediction of the quality test. Mosleth & Uhlen suggested that the dif-
ference in results between the two sets of lines could be due to the larger
variation in the protein content in the ‘86B2’ material than that in the ‘85B2’
material. They commented that it is not known wether the quality associations
were due to the gliadin bands themselves or to the Low Molecular Weight
(LMW) glutenin subunits genetically linked with the gliadins.

In another set of 97 spring wheat lines breeding lines grown in 1990,
the LMW glutenin subunits were investigated by SDS-PAGE (Mosleth et
al., 1993). Quality-related LMW glutenin subunits were identified by mul-
tivariate analysis of the electrophoregrams; protein quality was evaluated by
the Zeleny sedimentation test; and gliadin composition of the material was
analysed by APAGE. The results indicated that the LMW glutenin subunits
with the strongest correlation to quality were linked to the gliadin block
Gli-1Bk, which was found to be related to flour quality. Mosleth et al.’s
conclusion from this investigation (1993) as well as from an earlier invest-
igation (Mosleth & Uhlen, 1990) was that the quality relations might be due
to these specific gliadins themselves or to the LMW glutenin subunits genet-
ically linked to them. Due to their ability to form intermolecular disulphide
bonds, the LMW glutenin subunits most likely play an important role in the
formation of the gluten network.

Research on gluten proteins in Norway has been continued at the Agri-
cultural University of Norway and at the Norwegian Food Research Institute,
both in As. Studies on the composition of LMW glutenin subunits in Norwe-
gian varieties and breeding lines (Flate, in preparation) have been carried out,
and their influence on gluten quality is under investigation. Research is also
initiated to study endosperm hardness and the effect of endosperm hardness
and gluten quality of wheat for different end-use products. The aim is to
provide further knowledge of the production and use of Norwegian quality
wheat (Uhlen, 1998).

JM.
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Sweden

1. Introduction

Climatic conditions for crop cultivation in Sweden (S) vary greatly. Cereal
is grown mainly in the southern and central regions, on about 40% of the
total area of arable crops. Wheat has never been a major crop in terms of
cultivated area. Spring barley and spring oats each cover one-third of the
total cereal area, whereas the autumn-sown bread cereals, i.e. wheat and rye,
together cover about 30%. This latter percentage was more or less stable from
1920 until 1955, but among the bread cereals the culture of rye has gradually
decreased in favour of wheat. The total area of wheat grown in Sweden in-
creased considerably during the first half of the 20th century, whereas in the
second half this area has remained more or less stable (Table S.1). The area
under rye increased again after 1975, when breeding for sprouting resistance
resulted in a better adaptation to the climate (Gunnarsson, 1986). This was of
importance as the Swedish population consumes much rye, in various forms.

Table S.1. Wheat acreage (1000 ha) and production (1000 t) in Sweden
between 1925 and 1997 and the distribution of winter wheat (ww) and
spring wheat (sw) for a number of years

Year(s) Area Prod. Year(s) Area?
wWwW SW

1925-1926 138 281 1920 118 (7.2) 27 (1.6)
1934-1938 290 696 1932 214 (14.2) 64 (4.3)
1948-1952 323 677 1951 147  (10.9) 177 (13.1)
1961-1965 264 909 1965 228 (15.4) 60 (4.0)

1969-1971 259 958 1980 243 54
1979-1981 252 1088 1985 190 98
1989-1991 294 1825 91-95 232 36
1995-1997 311 1880 1996 292 42

2 The figure between brackets represents the percentage of total cereal area.
Sources: IIA and FAO statistics, Broekhuizen (1969), Svensson (1987) and
Yearbook of Agricultural Statistics 1997.

At the end of the 19th century, winter wheat was dominant and the area of
spring wheat was very restricted. But the area under spring wheat increased
gradually between 1900 and 1930. A further increase in spring wheat cultiva-
tion during the 1930s was due mainly to the availability of improved varieties
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(Akerman, 1954). With increased production of spring wheat, the insufficient
baking quality of winter wheat varieties could be compensated for, more or
less. Nowadays, the proportion of spring wheat grown varies, depending on
the weather while drilling winter wheat; on average it is only 10-15% of the
total wheat area.

As mentioned in the Chapter ‘General introduction to the Nordic coun-
tries’, under ‘Consumption of wheat’, the per capita consumption of wheat in
Sweden is among the lowest in Europe and the OECD countries. However,
this is compensated for in part by the relatively high consumption of rye.
Under ‘Harvest and yield of wheat’ of the same chapter it was indicated that
Sweden exports considerable amounts of wheat annually. However that wheat
export has fallen during the 1990s as more wheat is being used for feed.

A general shift in appreciation from rye to wheat in bread consumption,
together with a shift from home to industrial baking, in combination with a
continuing development of industrial baking techniques, induced changes in
screening methods for baking quality in wheat breeding (Olered & Hummel-
Gumelis, 1975; Olered & Johansson, 1986). Farmers have been encouraged
to grow high quality varieties by the an official price-scale system that has
been in force since 1931. Moreover, an annual survey of harvest quality was
introduced and continued for many years: see Table S.2 (Olered & Johansson,
1986).

Table S.2. Average values for bread-making quality of winter and
spring wheat according to the survey of the Swedish bread grain crop
in 1974 and 1978 compared to the bread-making quality of Kosack
(ww) and Dragon (sw), tested between 1993 and 1997

Protein content  Loaf volume  Sediment value

year 1974 1978 1974 1978 1974
winter wheat 11.7 12.6 736 719 26
spring wheat  13.0 13.3 942 950 52
years 1993-1997 1993-1997

Kosack (ww) 11.3 769

Dragon (sw) 13.6 970

Sources: Olered & Hummel-Gumalis (1975); Olered & Johansson
(1986); Larsson et al. (1997).
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2. General review of wheat breeding for yield and quality

Selection in local varieties was already practised before 1880, some 25 years
before Johannsen published (in 1903) a paper on the scientific background
of selecting individual plants and testing their progenies separately (MacKey,
1963). The initial selections resulted in improved yields but decreased baking
quality. The import of large quantities of high quality wheat was therefore
necessary to compensate for the inferior quality of home grown wheat. The
introduction of high yielding varieties bred in Germany and Great Britain
did not contribute to an improvement of the baking quality. Moreover, those
varieties were poorly adapted to Swedish conditions.

Combination breeding, involving crosses of indigenous and foreign vari-
eties, was introduced around 1910. The first recorded was Squarehead / Swe-
dish land wheat, aimed at combining stiff straw and high yields with winter-
hardiness and quality, respectively. By successive recombination many vari-
eties were obtained over a period of 60 years, of which the winter-wheat
varieties Skandia IIIB, Odin and Diana have been widely grown (MacKey,
1963). Iduna (1911) and Standard (1921) are notable products of the program
at Weibullsholm.

The Hungarian variety Bankuti 178 was introduced into discontinuous
winter wheat backcrosses with the aim of improving bread-making qual-
ity. The same goal was pursued in spring wheat by incorporating the North
American variety Marquis, reknown worldwide for its outstanding baking
quality.

Baking tests played an important role in selection for bread-making qual-
ity; loaf volume, especially, was a criterion often used. Indirect tests to esti-
mate baking quality in early stages of selection were undoubtedly employed,
but the results have never been published. Noteworthy is the important role
which Berg attributed to kernel-hardness and milling quality.

3. Breeding institutes

Two breeding institutions have been involved in Swedish wheat breeding
since 1870: the private enterprise Weibull Plant Breeding at Landskrona and
the Swedish Seed Association at Svaldf, working on a cooperative basis al-
ready in 1886. Both institutes had their branch stations at different locations
in the country, and in view of great climatic differences the breeding and
testing work at these locations is of major importance. The two amalgamated
in 1993, continuing their breeding activities for a great number of agricultural
and horticultural crops under the name Svalof-Weibull AB.
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4. Winter wheat

4.1. Winter-wheat breeding at Weibullsholm

At Weibullsholm, where winter-wheat breeding started in 1904, Berg intro-
duced the Hungarian variety Bankuti 178! in 1928. Bankuti 178 was used as
a parent in crosses with several winter strains because of its excellent milling
and baking quality, and its outstanding resistance to various leaf diseases.
Berg had initiated breeding to improve bread-making quality. F,-plants were
selected and backcrossed with Aring and Ankar II. After a thorough testing
programme of these backcross progenies one selection emerged as the very
best; it was released in 1943 under the name Eroica.

The improved baking quality of Eroica and its milling properties in par-
ticular, were a noteworthy advance on existing varieties. Eroica became very
popular, covering some 90% of the winter-wheat area in southern Sweden,
as well as in Denmark during several years. It was also grown in northern
Germany.

Following this first result, a range of varieties, derived from crosses of
Eroica and closely related strains, were marketed. Among these, the variety
Banco, released in 1953, was outstanding. It showed a clear transgression in
grain yield and baking quality (Table S.5). Fajersson (1994) suggested that it
was probably the presence of Bankuti 178 from two sides of Banco’s pedigree
that resulted in the clear transgression in baking quality, as well as in kernel
yield and protein content, compared with Eroica, which has Bankuti 178 from
only one side in its pedigree.

Through the offspring of Bankuti 178 a hard endosperm was introduced
in Swedish wheat varieties, resulting in a higher extraction rate during the
milling process. Berg started systematic selection on kernel hardness.

Fajersson, Berg’s successor in 1946, proceded along the lines set out by his
predecessor. He produced the great variety Starke, released in 1959, derived
way back from Squarehead and Swedish land wheat, again with the strong
influence of Bankuti 178 via Eroica and via a sister line of Banco. Starke
strongly dominated Swedish and Danish winter-wheat production for a dec-
ade and was also grown in Poland and Germany (Fajersson, 1964). Starke
II, based on a single plant selection from Starke, was an improvement in
respect of winter-hardiness, straw stiffness and grain size. The programme of
intercrossing more or less closely related derivatives of Starke (some of which
were introduced on the market, e.g. Holme) yielded the successful variety
Folke, released in 1982 (Table S.6).

I Bankuti 178 was presumed to be derived from a spontaneous cross between Marquis and
a Hungarian winter wheat (Berg, 1940, cited by Fajersson, 1994).
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Figure S. 1. Simplified pedigree of Kosack.

Foreign varieties are printed in italics. Underlined variety names are derived from parents
whose origin is shown elsewhere in the same Figure. Unbroken lines represent a direct
descendence, broken lines represent an indirect descendence.

With Mironovskaya—808, an additional source of baking quality was in-
troduced into the Weibull winter-wheat breeding programme. From cross-
progenies that included mildew-resistant material based on Starke II and
Holme, the variety Kosack, released in 1984, was selected on the evidence
of outyielding its parents as well as Folke. Kosack has a hard endosperm and
is easy to mill; its loaf volume is slightly better than that of Folke (Table S.6).
Soon after its release, Kosack became very popular; it covered 56% of the
area under winter wheat in 1987 and 88% in 1994. A simplified pedigree of
Kosack is presented in Figure S.1.
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Table S.3. Loaf volume of main winter-wheat varieties grown in southern
Sweden during the 1940s and 1950s

Variety Year of Period Protein Loaf volume
release of trial content (%) ml rel.
Sammetsvete? 1931-1950 119 677 100
Skandia ITIB 1939 1944-1950 10.2 608 90
Ergo L;II 1934;1949  1935-1950 10.7 551 81

8 Sammetsvete was used as a standard variety in baking trials at Svaldf; this
variety was one of the best Swedish varieties as far as baking quality was
concerned.

Source: Akerman (1954).

4.2. Winter-wheat breeding at Svalof

The Swedish Seed Association at Svalof has been involved in winter-wheat
breeding since 1886 (Andersson, 1963). It was supported by scientific re-
search in plant breeding methodology. A cereal laboratory was founded in
1930 and systematic investigations into the baking quality of wheat varieties
have been carried out since then. Loaf volume was the most important cri-
terion for quality and the Swedes were among the first to use this criterion
for investigating the quality of wheat (Table S.3.); in many other countries
indirect tests were commonly used. The variety Odin, released in 1950, was
the first outstanding result, and became rather widely accepted in cultivation
in the period 1950-1965 (Fajersson, 1963). Solid, released in 1973, was a
further step forward, both in yield and quality. Hildur, like Solid, based on
Banco, was a definite improvement in quality over Holme, but not in grain
yield. Data on yield and quality of these varieties are presented in Tables S.4
and S.5.

Table S.4. Baking quality of the main winter-wheat varieties
grown in mid-Sweden during the 1940s and 1950s

Period Protein Loaf volume

of trial content (%) ml rel?
Odin 1946-1950 10.2 609 90
Aros 1948-1950 10.1 617 91

2 The loaf volume is related to that of Sammetsvete (100%) (see
Table S.3.).
Source: Akerman (1954).
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Table S.5. Productivity and baking value of Swedish winter-wheat
varieties

Variety Year of Productivity ~ Loaf volume Protein

release  kg/ha rel? ml  rel? content (%)

Iduna 1912 4250 100
Standard 1921 4813 113

Eroica 1943 5125 121 100
Banco 1953 5375 127 105
Starke 1959 5875 138 101

Source: Fajersson (1963, 1964)

Ergo 1934 100 100
Odin 1950 106 106
Source: Fajersson (1963)

Starke II 1970 100 751 12.1
Solid 1973 103 757 12.6
Source: Olsson (1973)

Holme 1973 6115 100 722 100 12.3
Hildur 1978 6060 99 758 105 12.2
Source: Olsson & Kristiansson (1979)

@ Relative values for productivity and loaf volume are related to
varieties within the same block.

4.3. Yield and quality of Swedish winter-wheat cultivars

Data on yield and quality of varieties released from 1912 to 1978 are presen-
ted in Table S.5. An increase in grain productivity of almost 40% over some
45 years is apparent. From the comparison of the data of Odin and Ergo it
appears that both productivity and loaf volume of Odin were better than for
Ergo, which was one of Odin’s parents. Compared to Starke II, Solid was an
improvement both in yield and protein content. It is interesting that not only
the kernel yield of Solid is slightly higher than that of Starke II but also the
protein content of its kernel is somewhat higher, namely 0.5%. Data in Table
S.6. refer to quality only. Apparently, once baking quality had been brought
to a satisfactory level, breeders were able to maintain that level while raising
the yielding capacity considerably.
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Table S.6. Baking trials with samples from official trials (A, B) and from Weibull-
sholm (C)

Variety Yearof No.of Period Loaf volume Protein
release  trials of trial ml rel.2 content (%)
A Starke IT 1970 11 1977-1979 728 100
Folke 1982 11 1977-1979 749 103
Holme 1973 17 1977-1981 781 100
Folke 1982 17 1977-1981 777 99

Source: Fajersson & Svensson (1982b)

B  Holme 1973 1981-1984 755 100 11.0
Folke 1982 1981-1984 760 101 10.7
Kosack 1984 1981-1984 780 103 10.6

Source: Fajersson & Svensson (1985)

C StarkeIl 1970 3 925 100 11.8
Kosack 1984 3 870 94 11.4
Holme 1973 9 935 100 12.1
Kosack 1984 9 895 96 11.9

Source: Fajersson & Svensson (1985)

2 Relative values for productivity and loaf volume are related to varieties within the
same block.

5. Spring wheat

5.1. Pedigree of spring-wheat cultivars

As for winter wheat, foreign varieties with good bread-making qualities were
used in the breeding programmes of spring wheat by both Swedish cereal
breeding institutes. The spring wheat line Cahn 1833 was one such wheat
used as a basis for breeding. It was introduced at Weibull in 1927 with a
wheat collection of mainly Russian and North American origin, which had
been gathered by Cahn. Although the exact origin of Cahn 1833 is not known,
it has been described by Berg as a Marquis type of wheat and it was noted for
its very good gluten quality (Fajersson, 1950). Other foreign varieties used
by Swedish breeders were Marquis from the USA, Svalofs Kolben (selected
from Heines Kolben, in its turn selected from the French land variety Saumur
de Mars), Roter Schlanstedter from Germany, Kolibri from Germany and
Sicco (of moderate baking quality) from the Netherlands.
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Figure S. 2. Simplified pedigree of the spring wheat Dragon (foreign varieties are printed in
italics).

Other varieties contributed to improving yield, straw stiffness, disease
resistance and early maturity. It is remarkable that a number of these intro-
ductions occured so early in the history of plant breeding. As was the case
with winter wheat, breeders succeeded in improving the bread-making qual-
ity of Swedish spring-wheat varieties, while, at the same time, considerably
increasing grain yield. To illustrate the background of Swedish spring wheats,
the pedigree of the variety Dragon, released in 1990, is presented in Figure
S.2.

5.2. Yield and quality of spring-wheat cultivars

The primary aim of Berg’s breeding of spring wheat at Weibullsholm was to
create varieties combining a better straw stiffness and higher yields with the
existing high quality level. One approach adopted early on by Berg to attain
this goal was the transfer of better agronomic characteristics to spring wheat
by crosses with winter wheat (Lundin et al., 1970). But Berg also built up
new spring-wheat material by introducing French (Hatif inversable), German
(Extra Kolben) and Canadian (Marquis) sources in crosses with Swedish land
wheat. From this four-way cross varieties such as Kérn and Svenno were
selected (Svensson, personal communication, 1998).

Akerman (1951) stressed that the breeding of spring wheat at Svalof was
not primarily based on Swedish land varieties, although it was common know-
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Table S.7. Results of breeding spring-wheat varieties in Sweden

Variety Year of Resistance  Grain yield Loaf volume
release  to lodging  (rel.) (rel.)

Halland LV 3 76 90

Svalofs Kolben 1909 4.5 74 103

Atle 1936 6 91 93
Diamant II 1938 6 91 93

Kérn 11 1947 7 100 99

Svenno 1954 7.5 100 98

Ring 1961 8 102 98

Pompe 1969 8.5 107

Sources: Fajersson (1963) and Lundin et al. (1970).

Table S.8. Baking trials under application of optimal bromate with grain
samples from official trials, baked in different laboratories

Variety  No.of Protein Period of No.of Loaf volume
trials in flour (%) trials trials ml rel.
Drabant 7 12.5 1977-1981 22 968 100
Kadett 12.6 906 94
Pompe 6 13.1 1977-1981 22 991 100
Kadett 12.5 906 91

Source: Fajersson & Svensson (1982a).

ledge that their baking quality was good. Rather, the early ripening spring-
wheat variety Svalofs Kolben was primarily used as a basis; it has a very good
baking quality. Svalofs Kolben was selected from Heines Kolben, which in
its turn was selected from Saumur de Mars, a selection from a French land
variety (Akerman, 1931; Wienhues & Giessen, 1957). Thus one could say
that the quality of Svalofs Kolben is of French origin.

Yield per hectare has risen by some 40% compared to the Halland land
variety, which was cultivated until about 1910; Svalofs Kolben was not any
better in yield, but had a much better quality. Varieties successfully marketed
since 1936 combined increased yield levels with gradually improved quality
(Table S.7).

The variety Kadett, released in 1981, was very interesting because it out-
yielded Drabant and Pompe by some 10% (!). However, loaf volume in stand-
ard baking tests was smaller for Kadett than for the two other varieties (Table
S.8). This smaller loaf volume was not expected, micro-tests (Pelshenke &
Zeleny) indicated that Kadett has a better protein quality than Pompe and
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Drabant. Moreover the mixograph indicated that Kadett has strong rheolo-
gical characteristics, obviously too strong for the Swedish baking industry.
(Anticipating on paragraph 6.2: Kadett has the HMW subunits 5+10 on Glu-
DI).

In a number of trials it was demonstrated that intensive dough mixing
favoured the loaf volume of Kadett more than that of the two other varieties.
In a trial with very intensive dough mixing, the loaf volume of Kadett was
higher than that of the other two varieties: Pompe 100%, Drabant 101% and
Kadett 108%. In a few large baking factories, where intensive dough handling
practices are used, the results with Kadett are good; this is in agreement with
the previous trials.

In this way, a new aspect was introduced into the testing procedure for
wheat varieties or lines, namely the intensity of dough mixing, which should
be in agreement with the recipe employed by bakers and the baking industry:
either a low, an intermediate or an intensive mixing procedure. For breeders
who export their varieties to different countries this aspect may be of interest
(Fajersson & Svensson, 1982a).

Another aspect is that in Sweden, Finland and Norway a considerable
proportion of wheat flour is sold for household use. As mentioned in the
Chapter on the Nordic Countries (Section 6), for Sweden this amounts to 25%
of the wheat flour production. It is reasonable to suppose that the kneading
intensity in household mixers is lower than in industrial processing, so that it
may be assumed that a variety like Kadett will be handled in a sub-optimally
way. Therefore, in agreement with the Swedish milling and baking industry,
wheat breeders in Sweden returned to supplying spring wheats demanding
only moderate kneeding intensity. Dragon has been the dominant variety
since 1991. This variety has the HMW subunits 2+12 (Svensson, personal
communication, 1998).

A good 10 years after these trials, Johansson (1994b) once more paid at-
tention to the special behaviour of Kadett during dough mixing, particularly
in connection with its special HMW glutenin composition (see Section 6.1
below).

Generally speaking, it may be stated that while the grain yield in the vari-
eties developed at Svalof was successfully raised their baking quality lagged
behind. This may be seen in the data presented in Table S.9.

The variety Prins, released in 1965, was compared with its parents Diamant
IT and Kérn II and a landwheat by Persson et al. (1986). Prins proved to
possess outstanding bread-making quality as expressed in loaf volume but its
protein content was comparatively low (Table S.10). In practice, Prins could
not compete with Ring, a variety released four years before.
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Table S.9. Kernel yield and baking quality of the main spring-wheat varieties
released at Svalof during the first half of the 20th century

Variety Year of  Rel. grain  Protein Loaf volume
release  yield (rel.) content (%) ml rel. (%)
Halland LV <1900 ? 13.1 672 84
Sv.Kolben 1909 100 13.2 800 100
Extra Kolben II 1926 115 12.6 714 89
Diamant II 1938 117 12.6 699 87
Progress 1942 123 12.6 712 89

Source: Akerman (1951).

Table S.10. Grain yield and baking quality of the spring-wheat variety Prins
compared with its parents

Variety Grain yield Protein content (%) Loaf volume
kg/ha rel. (%) kernel flour ml rel. (%)
Land wheat 3390 100 14.9 11.9 746 100
Diamant I 3640 107 14.8 11.9 791 106
Kirn II 4000 118 13.7 11.2 815 109
Prins 4170 123 13.4 10.9 852 114

Source: Persson et al. (1986).

The Swedish varieties Atle and Svenno were grown in the UK to a con-
siderable extent in the 1950s and early 1960s. This was the case for Sappo in
the 1970s.

5.3. Yield and protein content of recent spring-wheat cultivars

A spring-wheat variety with higher protein content in the kernel was released
by Weibull in 1992; it was named Dacke (CI5484/Pompe//Trippel/3/W 17269
/4/W'19151). Data in Table S.11 show that the protein content in the kernel of
Dacke is higher than that of Dragon and Drabant. It is 1.1 percentage point
higher than that of Drabant, whereas their kernel yield is about the same. The
gluten content of Dacke (37%) is much higher than that of Drabant (31%).
The loaf volume of the three varieties is very high, Dacke being the highest
with 103%. A sister line of Dacke, named Sport, was released in 1993. Sport
has a protein content which is 2.5% higher than that of Drabant, but the grain
yield is 20% lower. The higher protein content in the endosperm seems to
be mainly the result of a more efficient transfer of protein from the straw to
the kernel (Svensson, 1989). Sport is grown to some extent; it is of special
interest to ecological farmers.
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Table S.11. The content of raw protein in the kernel of some recent spring-
wheat varieties (the mean of 72 official trials), the kernel yield (the mean of
86 official trials) and the loaf volume

Variety ~ Yearof Protein Kernel yield Loaf volume
release  content (%) kg/ha rel. (%) ml rel. (%)

Drabant 1972 13.0 5450 100 995 100
Dragon 1990 13.3 5940 107 992 100
Dacke 1992 14.1 5540 102 1023 103
Sport 1993 15.5 4400 81 1170 117

Source: Svensson (1992a).

This introduction of spring-wheat varieties with a higher protein content
in the kernel was not the first in Sweden, as already in the early 1970s some
spring-wheat varieties with a genetic potential for higher protein content —
up to 1% more — were available (Snabbe, Amy, Sonnet). However, the yield
of these varieties was somewhat lower and farmers showed little interest in
them.

To conclude, opportunities for genetically increasing protein content in
spring wheat exist, but their effect is restricted in comparison with environ-
mental effects (Johansson, 1988).

6. Fundamental research on protein quality

6.1. HMW glutenin composition of Swedish wheats

The influence of HMW glutenin subunits on dough characteristics and bread-
making quality of wheat grown under Swedish conditions was investigated
by Johansson et al. (1993, 1994, 1995a). Subunits that appear to be of special
interest for Swedish bread wheat are subunit 21% on chromosome 1A, the
subunit pair 14+15 on chromosome 1B and the sub unitpair 5+10 on chromo-
some 1D. The newly described subunit 21 has not been encountered in other
European wheats.

The HMW glutenin subunit composition of a restricted number of widely
grown — both older and recent — Swedish varieties of winter and spring wheat,
together with a great number of modern breeding lines was investigated by
Johansson et al. (1995b). Cultivars released before 1960 were not included
in the investigation as they often contain a mixture of subunits within one
cultivar. Therefore the variation in baking quality of the material under study
was relatively restricted, which may be of importance for the interpretation
of the results. A summary of the results is presented in Table S.12.

Variation in HMW glutenin subunits within the three groups of material
indicates some interesting differences:



119

Table S.12. Frequencies of HMW glutenin alleles and Glu-1 scores of
Swedish winter- and spring-wheat cultivars and breeding lines

Locus HMW glut.  Glu-1  Older Current  Breeding

subunits score  cultivars cultivars  lines
Winter types (number) n=9 n=>5 n=112
Glu-Al 0 1 44 20 16
1 3 11 0 4
2% 3 44 80 80
Glu-BI  6+8 1 67 80 61
7 1 0 0 3
7+8 3 0 0 6
7+9 2 33 20 30
13+16 3 0 0 0
14+15 ? 0 0 0
17+18 3 0 0 0
Glu-DI  2+12 2 89 80 93
4+12 1 0 0
5+10 4 11 20 6
Spring types (number) n=>5 n=>5 n =110
Glu-Al 0 1 0 0 2
1 3 0 20 12
2% 3 100 80 83
21% ? 0 0 3
Glu-Bl 648 1 40 0 5
7 1 0 0 1
7+8 3 20 0 3
7+9 2 40 60 53
13+16 3 0 0 2
14+15 ? 0 40 34
17+18 3 0 0 2
Glu-D1  2+12 2 100 80 72
4+12 1 0 0 0
5+10 4 0 20 28

Source: Johansson et al. (1995b).

— in the winter-wheat material, neither the subunit 21 nor the subunits
14+15 were found in any genotypes of either older and recent cultivars
or breeding lines; the subunits 5+10 were found in one older variety
(Virgo) and in one more recent variety (Portal, of German origin);
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— in the spring-wheat material, the subunit 21% was only found in three
of the breeding lines; the subunits 14+15 were identified in two more
recent varieties (Dacke and Sport) and in 38 breeding lines;

— the subunits 5+10 were not identified in the older varieties, but were in
the more recent variety Kadett and in 31 of the breeding lines.

These findings indicate that:

— variation in subunit composition within the Swedish winter-wheat ma-
terial is limited;

— variation within the more recent spring-wheat varieties is larger than
within the older ones;

— variation within the spring-wheat breeding lines is even larger than within
the spring-wheat varieties.

Johansson et al. concluded that the increased variation in the breeding lines
should provide breeders with greater opportunities for incorporating new sub-
unit combinations in bread wheats that would achieve the higher gluten
strength requested by the milling and baking industry. But they added: ‘How-
ever, the best subunit combination is dependent on the protein concentration
of the cultivar, the rest of the genetic background, the yearly weather fluc-
tuations and other factors. The influence of weather fluctuations is of con-
siderable significance in Sweden, because of varying conditions during the
growing season. More research has to be done in this area before a satisfactory
recommendation of a HMW subunit combination can be made’.

6.2. HMW glutenin subunits related to quality characteristics

There are some striking differences in the evaluation of HMW glutenin sub-
units of Swedish (Johansson et al., 1995b) and Norwegian (Uhlen, 1990)
bread-wheat varieties as compared to the findings of Payne et al. for wheats
grown in the UK.

The Glu-A1l subunit 2%, to which Payne assigned a quality score 3, showed
only a slight but insignificant correlation with Zeleny sedimentation in Jo-
hansson’s studies. For the subunit 1, also evaluated with score 3 by Payne, Jo-
hansson found a negative (but insiginificant) correlation with gluten strength.
Moonen et al. (1983), as well as Pogna et al. (1989) and Branlard et al. (1992),
gave a lower score to subunit 1 than to subunit 2. On the other hand, Johans-
son found a high positive correlation between the newly described subunit
21x% and sedimentation value.

The Glu-B1 subunits 7+8, 7+9 and 6+8, evaluated by Payne with a score 3,
2 and 1, respectively, were not significantly correlated to sedimentation value
in the Swedish studies. Johansson et al. (1993) found a positive correlation
between subunit 14+15 (not described by Payne) and gluten strength. The
evaluation of subunit 13+16 by Payne (score 3) more or less agrees with that
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of Uhlen, who found a positive correlation with sedimentation value in Nor-
wegian material. For the subunit 17+18 (score 3 by Payne), however, Uhlen
found a negative correlation with quality parameters in Norway.

The evaluation of the Glu-D1 subunits is under discussion in Sweden: the
most negative correlation with gluten strength was found for subunit 2+12
(score 2 by Payne) and the most positive correlation for subunit 5+10 (score
4 by Payne).

Johansson et al. (1994) pointed out that most of the Swedish varieties
with subunit 5+10 require high kneeding intensities to produce optimal loaf
volumes. This is in agreement with the findings of Fajersson & Svensson
(1982a) (see Section 5.1) for the variety Kadett (subunit compostion 1,7+9,
5+10).

Johansson et al. suggested that the introduction of cultivars with subunits
such as 5+10 may be an answer to bakers’ demands for a higher flour quality.

A possible explanation for the different evaluation of Johansson and Uh-
len compared to that of Payne et al. may be the lack of variation in baking
quality in the Swedish and Norwegian material. All varieties in the studies
of Johansson and Uhlen were relatively young, and thus of improved quality,
whereas Payne et al. studied a larger group of varieties covering more years
and a wider range in quality. This leads to more clear-cut judgments about
the value of the different subunits. Moreover, the results may be influenced
by the conditions under which the material was grown, such as day length,
which affects growth rythm, and consequently, grain filling of the wheat.

6.3. HMW glutenin subunits and D-zone omega gliadins: the relation with
quality characteristics

Johansson (1996) compared three electrophoretical methods for analysing
D-zone omega gliadins: A-PAGE of gliadins; SDS-PAGE of gliadins; and
SDS-PAGE of total proteins. In the latter method, the gel showed the HMW
subunits of glutenin and a number of distinguishable D-zone omega gliadins;
both protein patterns can be designated in their own specific way as described
in literature. A broad collection of spring and winter wheats was investigated
with this method (see Table S.13).

The conclusion to be drawn from these data is that the proportion of vari-
ation in Zeleny sedimentation volume explained by the HMW subunits of
glutenin (a) is rather different for the three groups of material; it is generally
low, especially for the group of 118 advanced winter wheat lines (SWB). The
proportion of the variation in Zeleny sedimentation volume explained by the
HMW subunits and the D-zone omega gliadins, together, (b) is still rather low
and the additional explanation for group SSB is lower than for group SWB.
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Table S.13. The proportion of the variation in Zeleny sed-
imentation volume explained by the HMW subunits of
glutenin (X), or by the HMW subunits and D-zone omega
gliadins together (Y), or by these two factors along with
the protein concentration (Z)

Group of Proportion of variation (%)
material tested explained by:
X Y Z
181 SWCB entries? 10 21 38
280 SSB entries® 14 18 47
118 SWB entries® 4 18 37
Total 579 entries 9 19 41

4 Spring and winter wheat cultivars and breeding lines of
various origin.

b Swedish spring-wheat breeding lines from the 1994 field
trials of Svalof-Weibull AB at Landskrona.

¢ Swedish winter-wheat breeding lines from the 1994 field
trials of Svalof-Weibull AB at Landskrona.

Source: Johansson (1996).

For the total of 579 entries, one can state that the percentage of variation
in Zeleny sedimentation volume explained by the HMW subunits (a) is ap-
proximately equal to that explained by the other protein group (b). Johansson
concluded that both protein patterns may be used as parameters in breeding
for bread-making quality.

It is unfortunate that these comparisons were made for sedimentation vol-
ume and not for the specific sedimentation volume, which was used in a
number of other comparisons in the same publication.

Positive relationships were found between some specific gliadin bands (d7
and d2d4) and the specific Zeleny volume. The literature cites the suggestion
that the variation in Zeleny sedimentation volume could be due either to the
D-zone omega gliadins themselves or the LMW glutenin subunits associated
with them. Following the former suggestion and the results of her own in-
vestigations, Johansson concludes that it is important for the breeder to know
the composition of either the omega gliadins or the LMW glutenin subunits,
since a significant part of the variation in bread-making quality is determined
by these proteins.

IM.
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Finland

1. Introduction

Being situated almost entirely north of 60°N with half of the arable land even
north of 62°N, Finland (FIN) needs crop varieties that develop rapidly during
the long hours of daylight during the short, cool summers. Winter wheat
needs a high degree of winter hardiness (Kivi, 1968). The total area under
arable crops in Finland increased from 845 000 ha in 1875 (Ignatius, 1878)
to 1 250 000 ha in 1968 (Kivi, 1968). In the same period the proportion of
cereals decreased from 62 to 44.5%. The proportions of winter and spring
wheat were 2.4 and 7.2% respectively, in 1968 and 0.6 and 6.7% in 1986
(Table FIN.1).

In 1875 the production of wheat was not sufficient to meet the needs for
consumption of the 1.9 million inhabitants. Wheat flour was one of the main
products imported into Finland from Russia, and was even the most important
in years with a bad harvest (Ignatius, 1878). The area under wheat was and

Table FIN.1. Areas (1000 ha) sown with cereals, total
wheat, winter wheat and spring wheat in Finland
between 1875 and 1995

Year(s) Cereals Wheat Winter Spring
18752 523

1921-1925 787 15 9 6
1931-1935> 859 40 18 22
1950 889 189 13 176
1960° 995 181 37 144
1968¢ 1077 240 60 180
1970 1197 176 56 119
1980 1171 124 27 97
19864 1210 166 15 151
1990 1250 181 38 153
1995 983 101 13 88

Sources: Yearbook of Farm statistics, 2 Ignatius (1878),
b Broekhuizen (1969), ¢ Kivi (1968) and ¢ Mukula &
Rantanen (1989).

still is small, but increased over the years at the expense of rye, as was the
case in virtually all European countries. The largest area of wheat (286 000
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Table FIN.2. Area (1000 ha), grain yield (t/ha) and
production (Mt) of wheat in Finland between 1925 and

1997
Year(s) Area Yield Production
1924-1925 15 1.55 23
1934-1938 78 1.82 142

1948-1952 171 1.54 263
1961-1965 259 1.73 448
1969-1971 184 2.42 445
1979-1981 110 2.39 267
1989-1991 150 3.49 521
1997 124 3.86 477

Sources: IIA and FAO statistics.

ha) was grown in 1963; from then on it has steadily decreased, with large
fluctuations from year to year. In times past, many farmers, even in Lapland,
used to grow small plots of bread grain, mainly of spring wheat, for domestic
use. This area is not included in any statistics. Nowadays, wheat cultivation
is largely concentrated in the south (Kivi, 1968): winter and spring wheat
between 60°N and 61 30°N and spring wheat also in a region along the Botnic
Gulf at 63°N.

Rye bread is very popular in Finland, but in spite of this the area under rye
gradually decreased from 65 000 ha in the early 1960s to 27 000 and 22 800
ha respectively, in 1986 and 1997.

Evidently the average yield per hectare has increased considerably over
the years (Table FIN.2), but it has not reached the level of southern Sweden
(Peltonen-Saino & Karjalainen, 1991). Because of the shorter growing season
in Finland it seems unlikely that this will ever change. The production of
wheat suitable for bread making varies a great deal, due to great fluctuations
in climatic conditions. Over the period 1970-1983 the annual national re-
quirement for bread-making wheat was covered for 181-18% (!) with a mean
of 108% (Kettunen, 1986).

The aim of wheat cultivation was defined in 1988 as self-sufficiency for the
nearly 5 million inhabitants. It was estimated that for complete self-sufficiency
200 000 ha of wheat would be required, of which the share of spring wheat
would have to be 65-80% (Juuti, 1988). In addition to productivity, bread-
making quality is of major importance in Finnish wheat breeding, as legis-
lation limits the use of imported high quality wheat by flour mills (Peltonen,
1991).
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2. General remarks on wheat growing in Finland

2.1. Winter wheat

Because of the need for extreme winter-hardiness and adaptation to the short
growing season, winter-wheat breeders confined themselves initially to the
selection of single-plant-based strains from land varieties with good baking
quality. Resistance to frost was transferred to Finnish winter wheats from
old varieties and was also inherited from certain Russian varieties, such as
Charkov and Ukrainka (Kivi, 1968). During the 1960s, the need increased for
varieties with modern straw characteristics and resistance to sprouting and
disease. In response, plant breeders had to broaden the genetic background
of their material with foreign varieties. (Kivi, 1968; Varis, 1975). The main
aim of winter-wheat breeding was to improve stability of performance by
selecting cultivars with versatile overwintering ability, wide adaptation, stiff
straw and resistance to the most important diseases (Juuti, 1980b). In addi-
tion, selection focused on two different uses:
— an early maturing, stiff-strawed bread wheat of good baking quality;

— ahigh yielding, stiff-strawed wheat for feeding purposes.

2.2. Spring wheat

Early on, breeding spring wheat consisted of single-plant selection from land
race populations and from impure spring-wheat varieties that had spread to
Finland around the turn of the century. During the first half of the 1910s,
crosses were made to establish a broader basis for selection. Early domestic
wheats were crossed with foreign varieties, such as the Canadian variety
Marquis and the Australian Aurore, sources of yielding ability, straw charac-
teristics, quality and disease resistance (Juuti, 1988). In the 1930s, purposeful
research into the quality of spring wheat was undertaken; breeding work fo-
cused on the quantity and characteristics of the protein (Pesola & Veijola,
1954, cited by Juuti, 1988). Varieties such as Tammi II and Kimmo from
Hankkija, and Sopu, Hopea and Apu from Jokioinen were typical of the
results of this endeavour. During the 1970s and 1980s, quality breeding was
largely based on domestic varieties bred during earlier periods. This work
resulted in the varieties Ruso, Téhti, Ulla and Tapio. Foreign cultivars with
earliness, high protein content, resistance to sprouting in the ear and yielding
ability were selected from the global collection of breeding material for use
as crossing parents (Juuti, 1988).
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3. Plant breeding institutes in Finland

The Institute of Plant Breeding at Jokioinen, north-west of Helsinki, is part
of the Agricultural Research Centre of the Ministry of Agriculture. The Plant
Breeding Institute of Hankkija is a private institute; its activities are financed
by a farmers cooperative organization, the Wholesale Society Hankkija, which
began its breeding work in 1913. The working programme includes the breed-
ing of all agricultural crops which are important in Finland. The Hankkija
and Jokioinen Breeding Institutes merged in 1994 to become Boreal Plant
Breeding, settled at Jokioinen. This is a state-owned establishment, doing
research in cereals, potato, pea, spring turnip, rape, meadow fescue, timothy
and clovers.

4. Winter wheat

4.1. The area under winter wheat

In Finland, the cultivation of winter wheat is concentrated on clay soils of the
southern regions. The area cultivated has always been irregular but it began to
increase steadily from 1920 onwards (Broekhuizen, 1969; Kivi, 1968). Since
1970, however, the area has decreased, and in 1995 it was only 13 000 ha,
representing 13% of the total wheat area. The main winter-wheat varieties
grown in Finland since 1940 are listed in Table FIN.3. It is remarkable that

Table FIN.3. Area (ha) and main varieties of winter wheat in Finland between 1940
and 1996

Year(s) Area Varieties

1940-1950 Varma

1955 18 000 Varma (57%), Virtus (9%), Vakka (5%), Olympia (10%)
1965 50 600%  Vakka (40%), Antti (14%), Varma (19%), Elo (13%)
1968 60000  Vakka, Elo, Linna

1974 40 000 Vakka (60%), Linna, Nisu, Elo

1979 11 000 Vakka (50%), Aura, Nisu, Linna

1986 15000  Aura (91%), Vakka (9%)°

1991 38100  Aura (46%), Hankkijan Ilves (31%)

1996 25200 Aura (41%), Tryggve (18%)

Sources: Yearbook of Farm statistics, 2 Broekhuizen (1969), b Hankkija Plant
Breeding Institute (1987) and ¢ Svensson (1987).
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some varieties have been grown for many years: for example, Vakka for more
than 30 years (1953-1987) and Aura for 20 years (since 1979).

4.2. Methods to determine baking quality at Hankkija

For quality tests, protein content, Pelshenke value and Zeleny sedimentation
value are used on a routine basis. Baking tests are carried out on the more ad-
vanced material, under supervision of the Grain Research Committee (Varis,
1975).

4.3. Yield and quality features of winter-wheat varieties

From Table FIN 4, it is evident that one effect of 20 years of breeding work
has been yield improvement. It is striking that the ‘old’ variety Vakka has
the highest value for loaf volume (Table FIN.5). Conversely, the differences
in extensibility between the varieties are very restricted. There are varietal
differences in resistance to extension: Elo and Linna have especially low
values.

When the Glu-1 quality score in Table FIN.7 is compared with the qual-
ity characteristics of the five varieties in Table FIN.5, the relation between
Pelshenke value, resistance to extension and quality score is obvious.

Table FIN.6 presents a summary of results of winter-wheat trials in a num-
ber of years preceding 1988; the mean kernel yield of 457 g/m? is high for
Finland.

From the point of view of the combination of yield and quality, Aura is
the only genotype of special interest, since its yield and sedimentation value

Table FIN.4. Winter wheat at Anttila and Nikkild Stations® in 1970-1974

Variety Year Grain Protein Pelshenke Zeleny  Falling

yield  content value number number

(rel)® %
Vakka 1953 100 15.5 145 26 323
Elo 1963 104 15.1 58 38 288
Jyvi 1965 108 16.2 102 26 338
Linna 1965 117 15.6 48 34 335
Nisu 1966 108 15.3 122 27 352
Aura 1976 118 15.4 75 46 354

2 The station of Anttila is situated at 60°42’N and that of Nikkild at
61°55'N.

b Grain yield 100% = 3710 kg/ha.

Source: Varis (1975).
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Table FIN.5. Some quality characteristics of winter wheat in baking
tests of the Grain Research Committee

Variety Loaf® Protein  Pelshenke Resistance Extensi-
volume content value to bility
(%) extension
Vakka 100 139 162 163 201
Elo 87 13.2 55 100 210
Jyvd 94 14.4 122 172 203
Linna 89 13.9 41 83 230
Nisu 94 14.2 138 177 185

2 Loaf volume 100 = 650 cc.

Source: Varis (1975).

Table FIN.6. Summary of winter-wheat trials in a number of years preceding 1988

Variety Year Kernel Protein Zeleny Falling Plant  Matu- Over-
of re- yield content sedim. number height rity winte-
lease  (rel.) (%) value (cm) (days) ring

Vakka 1953 92 11.3 14 261 98 340 85

Linna 1965 98 10.7 24 254 112 348 83

Nisu 1966 95 10.0 19 310 101 345 87

Aura 1976 104 10.4 27 272 99 344 88

Skjaldar 1976 96 10.4 26 292

Ilves 1984 98 11.1 16 286 94 342 90

Pitko 1985 98 11.5 19 238 99 342 85

Mir-808 1984 84 11.3 37 270 90 341 76

Otso 1989 103 10.5 16 283 104 344 85

Trial-mean 1002 10.8 25.8 271 103 345 86

2 Trial mean for kernel yield = 457 g/m?.

The number of trials included differed for varieties from 2 for Nisu to 30 for Vakka.

Source: Rekunen (1989).

are higher than average; the protein content in this trial is rather low. The pro-
portion of overwintering plants of the Russian cultivar Mironovskaya-808 is
notably low compared to the other varieties, which may explain its low yield.
Also its sedimentation value is high, which is unusual for a winter wheat;
the older variety Vakka has the lowest value. The difference of 8 days in
number of days to maturity between the earliest and the latest variety will be
of importance in the continual efforts to breed varieties that can be harvested

early.
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Table FIN.7. Winter-wheat varieties bred in Finland (until 1985) and indications for their
bread-making quality

Variety Breeding Year of Pedigree HMW subunits Glu-1
station® release 1A1B 1D score
Rusopédvehnd Ha 1921  mixed population of Pudel wheat?
Jalostettu Ha 1921  sel.from Uusimaa
Villavehni (=South Finnish local wheat) 2% T+492+12 7
Sukkula I Ha 1922  sel from South Finnish local wheat 2* 749 2+12 7
Sukkula IT Ha 1928  selection from Sukkula I 2% 749 2+12 7
Varma Ha 1933 Svea/local variety Orimattila 1 7+492+12 7
Pohjola Jo 1933 selection from Uusimaa 2% T492+12 7
Sampo Jo 1933 Thule II/landrace 1 20 2+12 6°
Panu Ha 1936  Svea/local variety Noso 2% 20 2+12 6°
Olympia Jo 1941  selection from Uusimaa 1 7492412 7
Vakka Jo 1953  Varma/Kehra 2% 7 5+10 8
Antti Ha 1955  Fj (Ta 02325/Ta 02278)//Ukrainka 1 749 5+10 9
Elo Ha 1963  Charkov//Lokalahti/Svea/3/Varma 1 7492+12 7
Linna Ha 1965 Panu/line from No (1.v.)//Virtus ~ 2* 7492+12 7
Jyvi Jo 1965  selection from Vakkad 2% 7495410 9
Nisu Jo 1966  Varma/Kehra 2% 749 5+10 9
Aura Jo 1976  Ertus/Vakkaa 2% 749 2+12 7
Ilves Ha 1984  Hjab 356/Vakka 27 5+10 8
Pitko Jo 1985  Ta05901/Vakka 1 7 5+10 8

4 Ha = Hankkija; Jo = Jokioinen.

b Pudel wheat = Swedish selection from English squarehead (Zeven & Zeven, 1976).
¢ Subunit 20 has been given score 1 according to Ruiz et al. (1995).

d After Zeven & Zeven (1976).

Source: Kivi (1968, 1980) and Sonntag et al. (1986).

From the presentation of the HMW subunits for the 17 winter-wheat vari-
eties in Table FIN.7, the following conclusions can be drawn:

— The variation of subunits on the 1A locus is restricted in so far that the
nullisome is not found in this material. Varieties number 2, 3 and 4 in the
Table have the 2x allele at the 1A locus. As these varieties are selected
directly or indirectly from local Finnish wheats, it may be assumed that
the 2x allele was present in these local wheats.

— The variation of subunits on the 1B locus is also limited. Two varieties,
however, have the subunit 20, of which very few was known at the mo-
ment of the publication (1986); Ruiz et al. (1995) later assigned these a
quality score of 1.



132

— Subunits 5+10 on the 1D locus do not occur among the listed varieties
released before 1953. The influence on the Glu-1 score of the subunits
5+10 compared with that of the subunits 2+12 is evident: of the six
varieties in Table FIN.7 possessing subunits 5+10, three have a quality
score of 8 and three a score of 9; all other varieties have a score of 7.

A comparison can be made between the varieties bred at each of the two
breeding stations. Comparison of the mean score for the nine varieties from
Hankkija (7.2) and for the eight varieties from Jokioinen (7.6) shows that the
difference is small. Actually, the average values are generally high for winter
wheat.

4.4. Some conclusions on winter-wheat breeding in Finland

Plant breeders in Finland have very successfully achieved their aim of com-
bining good baking quality with overall agronomical value of winter-wheat
varieties. The quality, measured as the Glu-I score, of older winter-wheat
varieties was already rather high, and this has been further improved in vari-
eties that have been released since 1953.

5. Spring wheat

5.1. The area under spring wheat

Spring wheat has been grown on unrecorded areas for hundreds of years
(Grotenfelt, 1922, cited by Juuti, 1988). From 1930 onwards, there was a
significant increase in the amount grown. According to Pesola (1950, cited by
Juuti, 1988), this was due to the release of Svalof’s Diamant, to the milling
protection of domestic wheat and to weather conditions favouring spring-
wheat cultivation. The annual variation of the area under spring wheat was
and still is considerable, due to great annual fluctuations in weather. Self-
sufficiency in bread wheat was reached during the 1960s, whereupon efforts
were made to limit the cultivation. Subsequently, the demand for domestic
spring-wheat varieties with good baking quality increased (Kivi, 1970). The
most important spring-wheat varieties grown in Finland since the 1930s are
listed in Table FIN.8.

5.2. Aims and results of spring-wheat breeding in Finland

At Tammisto (Hankkija), great emphasis has been given to the creation of
early ripening, high yielding varieties of good baking quality. Huttunen (1950)
reported that the spring-wheat line A-3455 (later known as Teré) gave a high
yield of high baking quality.
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Table FIN.8. Areas (1000 ha) and main varieties of spring wheat in Finland

Year(s) Area  Predominant Main varieties
region
1930-1955 southern Diamant (from Sweden)
central, northern ~ Kimmo, Tammi
1960 44 southern Diamant, Svenno (from Sweden), Karn II
central Tammi
northern Apu
1962 261 southern Svenno, Norrona (from Norway)
northern Apu
1969 136 Svenno, Ruso, Apu, Touko
1974 160 Ruso (50%), Apu, Téhti
1980 88 Ruso (50%)
southern Tihti, Touko
1986 150 Ruso, Tapio (together 50%)
1991 152 Reno (28%), Satu (17%), Heta (9%)
1996 87 Tjalve (57%), Reno (18%)

Sources: Broekhuizen 1969; Yearbook of Farm Statistics, 1997.

In 1960, Huttunen reported on efforts to replace the Swedish variety Sven-
no, which was then one of several rather popular varieties in southern Finland,;
unfortunately it ripened too late. Another popular variety at that time was
Norrona, from Norway; the low protein content of its grain was a drawback,
however, reason for the milling industry to oppose its cultivation.

The aim of breeding spring wheat was described by Kivi (1970) as the
development of varieties whose baking properties should at least be similar
to those of the older, early-ripening Finnish varieties, such as Tammi and
Kimmo. Additional aims were resistance to sprouting in the ear and char-
acteristics to increase the capability of utilizing high fertilizer inputs, for
example, straw stiffness and early maturity. A number of varieties, listed
in Tables FIN.9 and FIN.11, meeting these aims were released during 1967—
1980, among them Tapio and Tahti. Tahti combined high yield with higher
than average protein content, which to some extent contradicts the observa-
tion that these features are often negatively interdependant. The quality of
its protein is good, according to its Pelshenke value, its Zeleny sedimenta-
tion value, its resistance to extension and its extensibility. However, its loaf
volume of 102% is somewhat lower than is to be expected from these indir-
ect quality mesurements. The variety seems to be an example of successful
efforts to break the interdependence between yielding ability and protein
content.
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Table FIN.9. Spring wheat at the Tammisto and Anttila Stations; means of the years
1970-1974

Variety Breeder Yearof Grain Protein Pelsh. Zeleny Falling
release  yield content value number number

(rel.) (%)
Ruso Ha? 1967 100° 152 163 43 231
Apu Jo 1949 89  16.1 89 43 244
Touko  Jo 1950 94 162 101 40 283
Svenno Wb 1953 95 158 126 58 242
Veka Ha 1970 102 152 167 62 229
Tahti  Jo 1972 103 159 149 55 308
Ulla Ha 1975 89 171 174 67 252

2 Ha = Hankkija; Jo = Jokioinen; Wb = Weibull.
5100 = 4280 kg/ha (Ruso was the standard variety).
Sources: Hovinen & Varis (1975a, 1975b).

Table FIN.10. The quality of five spring-wheat varieties; means of the
years 1970-1974

Variety  Loaf Protein  Pelshenke Resistance  Extensi-
volume content value to bility
(rel.)? (%) extension

Ruso 100 14.2 164 222 205

Apu 111 15.6 90 98 234

Svenno 112 15.6 126 161 221

Téhti 102 15.3 150 214 225

Ulla 122 16.9 181 221 242

2 100% = 659 ml; baking test with additives and 80 minutes of raising
time.
Sources: Hovinen & Varis (1975a, 1975b).

As a declining trend in the protein content of spring wheat grown in
Finland became apparent (Salovaara, 1986), these indications for varietal dif-
ferences in protein content of the harvested grain were of major importance.

Salovaara (1986) and Peltonen (1991) observed that varieties such as Ka-
dett and Tapio became popular because of their increased yielding ability
(Table FIN.11), but their protein content was just average. The situation be-
came more complicated again because of the release of the cultivars Polkka
and Laari, which have a high protein content but low protein quality. To allevi-
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Table FIN.11. Spring-wheat trial of the Hankkija Plant Breeding Institute at Anntila, 1988

Variety Yearof  Kernel  Protein  Zeleny  Falling Plant Matu-

release yield content  sedim. number  height  rity
(rel.) (%) (cm) (days)

Drabant 103 11.6 27 162 90 109
Ruso 1967 97 12.2 30 173 94 103
Tahti 1972 89 12.7 43 206 97 109
Runar 1972 103 12.5 44 209 88 103
Ulla 1975 93 13.6 57 178 87 98
Reno 1975 99 12.4 38 227 86 103
Tapio 1980 105 11.9 39 184 90 105
Luja 1981 96 13.0 52 194 84 101
Kadett 1981 109 11.7 45 171 89 106
Heta 1988 93 14.0 43 214 88 100
Polkka 1989 108 12.8 52 186 86 104
Manu 1994 102 13.5 62 201 90 101
Trial mean 1002 12.7 41 190 87 103

2 trial mean for kernel yield = 397 g/m2; the number of trials varied between 55 (for Ruso)
and 9 (for Polkka).
Source: Rekunen (1989).

ate the situation, quality criteria as specified by industrial baking technology
and segregation into quality classes should be introduced. No official quality
classification system for wheat is in force in Finland (Juuti, 1998).

5.3. Yield and quality features of spring-wheat varieties

The data in Table FIN.9 show a clear increase in yield between the varieties
Apu and Touko, released in 1949 and 1950, respectively, and Ruso, Téhti and
Veka, released some years later. The same is true for Pelshenke value. For
yield, Ulla is an evident exception, but its protein content, Pelshenke value,
Zeleny number and loaf volume are strikingly better. Ulla is an example of
breeding for a relatively short growing period together with good straw stiff-
ness. However, because of its lower grain yield it did not become important
in practice.

Unfortunately, Table FIN.10 does not present the quality figures of Veka
and Touko. The loaf volume of the oldest and of the most recent variety (Apu
and Ulla, respectively) are the highest. The loaf volume of Ulla is certainly
enhanced by its very high protein content. It is interesting enough to note that
for the variety Apu there is a relation between its lower Pelshenke value, its
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Table FIN.12. Spring-wheat varieties bred in Finland until 1995

Variety Br. Year Pedigree HMW subunits Glu-1
1A1B 1D score

Ruskea Ha 1919 selection from LV from Halland (Sw) 2% 7+82+12 8

Tammi  Ha 1922 local wheat from western Finland ?

Pikal Ha 1927 Ruskea (early local strain) 2% 7+8 2+12

PikaIl  Ha 1934 Canadian local wheat/N.Karelian local wheat N 7+9 2+12

Sopu Jo 1935 Marquis / Ruskea 2* 7+85+10 10

Hopea Jo 1936 Marquis / Ruskea 2% 7+8 5410 10

Tammi II Ha 1939 MclIntosh/line 01214 2% 7495410 7

N 7+95+10 52
Kimmo Ha 1941 sel. from population from Pisarev in Moscow 1 7+9 5+10 9
Apu Jo 1949 Garnet / Pika N 748 2+12

Touko  Jo 1950 Diamant / Hope N 7+85+10
Kiuru Jo 1951 Aurora / Sopu 1 7485+10 10
N 7+85+10 8
Terd Ha 1952 Hopea/3/Aurora//Finnish local var./Pirl 1 7495+10 9
Ruso Ha 1967 Reward/Pika//unknown pollinator 1 7+95+10 9
Veka Ha 1970 Kérn / Tammi 2% 6+8 5410 8
Tihti Jo 1972 Kérn//Aurora/Pika 1 7495+10 9
Ulla Ha 1975 Tammi/Ta 4431 2% 7495410 9
N 7+95+10 72
Taava Ha 1978 mutant from Ruso 1 7495+10 9
Tapio Ha 1980 Hja 33929 / Kolibri N 7+95+10 7
Luja Jo 1981 Svenno//Hopea/Tammi 2*% 7+8 5410 10
Heta Ha 1988 Hja a 1105 / Hja a 1099 2% 6+85+10 8
Manu Ha 1994 Ruso/Runar 2% 748 5410 10
Mahti  Ha 1995 Cebeco 1036/Hja 20519 1 7+85+10 10

8 The varieties Tammi II, Kiuru and Ulla showed allelic variation at Glu-Al; for this
reason two Glu-1 scores have been calculated.
Sources: Sontag et al. (1986) and Sontag-Strohm (1997).

lower resistance to extension and its Glu-1 quality score according to Payne
(see Table FIN.12).

From the point of view of yield and quality, there are two interesting
genotypes, Polkka and Manu, whose kernel yield, protein content and Zeleny
sedimentation value are higher than the mean value. These two cultivars are
also interesting when they are compared to Drabant and Kadett, especially
for their higher protein content and sedimentation value. Heta has the highest
protein content and is otherwise very similar to Ulla. The difference between
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varieties in the number of days until maturity is more than 10%, which is a
large difference.

Table FIN.12 has been compiled from the results of two investigations,
one by Sontag, Salovaara & Payne (1986) and one by Sontag-Strohm (1997).
In the first investigation the HMW-subunit composition was determined for
18 varieties; this study was based on the analysis of six grains per cultivar
only and was therefore considered by the authors, to be very preliminary.
In the second investigation, three recent spring-wheat varieties were added to
those of the first investigation and 20 single seeds were analysed. Thus HMW
subunits are available for 21 varieties; three of them showed allelic variation
at Glu-Al, i.e.Tammi II, Kiuru and Ulla, so that each of these three varieties
has two values of the Glu-1 quality score.

The average quality score for the 21 spring-wheat varieties is 8.5, which
is very high compared to average scores for spring-wheat varieties in many
other countries (Sontag, Salovaara & Payne, 1986). If the allelic variation at
Glu-Al for three varieties is taken into account, the mean score should be
recalculated, which at 8.2, is still very high.

The very old varieties Ruskea and Pika I, released in 1919 and 1927,
respectively, both have the 2x allele at the Glu-A1 locus and the 7+8 alleles
at the Glu-B1 locus; in the quality score these alleles are awarded the high
value of three and thus contribute to a high total value. The pedigrees of these
varieties make clear that the alleles 2% and 7+8 must have been present in
old Finnish land varieties. Later varieties have North American and Russian
ancestors, along with Finnish varieties, in their pedigrees. Around the middle
of the 20th century the Australian variety Aurora was also introduced as a
parent in some crosses.

It is remarkable that baking quality, according to the quality score, is
high from the earliest (1919) to the most recent (1995) variety mentioned
in this list. This observation agrees with the results of a study on the pro-
gress in breeding for yield and for quality traits since the 1930s, where 10
spring-wheat cultivars bred in Finland were investigated. The 10 cultivars
were released during 1939-1990. No trend between baking quality and first
year of marketing was recorded, whereas the increase in grain yield arising
from genetic improvement was 20% (Peltonen-Sainio & Peltonen, 1994).

5.4. Some conclusions on spring-wheat breeding in Finland

For the 21 spring-wheat varieties from which a Glu-I quality score could
be calculated (Table FIN.12), the first 11 were released during 1919-1952,
and the last 10 during 1967-1995. The mean quality score for the first 11
varieties is 8.2, and for the last nine 8.9. The conclusion can be drawn that
Finnish spring-wheat breeders have been able to breed varieties for a good
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75 years with improved overall husbandry value, while maintaining or even

improving slightly baking quality, as measured in the Glu-1 quality score.
The mean Glu-1 quality score for the 15 Finnish winter- and 21 spring-

wheat varieties is 7.6 (Table FIN.7) and 8.5 (Table FIN.12), respectively.

6. Methods for fractionating HMW and LMW glutenins and gliadins
and their use in breeding and selection

6.1. Some considerations on the application of HMW glutenin subunits in
breeding

Comparison of the Glu-1 quality score of 35 Finnish wheat varieties with
that of foreign varieties (Sonntag et al., 1986), showed that the average score
of Finnish varieties (8.0) was much higher than the mean scores of cul-
tivars grown in Great Britain or in the Federal Republic of Germany (5.2
and 5.8, respectively) and comparable to the average score of cultivars grown
in Australia (8.0).

Peltonen, Salopelto & Rita (1993) investigated the optimal combination
of HMW glutenin subunits at the Glu-Al and Glu-B1 loci associated with
bread-making quality in spring wheat. A total of 43 cultivars and lines, all
of which had the subunit combination 5+10 at the Glu-D! locus in common,
were studied; the material was grown in 1989 and 1990 at the Hankkija Plant
Breeding Institute. Regression analysis of the electrophoretic data of subunits
at the Glu-Al and Glu-BI loci and indirect bread-making quality parameters
was carried out. This analysis showed that the presence of subunit pair 7+8
(Glu-B1), with a high Glu-1 score, may lead to overstrong gluten. The com-
bination of subunit 2% (Glu-Al), with a high Glu-1 score, and the subunit
pair 648 (Glu-BI), with a low Glu-1 score, was associated with increased
bread-making quality.

These results were rather different from those from Swedish investig-
ations, in which the newly discovered allele 21 (Glu-AI) and the alleles
14+15 (Glu-B1I), both in combination with the alleles 5+10 (Glu-DI), were
considered as the optimal glutenin composition (Johansson et al. 1993, 1994b,
1995a).

Yet, some older Finnish spring-wheat varieties (Ruskea and Pika) have the
subunits 2% (Glu-Al) and 7+8 (Glu-B1) in combination with 2+12 (Glu-D1I).
The old varieties Sopu and Hopea and the modern varieties Luja and Manu
have the same subunit composition, even in combination with 5+10, from
which one would expect still more ‘over-strong gluten’.

Peltonen, Salopelto & Rita concluded that for a more accurate use of SDS-
PAGE electrophoresis as a selection tool for high yielding and high-quality
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wheat genotypes, it would be beneficial to clarify the relationships between
different HMW glutenin subunits and the yield characteristics of wheat.

6.2. A method to separate HMW and LMW glutenin subunits

Sontag-Strohm (1996) has recently described a new method for the elec-
trophoretic fractionation of both high-molecular-weight and low-molecular-
weight glutenin subunits. In this method gliadins are removed in an electro-
phoretic step with reversed polarity, which precedes the main electrophoretic
procedure. In the latter procedure the HMW glutenins and LMW glutenins
are fractionated in two separated groups of bands. Sontag-Strohm considered
this new method to be just as informative and reliable for the analysis of
glutenin subunits of wheat as the two-step one-dimensional SDS-PAGE, and
easier to perform.

6.3. Investigations on the gliadin and LMW glutenin composition of Finnish
spring-wheat material

Sontag-Strohm (1997) studied the gliadin low- and high-molecular-weight
subunit alleles at Gli-1, Glu-3 and Glu-1 loci in 21 Finnish spring-wheat
cultivars and advanced breeding lines. The HMW subunit composition of the
spring-wheat cultivars is listed in Table FIN.12. The aim of her study was to
describe the alleles at Gli-1 and Glu-3 loci in the spring-wheat varieties bred
in Finland using 2D and 1D separations. The gliadin and glutenin alleles in
advanced spring-wheat breeding lines were also studied using 1D separations.

The linked Gli-1, Glu-3 allelic pairs were described according to the cata-
logue published by Metakovsky (1991), using one letter for each locus. The
number of allelic pairs found in both groups of wheat material was restricted.
It is interesting that the Glu-1, Gli-3 combination found in the oldest spring-
wheat varieties is also present in some varieties of a later date. Even so, the
introduction of thus far unknown alleles by crosses of Finnish and foreign
varieties is apparent.

The 86 advanced breeding lines contained 23 new combinations of Gli-1,
Glu-3 alleles compared to the cultivars studied in 1990. This is seen to reflect
the use of varieties from other countries (e.g. Sweden, Germany, Great Britain
and the Netherlands) as crossing parents.

In the same study, the effect of selection for gluten quality on the dis-
tribution of gliadin and glutenin alleles was monitored for three years. The
selection was based on data of total protein content, Zeleny sedimentation
volume, Pelshenke test number, wet gluten content and HMW glutenin sub-
unit alleles. After three successive years of selection, 15 lines remained in
which one-third of the new combinations of alleles was still present.
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The relationship between baking quality and the high- and low-molecular
weight (HMW and LMW) glutenin subunit and gliadin alleles on group 1
chromosomes in 13 cultivars and 62 advanced breeding lines of spring wheat
grown in Finland was studied by Sontag-Strohm & Juuti (1997). The 75
spring wheats contained 18 HMW and 16 LMW glutenin compositions, as
well as in all 50 different glutenin subunit combinations. Most of the spring
wheats in this investigation (80%) contained HMW subunit pair 5+10 (Glu-
D1), which was associated with higher Pelshenke number than allele subunit
pair 2+12 (Glu-D1).

Variation in the Gli-B1, Glu-B3 composition was only associated with dif-
ferences in Pelshenke number for wheats with the HMW subunit pair 5+10
in the background. Thus the effect of these Gli-B1, Glu-B3 alleles is only
considered as a refinement of the influence of the HMW subunit pair 5+10.

Comparing results of investigations in Finland with those in Sweden, it is
of interest to note that in the Finnish results the difference between the Glu-
1 alleles 5+10 and 2+12 is of major importance for the Pelshanke number,
whereas this difference is of secondary importance for Swedish grown wheats
(Johansson, 1995b).

7. Interaction between kernel yield and protein content

Joy & Peltonen (1993) studied the effect of the enzyme nitrate reductase
(NR) and photosynthetic rate on grain yield and quality characteristics at
different growth stages. They analysed the data from three lines selected in
a winter-wheat population from Virtus/Pohjola. Combining the results of the
three lines, Joy & Peltonen concluded that a long-term capacity for high NR
activity and high photosynthetic rate has a positive influence on grain and
protein yield, and possibly on protein quantity. This requires an adequate
uptake of nitrogen by the plant combined with the ability to relocate this
nitrogen to the seeds.

The challenge for a breeder is whether the high NR activity and the high
photosynthetic rate found in this study at an early stage of development (13)in
one line and at a later stage (47) of development1 in another can be combined
in one single genotype with high long-term NR activity and high photosyn-
thetic rate.

' Growth stages according to Zadoks et al. (1974); growth stage 13 = three leaves of the
seedling are unfolded; growth stage 47 = the sheeth of the flag leaf is opening.
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8. Stability of quality traits

Considering the marginal conditions for wheat growing and the high risk
factors endangering wheat production in Finland, it is not surprising that the
stability of quality traits intrigues Finnish breeders and investigators.

Peltonen-Sainio & Peltonen (1993) investigated the stability of some char-
acteristics in spring-wheat cultivars, which were grown at two locations for
seven years. They found no significant genotype x environment (G x E)
interaction for hectolitre weight, Zeleny sedimentation value and falling num-
ber. A significant G x E interaction was found, however, for thousand kernel
weight, protein concentration and protein yield.

Another study (Peltonen et al., 1990), including 21 years of field experi-
ments with spring wheat, showed that early varieties were more stable than
late varieties. Extreme conditions of rainfall and temperature (very low and
very high) affected the gluten content in a negative sense. Surprisingly, there
was no significant correlation between these climatic factors and grain yield.
The yield to quality ratio was mainly affected by excessive rains before head-
ing and high temperatures during grain filling.

In a two-year field experiment with four spring-wheat varieties grown
at two locations, Peltonen (1992) studied the effect of genotype and envi-
ronment on yield and quality of bread wheat. The main factor influencing
the quantity to quality ratio appeared to be the duration of the reproductive
period, which was strongly regulated by the environment. Genotypes with a
longer reproductive period had a poorer bread-making quality (measured as
wet gluten content, Zeleny and farinograph values). The quantity to quality
ratio was affected more by a genotype x year interaction than by genotype x
location interaction. Peltonen suggested that not only the HMW glutenin
composition, but also the amount of S-rich prolamins (LMW glutenin sub-
units, a-, B- and y-gliadins) could play an important role in reducing the
negative correlation between yielding ability and grain protein content.

JM.
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