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Preface

Plant breeding is an art and a science. May be it should be
added that it is also a business. Modern plant breeding is
adiscipline that is firmly rooted in the science of genetics.
As an applied science, breeders are offered opportunities
to apply principles and technologies from several scientific
disciplines to manipulate plants for specific purposes.

This textbook, Principles of Plant Genetics and
Breeding, is designed to present plant breeding in a
balanced, comprehensive, and current fashion to stu-
dents at the upper undergraduate level to early graduate
level. It is divided into two parts. Part I is devoted to
discussing the underlying science, and principles and
concepts of plant breeding, followed by a detailed dis-
cussion of the methods of breeding. Part I is devoted to
discussing the applications of the principles and con-
cepts learned in Part I to breeding eight major field
crops. The principles and concepts discussed are gener-
ally applicable to breeding all plants. However, most
of the examples used in the book are drawn from the
breeding of field crops.

The book has several very unique components, some
of them never before presented in traditional plant
breeding textbooks at this level:

e The principles and concepts of genetics are pre-
sented in more detail in scope and depth than
obtains in other textbooks written at this level. But,
more importantly, the student is shown how the
principles are applied in plant breeding. As much as
possible, specific examples of application in plant
breeding are always given.

* Genetic variation is indispensable to plant breeding.
The issue of germplasm in plant breeding is dis-
cussed in detail, including genetic vulnerability in
crops, and germplasm collection and maintenance.

e The latest most versatile and most controversial
tools in the tool kit of plant breeders are the tech-
nologies of biotechnology, especially genetic engin-
eering technologies. The underlying principles of
genetic engineering are discussed in detail. This is
followed by the application of biotechnology in
breeding, including molecular breeding of crops.

e Because of the controversial nature of genetic engin-
cering, the book discusses in detail the issues of risk,
regulation, and public perception of biotechnology
as applied in plant breeding.

A significant subject that is rarely discussed in
plant breeding books is the issue of intellectual
property (IP) and ethics. These issues are important
because they protect the breeder from abuse of their
inventions and provide incentive for research and
development of new cultivars. IP is thoroughly dis-
cussed in the book, with particular reference to plant
breeding.

Some of the important yet often ignored subjects
in plant breeding books are prebreeding (or germ-
plasm enhancement) and heterotic groups. These
concepts are effectively discussed.

Both the conventional methods and contemporary
methods of plant breeding are discussed in detail,
pointing out their strengths and weaknesses, but
more importantly emphasizing their complemen-
tary use in modern plant breeding.

Breeding objectives in plant breeding are as diverse
as plant breeders. Breeding objectives are discussed
according to effective themes. The presentation is
unique in that it includes discussions of the sources
of germplasm, and the genetics and progress in
breeding specific traits. Breeding for environmental
stresses is especially uniquely presented in this book.
The discussion on breeding for disecase and pest
resistance is comprehensive, incorporating the
current applications of genetic engineering in the
development of genetically modified breeding
materials.

The cultivar release process is discussed to a good
depth and scope.

The book is well illustrated to help students better
understand the principles and concepts discussed in
the book.

Plant breeding methods have remained fairly
unchanged over the years. This book takes a bold
step in introducing, for the first time in a plant
breeding textbook at this level, the emerging con-
cepts of decentralized participatory breeding and
organic plant breeding.

Perhaps the most unique aspect of this book is the
incorporation of contributions from plant breeding
professionals. Industry professionals were invited to
present practical applications of plant breeding prin-
ciples and concepts. In this way students are able to
see how the principles and concepts of breeding are
applied in real life to address specific plant breeding



xii PREFACE

problems. The professionals were given the latitude to
make their presentation in the format of their choos-
ing, without being too technical. Each participant
has provided a significant list of references that will
be of special interest to graduate students who wish
to further investigate the problems discussed.

The style of presentation throughout the book is easy
to follow and comprehend. Students are constantly re-

minded of previous topics of relevance to current topics
being discussed. This book is not only an excellent
teaching tool, but it is also suitable as a reference source
for professionals.

For instructors, if you did not receive an artwork
CD-ROM with your comp copy, please contact this
email address: artworkcd@bos.blackwellpublishing.com
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Part |

Underlying science and methods of
plant breeding

Part I of this book deals with the underlying basic science of plant breeding, emphasiz-
ing both classic and contemporary principles and concepts. All the pertinent genetic
concepts that are needed to understand and conduct plant breeding are discussed.
These include a consideration of Mendelian, population, and quantitative genetic prin-
ciples and concepts. More importantly, the discussions show how plant breeders use these
scientific principles and concepts in their work. Examples of plant breeding applications
are provided.

The chapters also present a detailed discussion of the tools of plant breeding, includ-
ing both classic and non-classic or contemporary tools, and emphasizing the comple-
mentarity of the two sets of tools. Then, a discussion of the methods of breeding
follows, indicating how plant breeding tools are used for breeding self-pollinated, cross-
pollinated, and clonally propagated species. Part I concludes with sections on the
cultivar release process, international plant breeding efforts, and emerging concepts in
plant breeding. Two contemporary breeding approaches that have never before been
formally addressed in plant breeding textbooks are discussed. It is important for stu-
dents to be introduced to the most recent issues in the field of plant improvement so
that they may participate in the discussion.



Section 1

Historical perspectives and
importance of plant breeding

Chapter 1 History and role of plant breeding in society

Plant breeding as a human endeavor has its origins in antiquity, starting off simply as discrimination among
plant types to select and retain plants with the most desirable features. Remarkably, the practice of selection
remains the primary strategy for crop improvement, even though many technologically advanced techniques
have been added to the arsenal of the modern plant breeder. Plant breeding differs from evolution in that the
former is planned and purposeful. The student needs to appreciate how this formal activity of plant manipula-
tion started and the advances made over the ages. More importantly, the student needs to appreciate the
achievements of plant breeding and its impact on society. This section introduces the student to the field of
plant breeding, highlighting its development, importance, and approaches.
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P, e "'Hlﬂ—listory and role of plant
breeding in society

Purpose and expected outcomes

Agriculturve is the deliberate planting and harvesting of plants and hevding animals. This human invention has,
and continues to, impact on society and the environment. Plant breeding is o branch of agriculture that focuses on
manipulating plant heredity to develop new and improved plant types for use by sociery. People in society ave aware
and appreciative of the enovmous diversity in plants and plant products. They have prefevences for cevtain varieties
of flowers and food crops. They are aware that whereas some of this varviation is natural, humans with special exper-
tise (plant breeders) create some of it. Generally, also, theve is a perception that such creations devive from crossing
different plants. The tools and methods used by plant breeders have been developed and advanced through the years.
There ave milestones in plant breeding technology as well as accomplishments by plant breeders over the years. This
introductory chapter is devoted to presenting a brief overview of plant breeding, including a brief history of its devel-
opment, how it is done, and its benefits to society. After completing this chapter, the student should have a geneval

understanding of:

1 The historical perspectives of plant breeding.

2 The need and importance of plant breeding to society.

3 The goals of plant breeding.

4 Trends in plant breeding as an industry.
5 Milestones in plant breeding.

6 The accomplishments of plant breeders.
7 The future of plant breeding in society.

What is plant breeding?

Plant breeding is a deliberate effort by humans to nudge
nature, with respect to the heredity of plants, to an
advantage. The changes made in plants are permanent
and heritable. The professionals who conduct this task
are called plant breeders. This effort at adjusting the
status quo is instigated by a desire of humans to improve
certain aspects of plants to perform new roles or enhance
existing ones. Consequently, the term “plant breeding”
is often used synonymously with “plant improvement”
in modern society. It needs to be emphasized that the

goals of plant breeding are focused and purposeful.
Even though the phrase “to breed plants” often con-
notes the involvement of the sexual process in effecting a
desired change, modern plant breeding also includes the
manipulation of asexually reproducing plants (plants
that do not reproduce through the sexual process).
Breeding is hence about manipulating plant attributes,
structure, and composition, to make them more use-
ful to humans. It should be mentioned at the onset that
it is not every plant character or trait that is amenable
to manipulation by breeders. However, as techno-
logy advances, plant breeders are increasingly able to
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accomplish astonishing plant manipulations, needless to
say not without controversy, as is the case involving the
development and application of biotechnology to plant
genetic manipulation. One of the most controversial of
these modern technologies is transgenesis, the techno-
logy by which gene transfer is made across natural bio-
logical barriers.

Plant breeders specialize in breeding different groups
of plants. Some focus on field crops (e.g., soybean, cot-
ton), horticultural crops (e.g., vegetables), ornamentals,
fruit trees (e.g., citrus, apple), forage crops (e.g., alfalfa,
grasses), or turf species. More importantly, breeders
tend to focus on specific species in these groups. This
way, they develop the expertise that enables them to be
most effective in improving the species of their choice.
The principles and concepts discussed in this book are
generally applicable to breeding all species. However,
most of the examples supplied are from breeding
field crops.

Goals of plant breeding

The plant breeder uses various technologies and
methodologies to achieve targeted and directional
changes in the nature of plants. As science and techno-
logy advance, new tools are developed while old ones are
refined for use by breeders. Before initiating a breeding
project, clear breeding objectives are defined based on
factors such as producer needs, consumer preferences
and needs, and environmental impact. Breeders aim to
make the crop producer’s job easier and more effective
in various ways. They may modify plant structure so
it can resist lodging and thereby facilitate mechanical
harvesting. They may develop plants that resist pests
so the farmer does not have to apply pesticides or can
apply smaller amounts of these chemicals. Not applying
pesticides in crop production means less environmental
pollution from agricultural sources. Breeders may also
develop high-yielding varieties (or cultivars) so the
farmer can produce more for the market to meet
consumer demands while improving his or her income.
The term cultivar is reserved for variants deliberately
created by plant breeders and will be introduced more
formally later in the book. It will be the term of choice
in this book.

When breeders think of consumers, they may, for
example, develop foods with higher nutritional value
and that are more flavorful. Higher nutritional value
means reduced illnesses in society (e.g., nutritionally
related ones such as blindness or ricketsia) caused by the

consumption of nutrient-deficient foods, as obtains in
many developing regions where staple foods (e.g., rice,
cassava) often lack certain essential amino acids or nutri-
ents. Plant breeders may also target traits of industrial
value. For example, fiber characteristics (e.g., strength)
of fiber crops such as cotton can be improved, while oil
crops can be improved to yield high amounts of specific
fatty acids (e.g., the high oleic content of sunflower
seed). The latest advances in technology, specifically
genetic engineering technologies, are being applied to
enable plants to be used as bioreactors to produce
certain pharmaceuticals (called biopharming or simply
pharming).

The technological capabilities and needs of societies
of old, restricted plant breeders to achieving modest
objectives (e.g., product appeal, adaptation to produc-
tion environment). It should be pointed out that these
“older” breeding objectives are still important today.
However, with the availability of sophisticated tools,
plant breeders are now able to accomplish these gen-
etic alterations in novel ways that are sometimes the
only option, or are more precise and more effective.
Furthermore, as previously indicated, they are able to
undertake more dramatic alterations that were imposs-
ible to attain in the past (e.g., transferring a desirable
gene from a bacterium to a plant!). Some of the reasons
why plant breeding is important to society are summar-
ized next.

Concept of genetic manipulation of
plant attributes

The work of Gregor Mendel and the further advances
in science that followed his discoveries established that
plant characteristics are controlled by hereditary factors
or genes that consist of DNA (deoxyribose nucleic acid,
the hereditary material). These genes are expressed in an
environment to produce a trait. It follows then that in
order to change a trait or its expression, one may change
the nature or its genotype, and /or modify the nurture
(environment in which it is expressed). Changing the
environment essentially entails modifying the grow-
ing or production conditions. This may be achieved
through an agronomic approach, for example, the appli-
cation of production inputs (e.g., fertilizers, irrigation).
Whereas this approach is effective in enhancing certain
traits, the fact remains that once these supplemental
environmental factors are removed, the expression of
the plant trait reverts to the status guo. On the other
hand, plant breeders seek to modify plants with respect
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to the expression of certain attributes by modifying the
genotype (in a desired way by targeting specific genes).
Such an approach produces an alteration that is perman-
ent (i.e., transferable from one generation to the next).

Why breed plants?

The reasons for manipulating plant attributes or perfor-
mance change according to the needs of society. Plants
provide food, feed, fiber, pharmaceuticals, and shelter
for humans. Furthermore, plants are used for aesthetic
and other functional purposes in the landscape and
indoors.

Addressing world food, feed, and nutritional needs

Food is the most basic of human needs. Plants are the
primary producers in the ecosystem (a community of
living organisms including all the non-living factors
in the environment). Without them, life on earth for
higher organisms would be impossible. Most of the
crops that feed the world are cereals (Table 1.1). Plant
breeding is needed to enhance the value of food crops,
by improving their yield and the nutritional quality of
their products, for healthy living of humans. Certain
plant foods are deficient in certain essential nutrients
to the extent that where these foods constitute the bulk
of a staple diet, diseases associated with nutritional
deficiency are often common. Cereals tend to be low in
lysine and threonine, while legumes tend to be low in
cysteine and methionine (both sulfur-containing amino
acids). Breeding is needed to augment the nutritional
quality of food crops. Rice, a major world food, lacks

Table 1.1 The 25 major food crops of the world, ranked
according to total tonnage produced annually.

1 Wheat 11 Sorghum 21 Apple
2 Rice 12 Sugarcane 22 Yam
3 Corn 13 Millet 23 Peanut
4 DPotato 14 Banana 24 Watermelon
5 Barley 15 Tomato 25 Cabbage
6 Sweetpotato 16 Sugar beet
7 Cassava 17 Rye
8 Grape 18 Orange
9 Soybean 19  Coconut
10 Oat 20 Cottonseed oil

Source: J.R. Harlan. 1976. Plants and animals that nourish man. Irn:
Food and agriculture, A Scientific American Book. W.H. Freeman
and Company, San Francisco.

pro-vitamin A (the precursor of vitamin A). The
“Golden Rice” project, currently underway at the
International Rice Research Institute (IRRI) in the
Philippines and other parts of the world, is geared
towards developing, for the first time ever, a rice culti-
var with the capacity to produce pro-vitamin A. An
estimated 800 million people in the world, including
200 million children, suffer chronic undernutrition, with
its attendant health issues. Malnutrition is especially
prevalent in developing countries.

Breeding is also needed to make some plant products
more digestible and safer to eat by reducing their toxic
components and improving their texture and other
qualities. A high lignin content of the plant material
reduces its value for animal feed. Toxic substances occur
in major food crops, such as alkaloids in yam, cynogenic
glucosides in cassava, trypsin inhibitors in pulses, and
steroidal alkaloids in potatoes. Forage breeders are inter-
ested, among other things, in improving feed quality
(high digestibility, high nutritional profile) for livestock.

Addressing food needs for a growing world
population

In spite of a doubling of the world population in the
last three decades, agricultural production rose at an
adequate rate to meet world food needs. However, an
additional 3 billion people will be added to the world
population in the next three decades, requiring an
expansion in world food supplies to meet the projected
needs. As the world population increases, there would
be a need for an agricultural production system that is
apace with population growth. Unfortunately, arable
land is in short supply, stemming from new lands that
have been brought into cultivation in the past, or sur-
rendered to urban development. Consequently, more
food will have to be produced on less land. This calls for
improved and high-yielding varieties to be developed by
plant breeders. With the aid of plant breeding, the yields
of major crops have dramatically changed over the years.
Another major concern is the fact that most of the popu-
lation growth will occur in developing countries where
food needs are currently most serious, and where
resources for feeding people are already most severely
strained, because of natural or human-made disasters, or
ineffective political systems.

The need to adapt plants to environmental stresses

The phenomenon of global climatic change that is
occurring over the years is partly responsible for
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modifying the crop production environment (e.g., some
regions of the world are getting drier and others saltier).
This means that new cultivars of crops need to be bred
for new production environments. Whereas developed
economies may be able to counter the effects of un-
seasonable weather by supplementing the production
environment (e.g., by irrigating crops), poor countries
are easily devastated by even brief episodes of adverse
weather conditions. For example, the development and
use of drought-resistant cultivars is beneficial to crop
production in areas of marginal or erratic rainfall
regimes. Breeders also need to develop new plant types
that can resist various biotic (diseases, insect pests) and
other abiotic (e.g., salt, drought, heat, cold) stresses in
the production environment. Crop distribution can be
expanded by adapting crops to new production environ-
ments (e.g., adapting tropical plants to temperate
regions). The development of photoperiod-insensitive
crop cultivars would allow the expansion in production
of previously photoperiod-sensitive species.

The need to adapt crops to specific production
systems

Breeders need to produce plant cultivars for different
production systems to facilitate crop production and
optimize crop productivity. For example, crop cultivars
must be developed for rain-fed or irrigated production,
and for mechanized or non-mechanized production. In
the case of rice, separate sets of cultivars are needed
for upland production and for paddy production. In
organic production systems where pesticide use is highly
restricted, producers need insect- and disease-resistant
cultivars in crop production.

Developing new horticultural plant varieties

The ornamental horticultural production industry
thrives on the development of new varieties through
plant breeding. Aesthetics is of major importance to
horticulture. Periodically, ornamental plant breeders
release new varieties that exhibit new colors and other
morphological features (e.g., height, size, shape). Also,
breeders develop new varieties of vegetables and fruits
with superior yield, nutritional qualities, adaptation, and
general appeal.

Satisfying industrial and other end-use requirements

Processed foods are a major item in the world food
supply system. Quality requirements for fresh produce

meant for the table are different from those used in the
food processing industry. For example, there are table
grapes and grapes bred for wine production. One of
the reasons why the first genetically modified (GM)
crop (produced by using genetic engineering tools to
incorporate foreign DNA) approved for food, the
FlavrSavr® tomato, did not succeed was because the
product was marketed as a table or fresh tomato, when
in fact the gene of interest was placed in a genetic back-
ground for developing a processing tomato variety.
Other factors contributed to the demise of this historic
product. Different markets have different needs that
plant breeders can address in their undertakings. For
example, the potato is a versatile crop used for food
and industrial products. Different varieties are bred for
baking, cooking, fries (frozen), chipping, and starch.
These cultivars differ in size, specific gravity, and sugar
content, among other properties. A high sugar content
is undesirable for frying or chipping because the sugar
caramelizes under high heat to produce undesirable
browning of fries and chips.

Plant breeding through the ages

Plant breeding as a conscious human effort has ancient
origins.

Origins of agriculture and plant breeding

In its primitive form, plant breeding started after the
invention of agriculture, when people of primitive cul-
tures switched from a lifestyle of hunter-gatherers to
sedentary producers of selected plants and animals.
Views of agricultural origins range from the mytholo-
gical to ecological. This lifestyle change did not occur
overnight but was a gradual process during which
plants were transformed from being independent, wild
progenitors, to fully dependent (on humans) and
domesticated varieties. Agriculture is generally viewed
as an invention and discovery. During this period,
humans also discovered the time-honored and most
basic plant breeding technique — selection, the art of
discriminating among biological variation in a popula-
tion to identify and pick desirable variants. Selection
implies the existence of variability. In the beginnings of
plant breeding, the variabilities exploited were the natu-
rally occurring variants and wild relatives of crop species.
Furthermore, selection was based solely on the intui-
tion, skill, and judgment of the operator. Needless to
say, this form of selection is practiced to date by farmers
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in poor economies, where they save seed from the
best-looking plants or the most desirable fruit for plant-
ing the next season. These days, scientific techniques
are used in addition to the aforementioned qualities to
make the selection process more precise and efficient.
Even though the activities described in this section
are akin to some of those practiced by modern plant
breeders, it is not being suggested that primitive crop
producers were necessarily conscious of the fact that
they were nudging nature to their advantage as modern
breeders do.

Plant breeding past (pre-Mendelian)

Whereas early plant breeders did not deliberately create
new variants, modern plant breeders are able to create
new variants that previously did not occur in natural
populations. It is difficult to identify the true beginnings
of modern plant breeding. However, certain early
observations by certain individuals helped to lay the
foundation for the discovery of the modern principles of
plant breeding. It has been reported that archaeological
records indicate that the Assyrians and Babylonians
artificially pollinated date palm, at least 700 BC. R. J.
Camerarius (aka Rudolph Camerer) of Germany is cred-
ited with first reporting sexual reproduction in plants
in 1694. Through experimentation, he discovered that
pollen from male flowers was indispensable to fertiliza-
tion and seed development on female plants. His work
was conducted on monoecious plants (both sexes occur
on separate parts of the plant, e.g., spinach and maize).
However, it was Joseph Koelreuter who conducted
the first known systematic investigations into plant
hybridization (crossing of genetically dissimilar parents)
of a number of species, between 1760 and 1766.
Similarly, in 1717, Thomas Fairchild, an Englishman,
conducted an interspecific cross (a cross between two
species) between sweet william (Dianthus berbatus)
and D. caryophyllis, to obtain what became known as
Fairchild’s sweet william. Another account describes
an observation in 1716 by an American, Cotton Mather,
to the effect that ears from yellow corn grown next to
blue or red corn had blue and red kernels in them. This
suggested the occurrence of natural cross-pollination.
Maize is one of the crops that has received extensive
breeding and genetic attention in the scientific commun-
ity. As early as 1846, Robert Reid of Illinois was cred-
ited with developing what became known as “Reid’s
Yellow Dent”. The landmark work by Swedish botanist,
Carolus Linnaeus (1707-1778), which culminated in
the binomial systems of classification of plants, is

invaluable to modern plant breeding. In 1727, Louis
Leveque de Vilmorin of the Vilmorin family of seed
growers founded the Vilmorin Breeding Institute in
France as the first institution dedicated to plant breed-
ing and the production of new cultivars. There, another
still commonly used breeding technique — progeny
test (growing the progeny of a cross for the purpose
of evaluating the genotype of the parent) — was first
used to evaluate the breeding value of a single plant.
Selected milestones in plant breeding are presented in
Table 1.2.

Plant breeding present (post-Mendelian)

Modern plant breeding depends on the principles of
genetics, the science of heredity to which Gregor
Mendel made some of its foundational contributions.
Mendel’s original work on the garden pea was published
in 1865. It described how factors for specific traits are
transmitted from parents to offspring and through
subsequent generations. His work was rediscovered
in 1900, with confirmation by E. von Tschermak, C.
Correns, and H. de Vries. These events laid the founda-
tion for modern genetics. Mendel’s studies gave birth to
the concept of genes (and the discipline of genetics),
factors that encode traits and are transmitted through
the sexual process to the offspring. Further, his work
resulted in the formulation of the basic rules of heredity
that are called Mendel’s laws.

One of the earliest applications of genetics to plant
breeding was made by the Danish botanist, Wilhelm
Johannsen. In 1903, Johannsen developed the pure-
line theory while working on the garden bean. His
work confirmed an earlier observation by others that
the techniques of selection could be used to produce
uniform, true-breeding cultivars by selecting from
the progeny of a single self-pollinated crop (through
repeated selfing) to obtain highly homozygous lines
(true breeding), which he later crossed. Previously, H.
Nilson had demonstrated that the unit of selection was
the plant. The products of the crosses (called hybrids)
yielded plants that outperformed either parent with
respect to the trait of interest (the concept of hybrid
vigor). Hybrid vigor (or heterosis) is the foundation of
modern hybrid crop production programs.

In 1919, D. E. Jones took the idea of a single cross
further by proposing the double-cross concept, which
involved a cross between two single crosses. This tech-
nique made the commercial production of hybrid corn
seed economical. The application of genetics in crop
improvement has yielded spectacular successes over the
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Table 1.2 Sclected milestones in plant breeding

9000 BC First evidence of plant domestication in the hills above the Tigris river

3000 BC Domestication of all important food crops in the Old World completed

1000 BC Domestication of all important food crops in the New World completed

700 BC Assyrians and Babylonians hand pollinate date palms

1694 Camerarius of Germany first to demonstrate sex in plants and suggested crossing as a method to obtain new plant
types

1716 Mather of USA observed natural crossing in maize

1719 Fairchild created first artificial hybrid (carnation x sweet william)

1727 Vilmorin Company of France introduced the pedigree method of breeding

1753 Linnaeus published Species plantarium. Binomial nomenclature born

1761-1766  Koelreuter of Germany demonstrated that hybrid offspring received traits from both parents and were
intermediate in most traits; produced first scientific hybrid using tobacco

1847 “Reid’s Yellow Dent” maize developed

1866 Mendel published his discoveries in Experiments in plant hybridization, camulating in the formulation of laws of
inheritance and discovery of unit factors (genes)

1899 Hopkins described the ear-to-row selection method of breeding in maize

1900 Mendel’s laws of heredity rediscovered independently by Correns of Germany, de Vries of Holland, and von
Tschermak of Austria

1903 The pure-line theory of selection developed

1904-1905 Nilsson-Ehle proposed the multiple factor explanation for inheritance of color in wheat pericarp

1908-1909 Hardy of England and Weinberg of Germany developed the law of equilibrium of populations

1908-1910  East published his work on inbreeding

1909 Shull conducted extensive research to develop inbreds to produce hybrids

1917 Jones developed first commercial hybrid maize

1926 Pioneer Hi-bred Corn Company established as first seed company

1934 Dustin discovered colchicines

1935 Vavilov published The scientific basis of plant breeding

1940 Harlan used the bulk breeding selection method in breeding

1944 Avery, MacLeod, and McCarty discovered DNA is hereditary material

1945 Hull proposed recurrent selection method of breeding

1950 McClintock discovered the Ac-Ds system of transposable elements

1953 Watson, Crick, and Wilkins proposed a model for DNA structure

1970 Borlaug received Nobel Prize for the Green Revolution
Berg, Cohen, and Boyer introduced the recombinant DNA technology

1994 “FlavrSavr” tomato developed as first genetically modified food produced for the market

1995 Bt corn developed

1996 Roundup Ready® soybean introduced

2004 Roundup Ready® wheat developed

years, one of the most notable being the development
of dwarf, environmentally responsive cultivars of wheat
and rice for the subtropical regions of the world. These
new plant materials transformed food production in
these regions in a dramatic fashion, and in the process
became dubbed the Green Revolution. This remark-
able achievement in food production is discussed below.

Mutagenesis (the induction of mutations using muta-
genic agents (mutagens) such as radiation or chemicals)
became a technique for plant breeding in the 1920s
when researchers discovered that exposing plants to X-
rays increased the variation in plants. Mutation breeding

accelerated after World War 11, when scientists included
nuclear particles (e.g., alpha, protons, and gamma) as
mutagens for inducing mutations in organisms. Even
though very unpredictable in outcome, mutagenesis has
been successfully used to develop numerous mutant
varieties.

In 1944, DNA was discovered to be the genetic mater-
ial. Scientists then began to understand the molecular
basis of heredity. New tools (molecular tools) are being
developed to facilitate plant breeding. Currently, scien-
tists are able to circumvent the sexual process to trans-
fer genes from one parent to another. In fact, genes
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can now be transferred from virtually any organism
to another. This newest tool, specifically called gen-
etic engineering, has its proponents and distracters.
Current successes include the development of insect
resistance in crops such as maize by incorporating a gene
from the bacterium Bacillus thuringiensis. Cultivars
containing an alien gene for insect resistance from this
particular organism are called Bt cultivars, diminutive of
the scientific name of the bacterium. The products of
the application of this alien gene transfer technology are
generally called genetically modified (GM) or transgenic
products. Plant biotechnology, the umbrella name for
the host of modern plant manipulation techniques, has
produced, among other things, molecular markers to
facilitate the selection process in plant breeding.

Achievements of modern plant breeders

The achievements of plant breeders are numerous, but
may be grouped into several major areas of impact —
yield increase, enhancement of compositional traits,
crop adaptation, and the impact on crop production
systems.

Yield increase

Yield increase in crops has been accomplished in a
variety of ways including targeting yield per se or its
components, or making plants resistant to economic
diseases and insect pests, and breeding for plants that
are responsive to the production environment. Yields
of major crops (e.g., corn, rice, sorghum, wheat, soy-
bean) have significantly increased in the USA over the
years (Figure 1.1). For example, the yield of corn rose
from about 2,000 kg/ha in the 1940s to about 7,000
kg/ha in the 1990s. In England, it took only 40 years
for wheat yields to rise from 2,000 to 6,000 kg/ha.
These yield increases are not totally due to the genetic
potential of the new crop cultivars but also due to
improved agronomic practices (e.g., application of fer-
tilizer, irrigation). Crops have been armed with disease
resistance to reduce yield loss. Lodging resistance also
reduces yield loss resulting from harvest losses.

Enhancement of compositional traits

Breeding for plant compositional traits to enhance
nutritional quality or to meet an industrial need are
major plant breeding goals. High protein crop varieties
(e.g., high lysine or quality protein maize) have been
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Figure 1.1 The yield of major world food crops is steadily
rising, as indicated by the increasing levels of crops
produced in the US agricultural system. A significant
portion of this rise is attributable to the use of improved
crop cultivars by crop producers. bu/ac, bushels per acre.
Source: Drawn with data from the USDA.

produced for use in various parts of the world. For
example, different kinds of wheat are needed for dit-
ferent kinds of products (e.g., bread, pasta, cookies,
semolina). Breeders have identified the quality traits
associated with these uses and have produced cultivars
with enhanced expression of these traits. Genetic engin-
eering technology has been used to produce high oleic
sunflower for industrial use, while it is also being used to
enhance the nutritional value of crops (e.g., pro-vitamin
A “Golden Rice”). The shelf-life of fruits (e.g., tomato)
has been extended through the use of genetic engineer-
ing techniques to reduce the expression of compounds
associated with fruit deterioration.

Crop adaptation

Crop plants are being produced in regions to which they
are not native, because breeders have developed culti-
vars with modified physiology to cope with variations,
for example, in the duration of day length (photo-
period). Photoperiod-insensitive cultivars will flower
and produce seed under any day length conditions. The
duration of the growing period varies from one region
of the world to another. Early maturing cultivars of crop
plants enable growers to produce a crop during a short
window of opportunity, or even to produce two crops in
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one season. Furthermore, early maturing cultivars can
be used to produce a full season crop in areas where
adverse conditions are prevalent towards the end of the
normal growing season. Soils formed under arid condi-
tions tend to accumulate large amounts of salts. In order
to use these lands for crop production, salt-tolerant
(saline and aluminum tolerance) crop cultivars have
been developed for certain species. In crops such as
barley and tomato, there are commercial cultivars in use,
with drought, cold, and frost tolerance.

The Green Revolution

Producing enough food to feed the world’s ever increas-
ing population has been a lingering concern of modern
societies. Perhaps the most notable essay on food and
population dynamics was written by Thomas Malthus in
1798. In this essay, “Essay on the principles of popula-
tion”, he identified the geometric role of natural popu-
lation increase in outrunning subsistence food supplies.
He observed that unchecked by environmental or social
constraints it appears that human populations double
every 25 years, regardless of the initial population size.
Because population increase, according to this observa-
tion, was geometric, whereas food supply at best was
arithmetic, there was implicit in this theory pessimism
about the possibility of feeding ever growing popula-
tions. Fortunately, mitigating factors such as techno-
logical advances, advances in agricultural production,
changes in socioeconomics, and political thinking of
modern society, has enabled this dire prophesy to
remain unfulfilled.

Unfortunately, the technological advances in the
20th century primarily benefited the industrial coun-
tries, leaving widespread hunger and malnutrition to
persist in most developing countries. Many of these
nations depend on food aid from industrial countries for
survival. In 1967, a report by the US President’s Science
Advisory Committee came to the grim conclusion that
“the scale, severity and duration of the world food prob-
lem are so great that a massive, long-range, innovative
effort unprecedented in human history will be required
to master it”. The Rockefeller and Ford Foundations,
acting on this challenge, proceeded to establish the first
international agricultural system to help transfer the
agricultural technologies of the developed countries to
the developing countries. These humble beginnings led
to a dramatic impact on food production in the third
world, especially Asia, which would be dubbed the
Green Revolution, a term coined in 1968 by the USAID
Administrator, William S. Gaud.

The Green Revolution started in 1943 when the
Mexican government and the Rockefeller Founda-
tion co-sponsored a project, the Mexican Agricultural
Program, to increase food production in Mexico. The
first target crop was wheat, and the goal was to increase
wheat production by a large margin. Using an interdiscip-
linary approach, the scientific team headed by Norman
Borlaug, a wheat breeder at the Rockefeller Foundation,
started to assemble genetic resources (germplasm) of
wheat from all over the world (East Africa, Middle East,
South Asia, Western Hemisphere). The key genotypes
used by Norman Borlaug in his breeding program were
the Japanese “Norin” dwarf genotypes supplied by
Burton Bayles of the United States Department of
Agriculture (USDA) and a segregating (F,) population
of “Norin 10” crossed with “Brevor”, a Pacific
Northwest wheat, supplied by Orville Vogel of the
USDA. These introductions were crossed with indigen-
ous (Mexican) wheat that had adaptability (to temper-
ature, photoperiod) to the region and were disease
resistant, but were low yielding and prone to lodging.
The team was able to develop lodging-resistant cultivars
through introgression of dwarf genes from semidwarf
cultivars from North America. This breakthrough
occurred in 1953. Further crossing and selection
resulted in the release of the first Mexican semidwarf
cultivars, “Penjamo 62” and “Pitic 62”. Together with
other cultivars, these two hybrids dramatically trans-
formed wheat yields in Mexico, eventually making
Mexico a major wheat exporting country. The success-
ful wheat cultivars were introduced into Pakistan, India,
and Turkey in 1966, with similar results of outstanding
performance. During the period, wheat production
increased from 300,000 to 2.6 million tons/year; yields
per unit area increased from 750 to 3,200 kg/ha.

The Mexican model (interdisciplinary approach,
international team effort) for agricultural transforma-
tion was duplicated in rice in the Philippines in 1960.
This occurred at the IRRI. The goal of the IRRI team
was to increase productivity of rice in the field. Rice
germplasm was assembled. Scientists determined that,
like wheat, a dwarf cultivar that was resistant to lodging,
amenable to high density crop stand, responsive to fer-
tilization and highly efficient in partitioning of photo-
synthates or dry matter to the grain, was the cultivar to
breed.

In 1966, the IRRI released a number of dwarf rice
cultivars to farmers in the Philippines. The most success
was realized with IR8, which was early maturing (120
days), thus allowing double cropping in certain regions.
The key to the high yield of the IR series was their
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il Industry highlights

Novrmal Evnest Bovlaug: the man and his passion
George Acquaah

Department of Agriculture and Natural Resources, Langston University, Langston, OK 73050, USA

For more than half a century, | have worked with the production of more and better wheat for feeding the hungry world, but wheat
is merely a catalyst, a part of the picture. | am interested in the total development of human beings. Only by attacking the whole
problem can we raise the standard of living for all people, in all communities, so that they will be able to live decent lives. This is
something we want for all people on this planet.

Norman E. Borlaug

Dr Norman E. Borlaug has been described in the literature in many ways, including as “the father of the Green Revolution”,
“the forgotten benefactor of humanity”, “one of the greatest benefactors of human race in modern times”, and “a distinguished
scientist-philosopher”. He has been presented before world leaders and received numerous prestigious academic honors from
all over the world. He belongs to an exclusive league with the likes of Henry Kissinger, Elie Wiesel, and President Jimmy Carter —
all Nobel Peace laureates. Yet, Dr Borlaug is hardly a household name in the USA. But, this is not a case of a prophet being with-
out honor in his country. It might be more because this outstanding human being chooses to direct the spotlight on his passion,
rather than his person. As previously stated in his own words, Dr Borlaug has a passion for helping to achieve a decent living
status for the people of the world, starting with the alleviation of hunger. To this end, his theatre of operation is the third world
countries, which are characterized by poverty, political instability, chronic food shortages, malnutrition, and the prevalence of
preventable diseases. These places are hardly priority sources for news for the first world media, unless an epidemic or cata-
strophe occurs.

Dr Borlaug was born on March 25, 1914, to Henry and Clara Borlaug, Norwegian immigrants in the city of Saude, near
Cresco, lowa. He holds a BS degree in Forestry, which he earned in 1937. He pursued an MS in Forest Pathology, and later
earned a PhD in Pathology and Genetics in 1942 from the University of Minnesota. After a brief stint with the E. I. du Pont de
Nemours in Delaware, Dr Borlaug joined the Rockefeller Foundation team in Mexico in 1944, a move that would set him on course
to achieve one of the most notable accomplishments in history. He became the director of the Cooperative Wheat Research and
Production Program in 1944, a program initiated to develop high-yielding cultivars of wheat for producers in the area.

In 1965, the Centro Internationale de Mejoramiento de Maiz y Trigo (CIMMYT) was established in Mexico, as the second of
the currently 16 International Agricultural Research Centers (IARCs) by the Consultative Group on International Agricultural
Research (CGIAR). The purpose of the center was to undertake wheat and maize research to meet the production needs of devel-
oping countries. Dr Borlaug served as the director of the Wheat Program at CIMMYT until 1979 when he retired from active
research, but not until he had accomplished his landmark achievement, dubbed the Green Revolution. The key technological
strategies employed by Dr Borlaug and his team were to develop high-yielding varieties of wheat, and an appropriate agronomic
package (fertilizer, irrigation, tillage, pest control) for optimizing the yield potential of the varieties. Adopting an interdisciplinary
approach, the team assembled germplasm of wheat from all over the world. Key contributors to the efforts included Dr Burton
Bayles and Dr Orville Vogel, both of the USDA, who provided the critical genotypes used in the breeding program. These geno-
types were crossed with Mexican genotypes to develop lodging-resistant, semidwarf wheat varieties that were adapted to the
Mexican production region (Figure 1). Using the improved varieties and appropriate agronomic packages, wheat production in
Mexico increased dramatically from its low 750 kg/ha to about 3,200 kg/ha. The successful cultivars were introduced into other
parts of the world, including Pakistan, India, and Turkey in 1966, with equally dramatic results. So successful was the effort in
wheat that the model was duplicated in rice in the Philippines in 1960. In 1970, Dr Norman Borlaug was honored with the Nobel
Peace Prize for contributing to curbing hunger in Asia and other parts of the world where his improved wheat varieties were intro-
duced (Figure 2).

Whereas the Green Revolution was a life-saver for countries in Asia and some Latin American countries, another part of the
world that is plagued by periodic food shortages, the sub-Saharan Africa, did not benefit from this event. After retiring from
CIMMYT in 1979, Dr Borlaug focused his energies on alleviating hunger and promoting the general well-being of the people on
the continent of Africa. Unfortunately, this time around, he had to go without the support of these traditional allies, the Ford
Foundation, the Rockefeller Foundation, and the World Bank. It appeared the activism of powerful environmental groups in the
developed world had managed to persuade these donors from supporting what, in their view, was an environmentally intrusive
practice advocated by people such at Dr Borlaug. These environmentalists promoted the notion that high-yield agriculture for
Africa, where the agronomic package included inorganic fertilizers, would be ecologically disastrous.

Incensed by the distractions of “green politics”, which sometimes is conducted in an elitist fashion, Dr Borlaug decided to press
on undeterred with his passion to help African farmers. At about the same time, President Jimmy Carter was collaborating with the
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Figure 1 Dr Norman Borlaug working in a wheat
crossing block.
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late Japanese industrialist, Ryoichi Sasakawa, in addressing some
of the same agricultural issues dear to Dr Borlaug. In 1984, Mr
Sasakawa persuaded Dr Borlaug to come out of retirement to join
them to vigorously pursue food production in Africa. This alliance
gave birth to the Sasakawa Africa Association, presided over by
Dr Borlaug. In conjunction with Global 2000 of The Carter Center,
Sasakawa-Global 2000 was born, with a mission to help small-
scale farmers to improve agricultural productivity and crop quality
in Africa. Without wasting time, Dr Borlaug selected an initial set of
countries in which to run projects. These included Ethiopia, Ghana,
Nigeria, Sudan, Tanzania, and Benin (Figure 3). The crops targeted
included popular staples such as corn, cassava, sorghum, and cow-
peas, as well as wheat. The most spectacular success was realized
in Ethiopia, where the country recorded its highest ever yield of
major crops in the 1995-1996 growing season.

Sasakawa-Global 2000 operates in some 12 African nations.
Dr Borlaug is still associated with CIMMYT and also holds a faculty
position at Texas A&M University, where he teaches international
agriculture in the fall semester. On March 29, 2004, in commemo-
ration of his 90th birthday, Dr Borlaug was honored by the USDA
with the establishment of the Norman E. Borlaug International
Science and Technology Fellowship Program. The fellowship is
designed to bring junior and mid-ranking scientists and policy-
makers from African, Asian, and Latin American countries to the
United States to learn from their US counterparts.
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Figure 2 A copy of the actual certificate presented to Dr Norman Borlaug as part of the 1970 Nobel Peace Prize

Award he received.
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responsiveness to heavy fertilization. The short, stift
stalk of the improved dwarf cultivar resisted lodging
under heavy fertilization. Unimproved indigenous geno-
types experienced severe lodging under heavy fertiliza-
tion, resulting in drastic reduction in grain yield.

Similarly, cereal production in Asia doubled between
1970 and 1995, as the population increased by 60%.
Unfortunately, the benefits of the Green Revolution
barely reached sub-Saharan Africa, a region of the world
with perennial severe food shortages, partly because
of the lack of appropriate infrastructure and limited
resources. Dr Norman Borlaug received the 1970 Nobel
Prize for Peace for his efforts at curbing global hunger.

Three specific strategies were employed in the Green
Revolution:

1 Plant improvement. The Green Revolution cen-
tered on the breeding of high-yielding, disease-
resistant, and environmentally responsive (adapted,
responsive to fertilizer, irrigation, etc.) cultivars.

2 Complementary agronomic package. Improved
cultivars are as good as their environment. To realize
the full potential of the newly created genotype, a
certain production package was developed to com-

plement the improved genotype. This agronomic
package included tillage, fertilization, irrigation, and
pest control.

3 Favorable returns on investment in technology.
A favorable ratio between the cost of fertilizer and
other inputs and the price the farmer received for
using this product was an incentive for farmers to
adopt the production package.

Not unexpectedly, the Green Revolution has been the
subject of some intensive discussion to assess its socio-
logical impacts and identify its shortcomings. Incomes
of farm families were raised, leading to an increase in
demand for goods and services. The rural economy was
energized. Food prices dropped. Poverty declined as
agricultural growth increased. However, critics charge
that the increase in income was inequitable, arguing
that the technology package was not scale neutral (i.e.,
owners of larger farms were the primary adopters
because of their access to production inputs — capital,
seed, irrigation, fertilizers, etc.). Furthermore, the
Green Revolution did not escape the accusations
often leveled at high-yielding agriculture — environ-
mental degradation from improper or excessive use of
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agrochemicals. Recent studies have shown that many of
these charges are overstated.

Future of plant breeding in society

For as long as the world population is expected to con-
tinue to increase, there will continue to be a demand for
more food. However, with an increasing population
comes an increasing demand for land for residential,
commercial, and recreational uses. Sometimes, farm
lands are converted to other uses. Increased food pro-
duction may be achieved by increasing production per
unit area or bringing new lands into cultivation. Some of
the ways in which society will affect and be aftected by
plant breeding in the future are as follow:

1 New roles of plant breeding. The traditional roles
of plant breeding (food, feed, fiber, and ornamentals)
will continue to be important. However, new roles
are gradually emerging for plants. The technology for
using plants as bioreactors to produce pharmaceuti-
cals will advance; this technology has been around for
over a decade. Strategies are being perfected for use
of plants to generate pharmaceutical antibodies, engi-
neering antibody-mediated pathogen resistance, and
altering plant phenotypes by immunomodulation.
Successes that have been achieved include the incor-
poration of Streptococcus surface antigen in tobacco,
and the herpes simplex virus in soybean and rice.

2 New tools for plant breeding. New tools will be
developed for plant breeders, especially, in the areas
of the application of biotechnology to plant breeding.
New marker technologies continue to be developed
and older ones advanced. Tools that will assist breeders
to more effectively manipulate quantitative traits will
be enhanced.

3 Training of plant breeders. As discussed elsewhere
in the book, plant breeding programs have experi-

enced a slight decline in graduates in recent past.
Because of the increasing role of biotechnology in
plant genetic manipulation, graduates who com-
bine skills and knowledge in both conventional and
molecular technologies are in high demand. It has
been observed that some commercial plant breeding
companies prefer to hire graduates with training in
molecular genetics, and then provide them with the
needed plant breeding skills on the job.

The key players in plant breeding industry. The
last decade saw a fierce race by multinational pharma-
ceutical corporations to acquire seed companies.
There were several key mergers as well. The modern
technologies of plant breeding are concentrated in
the hands of a few of these giant companies. The
trend of acquisition and mergers are likely to con-
tinue in the future.

Yield gains of crops. With the dwindling of arable
land and the increase in policing of the environment
by activists, there is an increasing need to produce
more food or other crop products on the same piece
of land in a more efficient and environmentally safer
manner. High-yielding cultivars will continue to be
developed, especially in crops that have received less
attention from plant breeders. Breeding for adapta-
tion to environmental stresses (e.g., drought, salt)
will continue to be important, and will enable more
food to be produced on marginal lands.

The biotechnology debate. It is often said that these
modern technologies for plant genetic manipulation
benefit the developing countries the most since they
are in dire need of food, both in quantity and nutri-
tional value. On the other hand, the intellectual
property that covers these technologies is owned by
the giant multinational corporations. Efforts will
continue to be made to negotiate fair use of these
technologies. Appropriate technology transfer and
support to the poor third world nations will continue,
to enable them to develop capacity for the exploita-
tion of these modern technologies.
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Outcomes assessment

Part A

Please answer the following questions true or false:

1 Plant breeding causes permanent changes in plant heredity.

2 Rice varieties were the first products of the experiments leading to the Green Revolution.
3 Rice is high in pro-vitamin A.

4 The IR8 was the rice variety released as part of the Green Revolution.

5 Wilhelm Johannsen developed the pure-line theory.

Part B

Please answer the following questions:

D PP won the Nobel Peace Prize in ...................... for being the chief architect of the
2 Define plant breeding.

3 Give three specific objectives of plant breeding.

4 Discuss plant breeding before Mendel’s work was discovered.

5 Give the first two major wheat cultivars to come out of the Mexican Agricultural Program initiated in 1943.

Part C

Please write a brief essay on each of the following topics:

1 Plant breeding is an art and a science. Discuss.

2 Discuss the importance of plant breeding to society.

3 Discuss how plant breeding has changed through the ages.

4 Discuss the role of plant breeding in the Green Revolution.

5 Discuss the impact of plant breeding on crop yield.

6 Plant breeding is critical to the survival of modern society. Discuss.



Section 2

General biological concepts

Chapter 2 The art and science of plant breeding
Chapter 3 Plant cellular organization and genetic structure: an overview
Chapter 4 Plant reproductive systems

This section introduces the student to the fundamental concepts and rationale of plant genetic manipulation. It
is instructive for the student to have an overview of the historical perspectives of plant genetic manipulation,
how it all began and how things have changed (or stayed the same) over time, hence the discussion of domesti-
cation, evolution, and their relationship to plant breeding. Before attempting to genetically manipulate plants,
it is important to understand their fundamental biological and genetic structure. It is important to know the
natural tendencies of plants before attempting to modify their behaviors. Plant breeders seek to make
modifications in plants that are permanent and can be inherited from generation to generation. Modern tech-
nologies allow plant breeders to manipulate plants at all levels of biological organization, from molecular, to
cellular, to whole-plant levels. The student needs to understand cellular structure as well as DNA structure. In
addition, the student should understand basic plant reproductive biology, for it is not only an avenue for
genetic manipulation of sexually reproducing plants, but also it is the means by which materials are increased for
release to producers.
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o The art and science of
plant breeding

Purpose and expected outcomes

As indicated in Chapter 1, plant breeders want to cause specific and permanent alterations in the plants of interest.
They use vavious technologies and methodologies to accomplish their objectives. Certain natural processes can also
cause permanent genetic changes to occur in plants. In this chapter, three processes that bring about such heritable
changes — evolution, domestication, and plant breeding — ave discussed, drawing pavallels among them and point-
ing out key differences. After studying this chapter, the student should be able to:

1 Define the terms evolution, domestication, and plant breeding.

2 Discuss the impact of domestication on plants.

3 Compare and contrast domestication and evolution.
4 Compare and contrast evolution and plant breeding.

5 Discuss plant breeding as an art.
6 Discuss plant breeding as a science.

7 Present a brief overview of the plant breeding industry.

Concept of evolution

Evolution is a population phenomenon. Populations,
not individuals, evolve. Evolution is concerned with the
effect of changes in the frequency of alleles within a gene
pool of a population, such changes leading to changes in
genetic diversity and the ability of the population to
undergo evolutionary divergence. Simply stated, evolu-
tion is descent with modification. Proposed by Charles
Darwin in 1859, there are certain key features of the
concept or theory of evolution. Variation exists in the
initial population of organisms, both plants and animals.
As Darwin stated, variation is a feature of natural popu-
lations. More individuals are produced each generation
than can be supported by or survive in the environment.
Environmental stresses place certain individuals in the
population at a disadvantage. The individuals with the
best genetic fitness for the specific environment will

survive and reproduce more successfully and become
more competitive than other individuals. The more
competitive individuals will leave more offspring to
participate in the next generation. Such a trend, where
the advantageous traits increase, will continue each
generation, with the result that the population will be
dominated by these favored individuals and is said to
have evolved. The discriminating force, called natural
selection by Darwin, is the final arbiter in deciding
which individuals are advanced. When individuals in
the original population become reproductively isolated,
new species will eventually form.

Patterns of such evolutionary changes have been
identified and exploited by plant breeders in the devel-
opment of new cultivars. Scientists have been able to
identify relationships between modern cultivars and
their wild and weedy progenitors. Further, adaptive
variations in geographic races of crops have been
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discovered. As will be discussed in detail later in the
book, scientists collect, process, and store this natural
variation in germplasm banks for use by breeders in their
breeding programs.

The process of evolution has parallels in plant breed-
ing. Darwin’s theory of evolution through natural selec-
tion can be summed up in three principles that are at the
core of plant breeding. These are the principles of:

1 Variation. Variation in morphology, physiology,
and behavior exist among individuals in a natural
population.

2 Heredity. Offspring resemble their parents more
than they resemble unrelated individuals.

3 Selection. Some individuals in a group are more
capable of surviving and reproducing than others
(i-e., more fit).

A key factor in evolution is time. The changes in
evolution occur over extremely long periods of time.

Plant breeders depend on biological variation as
a source of desired alleles. Induced mutation and
hybridization for recombination are major sources of
variation. Once variation has been assembled, the
breeder imposes a selection pressure (artificial selection
in this case) to discriminate among the variation to
advance only desired plants. Plant breeding may be
described as directed or targeted and accelerated evolu-
tion, because the plant breeder, with a breeding objec-
tive in mind, deliberately and genetically manipulates
plants (wild or domesticated) to achieve a stated goal,
but in a very short time. Conceptually, breeding and
evolution are the same, a key difference being the
duration of the processes. Plant breeding has been
described as evolution directed by humans. Compared
to evolution, a plant breeding process is completed in a
twinkle of'an eye! Also, unlike evolution, plant breeders
do not deal with closed populations. They introgress
new variability from different genotypes of interest, and,
for practical and economic purposes, deal with limited
population sizes.

Domestication

Domestication is the process by which genetic changes
(or shifts) in wild plants are brought about through
a selection process imposed by humans. It is an evolu-
tionary process in which selection (both natural and
artificial) operates to change plants genetically, morpho-
logically, and physiologically. The results of domestica-

tion are plants that are adapted to supervised cultural
conditions, and possessing characteristics that are pre-
ferred by producers and consumers. In some ways, a
domesticated plant may be likened to a tamed wild
animal that has become a pet.

There are degrees of domestication. Species that
become completely domesticated often are unable to
survive when reintroduced into the wild. This is so
because the selection process that drives domestication
strips plants of natural adaptive features and mechanisms
that are critical for survival in the wild, but undesirable
according to the needs of humans.

Like evolution, domestication is also a process of
genetic change in which a population of plants can ex-
perience a shift in its genetic structure in the direction of
selection imposed by the domesticator. New plant types
are continually selected for as domesticates as new
demands are imposed, thereby gradually moving the
selected individuals farther away (genetically, morpho-
logically, and physiologically) from their wild pro-
genitors. Both wild and domesticated populations are
subject to evolution.

Patterns of plant domestication

Domestication has been conducted for over 10,000
years, and ever since agriculture was invented. Arche-
ological and historical records provide some indications
as to the period certain crops may have been domes-
ticated, even though such data are not precise. Arche-
ological records from arid regions are better preserved
than those from the humid regions of the world.

Concepts of domestication

As G. Ladizinsky points out in discussing patterns of
domestication, the challenge is to determine whether
the domesticate evolved under wild conditions, or was
discovered and then cultivated by humans, or whether
cultivation preceded the selection of domesticates. This
is a subject of debate. For example, seed dormancy is a
problem in wild legumes, and hence would have hindered
their use in cultivation. It is likely that the domesticates
evolved in the wild before being used in cultivation.
However, in most cereal species, most experts believe
that domestication occurred after cultivation. In wheat
and barley, for example, a tough rachis, which is resis-
tant to natural seed dispersal, and characterizes domesti-
cates, would have been selected for during cultivation.
Two categories of crop plants are identified, with
respect to domestication, as primary crops or secondary
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crops. Primary crops are those whose wild progenitors
were deliberately cultivated by humans, genetic changes
occurring in their new environments. Secondary crops
are those that evolved from weeds that arose in cultiv-
ated fields. For example, the common oat (Avena
sativa) evolved from the hexaploid wild oats (A. sterilis
and A. fatun). The domestication of vegetables, root
and tuber crops, and most fruit trees is described as
gradual domestication. This is because it is difficult to
use a single characteristic to differentiate between wild
and cultivated species of these horticultural plants.
These crops are commonly vegetatively propagated,
hence evolution under cultivation would occur mainly
from variation originating from somatic mutations.
Seed crops have the advantage of genetic recombination
through sexual reproduction to create new variability
more rapidly.

Centers of plant domestication

Centers of plant domestication are of interest to
researchers from different disciplines including botany,
genetics, archeology, anthropology, and plant breeding.
Plant breeders are interested in centers of plant domesti-
cation as regions of genetic diversity, variability being
critical to the success of crop improvement. De
Candolle was the first to suggest in 1886 that a crop
plant originates from the area where its wild progenitor
occurs. He considered archeological evidence to be the
direct proof of the ancient existence of'a crop species in a
geographic area.

Several scientists, notably N. Vavilov of Russia and
J. R. Harlan of the USA have provided the two most
enduring views of plant domestication. Vavilov, on his
plant explorations around the world in the 1920s and
1930s, noticed that extensive genetic variability within
a crop species occurred in clusters within small geo-
graphic regions separated by geographic features such
as mountains, rivers, and deserts. For example, whereas
he found different forms of diploid, tetraploid, and
hexaploid species of wheat in the Middle East, he
observed that only hexaploid cultivars were grown in
Europe and Asia. Vavilov proposed the concept of
centers of diversity to summarize his observations.
He defined the center of origin of a crop plant as
the geographic area(s) where it exhibits maximum
diversity (i.e., where the greatest number of races and
botanical varieties occur). He identified eight major
centers of diversity, some of which were subdivided
(subcenters). These centers, with examples of associated
plants, were:

1 China (e.g.,lettuce, rhubarb, soybean, turnip).

2 India (e.g., cucumber, mango, rice, oriental cotton).

2a Indochina (e.g., banana, coconut, rice).

3 Central Asia (north India, Afghanistan, Turkmenistan)

(e.g., almond, flax, lentil).

The Near East (e.g., alfalfa, apple, cabbage, rye).

Mediterranean Sea, coastal and adjacent regions

(e.g., celery, chickpea, durum wheat).

6 Ethiopia (e.g., coffee, grain sorghum, pearl millet).

7 Southern Mexico and Middle America (e.g., lima
bean, maize, papaya, upland cotton).

8 Northeastern South America, Bolivia, Ecuador, and
Peru (e.g., Egyptian cotton, potato, tomato).

8a Isles of Chile (e.g., potato).

BT

Furthermore, he associated over 500 Old World crops
and about 100 New World crops with these centers.
Most (over 400) of the Old World crops were located in
Southern Asia.

Vavilov noticed that even though one species or one
genus was associated with a center of diversity, often it
occurred also at a few other centers. However, whenever
this was the case, the types were often distinguishable
from place to place. He called the centers where maximum
diversity occurs primary centers, and the places where
types migrate to, the secondary centers. For example,
the primary center of corn is Mexico, but China is a sec-
ondary center of waxy types of corn. Vavilov associated
these centers of diversity with the centers of origin of
these crops, proposing that the variability was predomin-
antly caused by mutations and their accumulation in the
species over a long period of time. These variations were
preserved through the domestication process.

Other scientists of that era, notably Jack Harlan, dis-
agreed with the association of centers of diversity with
the centers of crop origin. He argued that the origin of
a cultivated plant was diffuse both in time and space.
This opposing view was arrived at from his observations
that plant diversity appeared to exhibit hybrid features,
indicating they likely arose from recombination (i.e.,
centers of recombination). He proposed the new con-
cept of centers and non-centers as summarized below:

Centers Non-centers
(Temperate and (Corresponding
geographically restricted) tropical areas)

Al Near East A2 Africa

B1 North China B2 South East Asia
C1 Mesoamerica C2 South America

Each center had a corresponding non-center. The cen-
ters contained wild relatives of many crop plants, whose
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antiquity is established by archeological evidence. It is
from these centers that the crops diffused to their geo-
graphically less restricted corresponding non-centers.
Other scientists including C. D. Darlington and 1. H.
Burkill suggested that some variability could be
attributed to shifts in civilizations that brought about
migrations of crops, changes in selection pressure, and
opportunities for recombination.

Vavilov made other unique observations from his
plant explorations. He found that the maximum amount
of variability and the maximum concentration of
dominant genes for crops occurred at the center and
decreased toward the periphery of the cluster of diver-
sity. Also, he discovered there were parallelisms (com-
mon features) in variability among related species and
genera. For example, various cotton species, Gossypinm
hirsute and G. barbadense, have similar pubescence, fiber

color, type of branching, color of stem, and other fea-
tures. Vavilov called this the law of homologous series
in heritable variation (or parallel variation). In other
words, species and genera that are genetically closely
related are usually characterized by a similar series of
heritable variations such that it is possible to predict
what parallel forms would occur in one species or genera,
from observing the series of forms in another related
species. The breeding implication is that if a desirable
gene is found in one species, it likely would occur in
another related species. Through comparative genomic
studies, the mapping of molecular markers has revealed
significant homology regarding the chromosomal loca-
tion of DNA markers among species of the Poaceae
family (specifically, rice, corn, sorghum, barley, wheat),
a condition called synteny, the existence of highly con-
served genetic regions of the chromosome.

Spain

Industry highlights

T Introduction and adaptation of new crops

Jaime Prohens, Adrian Rodriguez-Burruezo, and Fernando Nuez

Instituto para la Conservacion y Mejora de la Agrodiversidad Valenciana, Universidad Politécnica de Valencia, 46022 Valencia,

The greatest service which can be rendered any country is to add a useful plant to its culture.

Thomas Jefferson (c. 1800; Figure 1)

Since the domestication of the first crops, societies that practice agriculture have been attracted to new crops because they
present opportunities for improving crop production and food supply. In fact, most of the relevant crops grown in a particu-
lar region are usually native to other regions. Thus, any cultivated species grown in an area different to its center of origin
was, at one time, a new crop. Just to cite a few examples, soybean, wheat, rice, beans, tomato, or citrus, which are import-
ant crops in Europe and USA are not native to these regions.

Diversification of crop production through the introduction of new crops is desirable for several reasons. New crops
represent an alternative to growers and markets with produces that have a high value and for which usually there is no
overproduction. They also may contribute to a sustainable horticulture because an increase in diversity reduces the prob-
lems caused by pests and diseases caused by monocrop and allows a higher efficiency in the use of production factors. A
greater diversity of crops also favors the stability of production and growers” incomes because the cultivation of a higher
number of species decreases risks against unpredictable environmental and market changes. Finally, new crops contribute
in improving ethnobotanical knowledge, which is a substantial part of folk culture.

Historically, the introduction of new crops has taken place thanks to the movement of plant material through trade
routes or by contacts among cultures. The discovery of America was one of the most important events in the adaptation of
new crops, which resulted in an enormous exchange of species between the Old World and the New World. Nowadays
it is estimated that 40% of economically relevant crops originated in America, and it is difficult to imagine the present
Old World’s culture and gastronomy without many American-originated crops. For example, corn, sunflower, potato,
tobacco, peanut, cocoa, beans, squash, pumpkin and gourds, tomato, capsicum pepper, and many others originated in
the New World and all of them were “new crops” in the Old World a few centuries ago. On the other hand, many Old
World crops adapted well in America and this continent has become the main producing area for some of them, e.g.
soybean (from China), coffee (from Africa and Arabia), or banana (from South East Asia).

A great effort in the attempt to adapt foreign species took place during the 18th and 19th centuries. There were several
outstanding stories in this endeavor, such as the establishment of rubber plantations in South East Asia, after seeds and
plants were smuggled from Amazon plantations; the expeditions in search of breadfruit, which is native to Polynesia and




THE ART AND SCIENCE OF PLANT BREEDING

was going to be a food supply for slaves in the West
Indies (Figure 2), and was described in the famous
Bounty mutiny (brought to the cinema in the
famous film Mutiny on the Bounty); or the introduc-
tion of cinchona in the colonies of Africa and India
from South America, due to the medicinal import-
ance of quinine, obtained from cinchona bark,
against malaria.

Throughout history, the introduction of new
crops has contributed to an increase in the diversity
of the plants cultivated; however, the trend during
the last century, associated with industrial agricul-
ture, has led to a reduction in the number of crops
grown. In this respect, although around 3,000
species are known to have been used as a source of
food by humans, at present only 11 species (wheat,
rice, corn, barley, sorghum, millet, potato, sweet
potato, yam, sugarcane, soybean) contribute more
than 75% of world human food supply. More
worryingly, 60% of the calories consumed in the
world are based in just three crops (rice, corn, wheat),
and the trend is towards a concentration of produc-
tion in fewer and fewer crops.

Among the huge number of domesticated species,
there are many little-known species that only have
local relevance or have been neglected that could
be very interesting as “new crops”. Although the
denomination “new crop” seems to be more appro-
priate for recently domesticated plants, it usually
refers to exotic crops. Actually, most of these “new
crops” were domesticated thousands years ago,
although there are examples of recent domestica-
tion (in the 19th and 20th centuries) such as several
berries belonging to the genus Rubus that are cur-
. ] ) rently being introduced and improved in Europe.
Figure 1T Thomas Jefferson, third president of the USA, and a Not all crops have the same opportunities of
great promoter of the introduction of new crops. succeeding when introduced in a certain region.

Success will depend on several characteristics of
the new crop, like a satisfactory performance under the new agroclimatic conditions and an easy adaptation to the cultural
practices commonly used in the cultivation of the main crops of the new region. Growers will be attracted to a new crop if
it adapts well to the existing crop.

There are few cases of immediate success in the introduction of new crops. In this respect, many crops were introduced
into the Old World after the discovery of America, although their acceptance differed and some of them did not succeed at
first. For example, Capsicum pepper had an early acceptance and its cultivation was fully established a few years after
being introduced. At that time, hot peppers became an alternative to black pepper and that surely contributed to its fast
worldwide spread. On the contrary, tomato needed much more time before being fully accepted. It was brought into
Europe a few years after the discovery of America. However, although there was some consumption in Spain and Italy, the
rest of European countries rejected it (perhaps because of its red colored skin, usually an indication of toxicity in nature,
and also because many Old World Solanaceae are toxic) and it was just used as an ornamental until the 19th century.

Nowadays, scientific and technological advances can make the introduction of a new crop a much shorter process
than centuries ago because of our knowledge in genetics, breeding, biotechnology, plant physiology, pathology, and
other disciplines. Breeding for adaptation has been a research field that has had a tremendous impact in the success of the
introduction of new crops. For example, the selection and development of materials insensitive to the photoperiod has
allowed the introduction of wheat into tropical areas. Also, adapted materials resistant to colder or warmer conditions, or
shorter growing seasons, have been obtained in several crops by a gradual and long process of progressive adaptation. For
example, in corn — a tropical plant — the natural and artificial selection on genetically diverse populations has allowed its
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cultivation in areas as far north as Canada or
Scandinavian countries, which have a very short
warm season. After several years in one experimen-
tal or breeding station, adapted populations can be
moved northwards for adaptation to a shorter sum-
mer. In this way, new varieties of corn, adapted to
these new environments, and with a very short
cycle length, have been developed. Many other
examples exist, and the gardens or experimental
stations for adaptation have played a major role in
the successful introduction of new crops.

Not all crops have the same possibilities of being
introduced as a new crop into a region or country.
The introduction needs a previous study of the suit-
ability of the new crop to the new conditions. It is
essential to evaluate its adaptation to agroecolo-
gical conditions and the potential market, and it is
Figure 2 The breadfruit (Artocarpus altilis), a crop that was the  also important to collect information on the man-
subject of some fascinating expeditions to the Polynesian islands ~ agement of the crop in its region of origin. All this
in order to obtain propagation material to introduce it as a new information will be useful in identifying potential
crop in the Western Indies. growing areas because, frequently, a crop displays

its optimum performance under a limited range of
environmental conditions.

The next step is to conduct preliminary field plot research. The goal is to test or develop genotypes or varieties with satis-
factory adaptation and to obtain basic information about the production practices and pests and diseases affecting the
new crop. A critical aspect deals with the use of sufficient genetic variation in the trials. Many attempts to adapt a new crop
to a new region have failed because of the use of limited genetic variation (one or two cultivars). In this way, different
genotypes show different behaviors under the same environmental conditions, and this may allow for the selection of indi-
viduals or populations with the most satisfactory behavior (i.e., exploiting genotype x environment interaction) either for
direct cultivation or as a starting point for breeding programs. Another key point is identifying growing techniques that can
improve the productive potential of the new crop.

After this, a more extensive evaluation should be conducted. This usually needs the involvement of growers and indus-
try and the technical assistance of research centers. Basically, it deals with trials to evaluate the performance of adapted
plant material at different locations of the potential production area, as well conducting postharvest research and market-
ing studies in order to determine the best marketing channels. Finally, if results are promising, the product can be released.

The development of a new crop is a slow and complex process with uncertain results. Several cases show that investment
in the introduction and adaptation of new crops may be highly profitable and returns in new crop research are, as a whole,
many times higher than the investment. The introduction of soybean in the USA from China is the story of one such success.
Nowadays, the USA is the main producer of soybean in the world. This plant was introduced in the 18th century and its
interest as a crop began at the end of the 19th century in several agricultural experiment stations. The development of soybean
as a new crop cost American taxpayers US$5 million from 1912 to 1941. However, US soybean export trade in 2000 alone
was estimated at $6.6 billion. Another example comes from kiwifruit introduction into New Zealand. This exotic and half-
domesticated plant was first introduced into New Zealand from Chinese forests at the beginning of the 20th century and
was cultivated as an ornamental until the 1950s. Finally, New Zealand growers decided to exploit its potential as an exotic
fruit in the 1960s and 1970s. From that moment on, this crop has provided “kiwi” growers with very high profits, particu-
larly in the 1970s and 1980s, when kiwifruit production and marketing were performed exclusively by New Zealand.
Currently, kiwifruit is the biggest horticultural export in New Zealand with a total value of about NZ$600 million (US$250
million). These are only two examples of how research on new crops has been very profitable, but many others exist.

Fuvther reading
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National Research Council. 1989. Lost crops of the Incas: Little-known plants of the Andes with promise for worldwide
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Roll call of domesticated plants

It is estimated that 230 crops have been domesticated,
belonging to 180 genera and 64 families. Some families,
such as Gramineae (Poaceae), Leguminoseae (Fabaceae),
Cruciferae, and Solanaceae, have yielded more domesti-
cates than others. Further, culture plays a role in the
types of crops that are domesticated. For example, the
major world tuber and root crops — Irish potato, sweet
potato, yam, cassava, and aroids — have similar cultural
uses or purposes but represent distinct taxonomic
groups. Four general periods of domestication were
proposed by N. W. Simmonds as: (i) ancient
(7000-5000 BC); (ii) early (5000-0 BC); (iii) late
(Ap 0-1750); and (iv) recent (after AD 1750). Early
domesticates were made by peasant farmers who selected
and advanced desirable plants suited to their cultural
practices and food needs.

Changes accompanying domestication

Selection exerted by humans on crop plants during the
domestication process causes changes in the plants as
they transit from wild species to domesticates (Figure
2.1). The assortments of morphological and physiological

traits that are modified in the process and differentiate
between the two types of plants were collectively
called the domestication syndrome by J. R. Harlan.
Although the exact composition of the domestication
syndrome traits depends on the particular species, certain
basic characteristics are common (Table 2.1.). These
traits are selected at three stages in the domestication
process — seedling, reproductive, and at or after harvest.

At the seedling stage, the goal of domestication is to
get more seeds to germinate. This entails a loss of seed
dormancy as well as increased seedling vigor. At the
reproductive stage, the goal of domestication includes
a capacity for vegetative reproduction and increased
selfing rate. Plant traits modified at harvest or after the
harvest stage include elimination of seed dispersal (no
shattering), uniform seed maturity, more compact plant
architecture, and modification in photoperiod sensitiv-
ity. Modifications targeted at the consumer include fruit
size, color, taste, and reduction in toxic substances.

The genetic control of the traits comprising the
domestication syndrome has been studied in many
crops. Generally, these traits are controlled by a few
qualitative genes or quantitative genes with major phe-
notypic effects. For example, quantitative trait locus
(QTL) research has indicated that a few loci control

Figure 2.1 Tubers of domesticated tuberous species are larger and have well-defined shape, as compared to their wild
ancestors as shown in these photos of a) wild potato and b) domesticated potato. (Courtesy of Jonathan Withworth,
USDA-ARS, University of Idaho, and Peggy Bain, University of Idaho, respectively.)
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Table 2.1 Characteristics of domestication syndrome traits.

General effect

Specific traits altered

Increased seedling vigor (more plants germinating)

Loss of seed or tuber dormancy

Large seeds

Modified reproductive system

Increased selfing

Vegetatively reproducing plants
Altered photoperiod sensitivity

Increased number of seeds harvested

Non-shattering

Reduced number of branches (more fruits per branch)

Increased appeal to consumers

Attractive fruit/seed colors and patterns

Enhanced flavor, texture, and taste of seeds /fruits /tubers (food parts)
Reduced toxic principles (safer food)

Larger fruits

Reduced spikiness

Altered plant architecture and growth habit

Compact growth habit (determinacy, reduced plant size, dwarfism)

Reduced branching

traits such as flowering time, seed size, and seed dis-
persal in maize, rice, and sorghum; and growth habit,
photoperiod sensitivity, and dormancy in common
bean. Furthermore, linkage blocks of adaptation traits
have been found in some species. A study by E. M. K.
Koinange and collaborators indicated that the domesti-
cation syndrome genes in common bean were primarily
clustered in three genomic locations, one for growth
habit and flowering time, a second for seed dispersal and
dormancy, and a third for pod and seed size.

The domestication process essentially makes plants
more dependent on humans for survival. Consequently,
a difference between domesticates and their wild pro-
genitors is the lack of traits that ensure survival in the
wild. Such traits include dehiscence, dormancy, and
thorns. Plants that dehisce their seeds can invade new
areas for competitive advantage. However, in modern
cultivation, dehiscence or shattering is undesirable
because seeds are lost to harvesting when it occurs.
Some directions in the changes in plant domesticates
have been dictated by the preferences of consumers.
Wild tomato (Pinpenifolinm) produces numerous tiny
and hard fruits that are advantageous in the wild for sur-
vival. However, consumers prefer succulent and juicy
fruits. Consequently, domesticated tomato (whether
small or large fruited) is juicy and succulent. Thorns
protect against predators in the wild, but are a nuisance
to modern uses of plants. Hence, varieties of ornamen-
tals such as roses that are grown for cut flowers are
thornless.

The art and science of plant breeding

The early domesticators relied solely on experience and
intuition to select and advance plants they thought had
superior qualities. As knowledge abounds and techno-
logy advances, modern breeders are increasingly depend-
ing on science to take the guesswork out of the selection
process, or at least to reduce it. At the minimum, a plant
breeder should have a good understanding of genetics
and the principles and concepts of plant breeding, hence
the emphasis of both disciplines in this book.

Art and the concept of the “breeder’s eye”

Plant breeding is an applied science. Just like other non-
exact science disciplines or fields, art is important to the
success achieved by a plant breeder. It was previously
stated in Chapter 1 that early plant breeders depended
primarily on intuition, skill, and judgment in their work.
These attributes are still desirable in modern day plant
breeding. This book discusses the various tools available
to plant breeders. Plant breeders may use difterent tools
to tackle the same problem, the results being the arbiter
of the wisdom in the choices made. In fact, it is possible
for different breeders to use the same set of tools to
address the same kind of problem with different results,
due in part to the difference in skill and experience.
As will be discussed later in the book, some breeding
methods depend on phenotypic selection. This calls
for the proper design of the field test to minimize the
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misleading effect of a variable environment on the
expression of plant traits. Selection may be likened to
a process of informed “eye-balling” to discriminate
among variability.

A good breeder should have a keen sense of observa-
tion. Several outstanding discoveries were made just
because the scientists who were responsible for these
events were observant enough to spot unique and unex-
pected events. Luther Burbank selected one of the most
successful cultivars of potato, the “Burbank” potato,
from among a pool of variability. He observed a seed
ball on a vine of the “Early Rose” cultivar in his garden.
The ball contained 23 seeds, which he planted directly
in the field. At harvest time the following fall, he dug
up and kept the tubers from the plants separately.
Examining them, he found two vines that were unique,
bearing large smooth and white potatoes. Still, one was
superior to the others. The superior one was sold to
a producer who named it Burbank. The “Russet
Burbank” potato is produced on about 50% of all lands
devoted to potato production in the USA.

Breeders often have to discriminate among hundreds
and even tens of thousands of plants in a segregating
population to select only a small fraction of promising
plants to advance in the program. Visual selection is an
art, but it can be facilitated by selection aids such as
genetic markers (simply inherited and readily identified
traits that are linked to desirable traits that are often
difficult to identity). Morphological markers (not bio-
chemical markers) are useful when visual selection is
conducted. A keen eye is advantageous even when
markers are involved in the selection process. As will be
emphasized later in this book, the breeder ultimately
adopts a holistic approach to selection, evaluating the
overall worth or desirability of the cultivar, not just the
character targeted in the breeding program.

Scientific disciplines and technologies of
plant breeding

The science and technology component of modern
plant breeding is rapidly expanding. Whereas a large
number of science disciplines directly impact plant
breeding, several are closely associated with it. These
are plant breeding, genetics, agronomy, cytogenetics,
molecular genetics, botany, plant physiology, biochem-
istry, plant pathology, entomology, statistics, and tissue
culture. Knowledge of the first three disciplines is
applied in all breeding programs. Special situations
(e.g., wide crosses — crosses involving different species
or distantly related genotypes) and the application of

biotechnology in breeding, involve the latter two
disciplines.

The technologies used in modern plant breeding are
summarized in Table 2.2. These technologies are dis-
cussed in varying degrees in this book. The categoriza-
tion is only approximate and generalized. Some of these
tools are used to either generate variability directly or to
transfer genes from one genetic background to another
to create variability for breeding. Some technologies
facilitate the breeding process through, for example,
identifying individuals with the gene(s) of interest.

Genetics

Genetics is the principal scientific basis of modern plant
breeding. As previously indicated, plant breeding is
about targeted genetic modification of plants. The
science of genetics enables plant breeders to predict to
varying extents the outcome of genetic manipulation of
plants. The techniques and methods employed in breed-
ing are determined based on the genetics of the trait of
interest, regarding, for example, the number of genes
coding for it and gene action. For example, the size of
the segregating population to generate in order to have
a chance of observing that unique plant with the desired
combination of genes depends on the number of genes
involved in the expression of the desired trait.

Botany

Plant breeders need to understand the reproductive
biology of their plants as well as their taxonomic
attributes. They need to know if the plants to be
hybridized are cross-compatible, as well as the fine detail
about flowering habits, in order to design the most
effective crossing program.

Plant physiology

Physiological processes underlie the various phenotypes
we observe in plants. Genetic manipulation alters plant
physiological performance, which in turn impacts the
plant performance in terms of the desired economic
product. Plant breeders manipulate plants for optimal
physiological efficiency so that dry matter is effectively
partitioned in favor of the economic yield. Plants
respond to environmental factors, both biotic (e.g.,
pathogens) and abiotic (e.g., temperature, moisture).
These factors are sources of physiological stress when
they occur at unfavorable levels. Plant breeders need
to understand these stress relationships in order to
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Table 2.2 An operational classification of technologies of plant breeding.

Technology/tool

Common use of the technology/tool

Classic/traditional tools
Emasculation
Hybridization

Wide crossing
Selection

Chromosome counting
Chromosome doubling
Male sterility

Triploidy

Linkage analysis
Statistical tools

Relatively advanced tools
Mutagenesis

Tissue culture

Haploidy

Isozyme markers

In situ hybridization

More sophisticated tools
DNA markers

RFLP

RAPD

Advanced technology
Molecular markers
Marker-assisted selection
DNA sequencing

Plant genomic analysis
Bioinformatics
Microarray analysis
Primer design

Plant transformation

Making a complete flower female; preparation for crossing

Crossing unidentical plants to transfer genes or achieve recombination
Crossing of distantly related plants

Primary tool for discriminating among variability

Determination of ploidy characteristics

For manipulating ploidy for fertility

To eliminate need for emasculation in hybridization

To achieve seedlessness

For determining association between genes

For evaluation of germplasm

To induce mutations to create new variability

For manipulating plants at the cellular or tissue level
Used for creating extremely homozygous diploid
To facilitate the selection process

To detect successful interspecific crossing

More effective than protein markers (isozymes)

PCR-based molecular marker

SSR, SNPs, etc.

To facilitate the selection process

Ultimate physical map of an organism

Studying the totality of the genes of an organism

Computer-based technology for prediction of biological function from DNA sequence data
To understand gene expression and for sequence identification

For molecular analysis of plant genome

For recombinant DNA work

PCR, polymerase chain reaction; RAPD, random amplified polymorphic DNA; RFLP, restricted fragment length polymorphism; SNP, single
nucleotide polymorphism; SSR, simple sequence repeat.

develop cultivars that can resist them for enhanced

productivity.

Agronomy

Plant breeders conduct their work in both controlled
(greenhouse) and field environments. An understand-
ing of agronomy (the art and science of producing crops
and managing soils) will help the breeder to provide the
appropriate cultural conditions for optimal plant growth
and development for successful hybridization and selec-
tion in the field. An improved cultivar is only as good as
its cultural environment. Without the proper nurturing,
the genetic potential of an improved cultivar would not

be realized. Sometimes, breeders need to modify the
plant-growing environment to identify individuals to
advance in a breeding program to achieve an object-
ive (e.g., withholding water in breeding for drought
resistance).

Pathology and entomology

Disease-resistance breeding is a major plant breeding
objective. Plant breeders need to understand the bio-
logy of the insect pest or pathogen against which resist-
ance is being sought. The kind of cultivar to breed, the
methods to use in breeding, and evaluation all depend
on the kind of pest (e.g., its races or variability, pattern
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of spread, life cycle, and most suitable environment).
Sometimes, the pest must be controlled to avoid inter-
tering with the breeding program.

Statistics

Plant breeders need to understand the principles of
research design and analysis. This knowledge is essential
for effectively designing field and laboratory studies
(e.g., for heritability, inheritance of a trait, combining
ability), and evaluating genotypes for cultivar release
at the end of the breeding program. Familiarity with
computers is important for record keeping and data
manipulation. Statistics is indispensable to plant breed-
ing programs. This is because the breeder often encoun-
ters situations in which predictions about outcomes,
comparison of results, estimation of response to a treat-
ment, and many more, need to be made. Genes are not
expressed in a vacuum but in an environment with
which they interact. Such interactions may cause certain
outcomes to deviate from the expected. Statistics is
needed to analyze the variance within a population to
separate real genetic effects from environmental effects.
The application of statistics in plant breeding can be as
simple as finding the mean of a set of data, to complex
estimates of variance and multivariate analysis.

Biochemistry

In this era of biotechnology, plant breeders need to be
familiar with the molecular basis of heredity. They need
to be familiar with the procedures of plant genetic
manipulation at the molecular level, including the
development and use of molecular markers and gene
transfer techniques.

The plant breeder as a decision-maker

Modern plant breeding is a carefully planned and executed
activity. It is expensive and time-consuming to breed a
new cultivar. Consequently, the breeder should make
sound decisions, some of which are scientific (e.g., type of
cultivar to breed, germplasm to use, breeding methods),
whereas others are socioeconomic or even political.

Some of the key specific decisions in a plant breeding
program are discussed next. Because these elements are
interdependent, the breeder should integrate the deci-
sions to form a harmonious and continuous sequence,
from inception to cultivar release. A breeder should have
good management skills. Experts have identified four
dimensions of management as follows:

1 Organization design. The breeder should plan the
physical structure of the project as pertains to per-
sonnel, equipment, field, greenhouse, nurseries, and
other needs.

2 Planning and control. Planning entails defining
clear objectives and strategies for accomplishing
them, while control entails establishing an effective
system of data management (collection, storage,
retrieval, processing) to provide reliable and accurate
information for decision-making at all the steps in the
plant breeding project.

3 Behavioral process. The team engaged in the
project should work and relate well with each other
(teamwork).

4 Decision-making. The plant breeder is a decision-
maker. Critical decisions are made throughout the
breeding program. This is the most important aspect
of management in a breeding project. It entails first
identifying the problem, then analyzing it to find the
root causes and effects. Next, the breeder should
develop alternative solutions, evaluate them, and then
choose and implement the most desirable solution.

Some of the specific decisions made in a breeding pro-
ject are as follow.

Breeding objectives

The breeder must first define a clear breeding objec-
tive and ascertain its importance, feasibility, and cost-
effectiveness. As previously noted plant breeding is
expensive to conduct and hence a breeding objective
should be economically viable or of significant social
benefit. Furthermore, every problem is not amenable
to genetic manipulation through breeding. Breeding
objectives vary among crops (see Part IT). Where multiple
objectives are identified, they should be prioritized.
Keeping in close touch with crop producers and con-
sumers will allow the breeder to gain insight into what
ameliorations are likely to be acceptable to them.
Growers will not grow what they cannot sell. Long-term
plant breeding programs are usually formulated to
address the key problems that producers face.

Germplasm

The plant material used to initiate a breeding program is
critical to its success. The parents used in a cross should
supply the gene(s) for the trait of interest. Sometimes,
germplasm may have to be imported for developing
new cultivars or evaluated for adaptation to a specific
environment. Advanced breeding programs maintain
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elite germplasm or advanced breeding lines from previ-
ous activities, which serve as a source of materials for
initiating future breeding projects. Breeders have access
to an enormous amount of germplasm maintained
in repositories all over the world (see Chapter 6).
Sometimes, certain sources of germplasm are protected
by intellectual property rights and may require a fee to
use. Using wild germplasm introduces a unique set of
problems into a breeding program, stemming from the
unadapted genetic background introduced.

Breeding strategy

The plant breeder should select the most effective
breeding method and use the most effective techniques
to accomplish the breeding objective. Hybrids may be
best for certain situations, whereas synthetics (a type
of variety developed by open-pollination of selected
parents) may be more practical in other areas. To speed
up the breeding program, the breeder may include,
for example, a winter nursery where applicable, or use
selection aids (e.g., genetic markers or marker-assisted
selection). A number of standard techniques and
methods (with variations) have been developed for use
by breeders to tackle breeding problems (see Section 6).
New technologies (e.g., biotechnology) are available
to address some breeding issues that could not be ad-
equately addressed by conventional tools. The breeder
may utilize multiple technologies and methods at differ-
ent stages in the breeding program.

Type of cultivar

The breeder decides what type of cultivar to breed (e.g.,
hybrid, synthetic, blend). A decision also needs to be
made about whether a cultivar has to be developed for
use over a broad region or a very specific production
area. The type of cultivar being bred determines how
to conduct yield trials prior to release of a commercial
cultivar for use by the consumer.

Market

Some products are developed for processing while
others are developed for the fresh market. The parents
used in a breeding program are selected based on the
type of market product needed. Some markets prefer
uniformity in the plant product, whereas others (e.g.,
canning industry) can tolerate some variation in qual-
ity with respect to a specific trait. For example, potato
for the fresh market is appealing to the consumer if

the tuber shape is attractive and uniform. On the other
hand, producers of potato starch do not mind processing
potatoes that may have a little blemish, provided it has
the appropriate industrial quality for starch production.

Evaluation

It is said that plant breeding is a numbers game. A large
segregating population is created in the early stages of
the program. The numbers are steadily reduced with
time (e.g., from 10,000 to 1,000, to 100, to 10, and
then to one cultivar released in the end). A decision has
to be made at each stage as to what genotypes to keep
and what to discard. It has been suggested by N. F.
Jensen that two basic questions are critical in a plant
breeding decision-making process: Does the plant or
line have the potential to become a cultivar? Does the
plant have any other possible uses (e.g., as a parent in
future projects)? If the answer is no to these questions,
the plant should be discarded; otherwise, it should be
kept for another season for further evaluation. The
breeder has to decide where to evaluate the genotypes,
and for how long (i.e., locations, seasons, years).

Cultivar release

This is the climax of a breeding program. The decisions
at this stage include using information from stability
analysis to select the most desirable genotype to release
as a cultivar. The process also includes assigning a name,
and seeking legal protection, among other actions.

Conducting plant breeding

As previously stated, modern plant breeding is a planned
activity. There are standard approaches to breeding. The
breeder may choose from a variety of methods for con-
ducting a plant breeding program, based on factors
including the mode of reproduction of the plant, the type
of cultivar to be developed, and the resources available.

Basic approaches

Plant breeding has come a long way from the cynical
view of “crossing the best with the best and hoping for
the best” to carefully planned and thought-out strate-
gies to develop high-performance cultivars. Plant breed-
ing methods and tools keep changing as technology
advances. Consequently, plant breeding approaches may
be categorized into two general types: conventional
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and unconventional. This categorization is only for
convenience.

Conventional approach

Conventional breeding is also referred to as traditional
or classic breeding. This approach entails the use of
tried, proven, and older tools. Crossing two plants
(hybridization) is the primary technique for creating
variability in flowering species. Various breeding (selec-
tion) methods are then used to discriminate among the
variability to identify the most desirable recombinant.
The selected genotype is increased and evaluated for
performance before release to producers. Plant traits
controlled by many genes (quantitative traits) are more
difficult to breed. Age notwithstanding, the conven-
tional approach remains the workhorse of the plant
breeding industry. It is readily accessible to the average
breeder and is relatively easy to conduct, compared to
the unconventional approach.

Unconventional approach

The unconventional approach to breeding entails the
use of cutting-edge technologies, to create new vari-
ability that is sometimes impossible to achieve with con-
ventional methods. However, this approach is more
involved, requiring special technical skills and know-
ledge. It is also expensive to conduct. The advent of
recombinant DNA (rDNA) technology gave breeders
a new set of powerful tools for genetic analysis and
manipulation. Gene transfer can now be made across
natural biological barriers, circumventing the sexual
process (e.g., the Bt products that consist of bacterial
genes transferred into crops to confer resistance to the
European corn borer). Molecular markers are available
for aiding the selection process to make the process
more efficient and effective.

Even though two basic breeding approaches have been
described, it should be pointed out that they are best
considered as complementary rather than independent
approaches. Usually, the molecular tools are used to
generate variability for selection, or to facilitate the
selection process. After genetically modifying plants
using molecular tools, they may be used as parents in
subsequent crosses to transfer the desirable genes into
adapted and commercially desirable genetic back-
grounds, using conventional tools. Whether developed
by conventional or molecular approaches, the genotypes
are evaluated in the field by conventional methods, and

then advanced through the standard seed certification
process before the farmer can have access to the seed for
planting a crop. The unconventional approach to breed-
ing tends to receive more attention from funding agen-
cies than the conventional approach, partly because of
its novelty and advertized potential, as well as the glam-
our of the technologies involved.

Overview of the basic steps in plant breeding

Regardless of the approach, a breeder follows certain
general steps in conducting a breeding project. As previ-
ously discussed, a breeder should have a comprehensive
plan for a breeding project that addresses the following
steps.

Objectives

The breeder should first define a clear objective for initi-
ating the breeding program. This may be for the benefit
of the producer (e.g., high yield, disease resistance, early
maturity, lodging resistance) or the consumer (e.g.,
high nutritional quality, enhanced processing quality).

Germplasm

Once the objectives have been determined, the breeder
then assembles the germplasm to be used to initiate the
breeding program. Sometimes, new variability is created
through crossing of selected parents, inducing muta-
tions, or using biotechnological techniques. Whether
used as such or recombined through crossing, the base
population used to initiate a breeding program must of
necessity include the gene(s) of interest. That is, you
cannot breed for disease resistance, if the gene confer-
ring resistance to the disease of interest does not occur
in the base population.

Selection

After creating or assembling variability, the next task is
to discriminate among the variability to identify and
select individuals with the desirable genotype to advance
and increase to develop potential new cultivars. This
calls for using standard selection or breeding methods
suitable for the species and the breeding objective(s).

Evaluation

The potential cultivars are evaluated in the field, some-
times at different locations and over several years, to
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identify the most promising one for release as a commer-
cial cultivar.

Certification and cultivar release

Before a cultivar is released, it is processed through a
series of steps, called the seed certification process, to
increase the experimental seed, and to obtain approval
for release from the designated crop certifying agency in
the state or country. These steps in plant breeding are
discussed in detail in this book.

Qualifications of a plant breeder

Some plant breeding can be undertaken by farmers with
little education, lots of intuition, and keen observation.
As previously discussed, early domesticators observed
and selected plants, saving seed from the current season
for planting the next season’s crop. Modern commercial
plant breeding is more technical and science-based,
requiring the breeder to have some formal training to be
successful.

Plant breeders, as previously discussed, are involved in
genetically manipulating plants to accomplish a pre-
determined objective. Furthermore, it was previously
indicated that plant breeding is an art and a science.
Consequently, the breeder should have knowledge in
certain scientific disciplines in order to be able to con-
duct modern plant breeding. The key disciplines, as
previously discussed, includes genetics, biochemistry,
botany, pathology, physiology, agronomy, statistics,
biotechnology, and computer science. Whereas it is not
critical to master all these disciplines to be successtul, a
breeder needs, at least, to have a strong background in
plant genetics and the principles of plant breeding.
Breeding is about causing a heritable change to occur
in a desired direction. Consequently, a breeder should
understand the principles and concepts of heredity (or
transmission genetics). To be able to use some of the
modern sophisticated technologies, the breeder should
understand molecular genetics and other techniques of
biotechnology such as tissue culture. Basic and pertin-
ent genetic principles and concepts are discussed in this
book to facilitate the understanding of breeding prin-
ciples. Biotechnological applications in plant breeding
are also discussed.

It should be pointed out that a breeder may take
advantage of workshops and short courses offered by
national institutes (e.g., National Institute of Health in
the USA) and universities, to acquire the new skills

necessary to use new techniques in a breeding project.
Collaborating with experts in the use of certain tech-
niques is also a way classically trained plant breeders may
pursue to accomplish a breeding objective that requires
the use of molecular techniques. It is also possible to
contract or outsource a technical part of an unconven-
tional breeding project to competent service providers.

The other issue that needs to be addressed is the level
of qualification required to be a successful plant breeder.
As stated in the preface, this book is designed for upper
undergraduate to early graduate students. A firm grasp
of the genetics and plant breeding concepts discussed
should adequately equip the student to conduct plant
breeding upon graduation. Having said that, graduate
studies in plant breeding provide opportunities for
acquiring advanced knowledge in genetics and research
methodologies. Usually, the undergraduate course in
plant breeding offers limited opportunities for research
and hands-on exposure (especially in the conventional
methods of plant breeding). Further, leaders of plant
breeding programs in both the public and private sec-
tors usually have advanced degrees, preferably, a PhD.
However, BS or MS degree holders are also employed in
the breeding industry.

The plant breeding industry

Commercial plant breeding is undertaken in both the
private and public sectors. Breeding in the private sector
is primarily for profit. It should be pointed out these
companies operate under the umbrella of giant multina-
tional corporations such as Monsanto, Pioneer/Dupont,
Novartis/Syngenta, and Advanta Seed Group, through
mergers and acquisitions (see Chapter 24). Products
from private seed companies are proprietary.

Private sector plant breeding

Four factors are deemed by experts to be critical in
determining the trends in investment in plant breeding
by the private sector.

Cost of research innovation

Modern plant breeding technologies are generally
expensive to acquire and use. Consequently, the cost of
research and development of new cultivars by these
technologies are exorbitant. However, some of these
innovations result in increased product quality and
yield, and sometimes facilitate the production of the
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crop by the producer. Also, some innovations eventually
reduce the duration of the cumulative research process.

Market structure

Private companies are more likely to invest in plant
breeding where the potential size of the seed market is
large and profitable. Further, the attraction to enter into
plant breeding will be greater if there are fixed costs in
marketing the new cultivars to be developed.

Market organization of the seed industry

Conventional wisdom suggests that the more concen-
trated a seed market, the greater the potential profitabil-
ity a seed production enterprise would be. However,
contemporary thought on industrial organization sug-
gests that the ease of entry into an existing market would
depend on the contestability of the specific market,
and would subsequently decide the profitability to the
company. Plant breeding is increasingly becoming a
technology-driven industry. Through research and
development, a breakthrough may grant a market
monopoly to an inventor of a technology or product,
until another breakthrough occurs that grants a new
monopoly in a related market. For example, Monsanto,
the developer of Roundup Ready® technology is also
the developer of the Roundup® herbicide that is
required for the technology to work.

Ability to appropriate the returns to research and
distribution of benefits

The degree to which a seed company can appropriate
returns to its plant breeding inventions is a key factor in
the decision to enter the market. Traditionally, cross-
pollinated species (e.g., corn) that are amenable to
hybrid breeding and high profitability have been most
attractive to private investors. Public sector breeding
develops most of the new cultivars in self-pollinated
species (e.g., wheat, soybean). However, the private
sector interest in self-pollinated species is growing.
This shift is occurring for a variety of reasons. Certain
crops are associated in certain cropping systems. For
example, corn-soybean rotations are widely practiced.
Consequently, producers who purchase improved corn
are likely to purchase improved soybean seed. In the
case of cotton, the shift is for a more practical reason.
Processing cotton to obtain seed entails ginning and
delinting, which are more readily done by seed com-
panies than farmers.

Another significant point that needs to be made is
that the for-profit private breeding sector is obligated
not to focus only on profitability of a product to the
company, but they must also price their products such
that the farmer can use them profitably. Farmers are not
likely to adopt a technology that does not significantly
increase their income.

Public sector plant breeding

The US experience

Public sector breeding in the USA is conducted primar-
ily by land grant institutions and researchers in the fed-
eral system (e.g., the US Department of Agriculture,
USDA). The traditional land grant institutional pro-
gram is centered on agriculture, and is funded by the
federal government and the various states, often with
support from local commodity groups. The plant
research in these institutions is primarily geared towards
improving field crops and horticultural and forest
species of major economic importance to a state’s agri-
culture. For example, the Oklahoma State University,
an Oklahoma land grant university, conducts research
on wheat, the most important crop in the state. A fee is
levied on produce presented for sale at the elevator by
producers, and is used to support agricultural research
pertaining to wheat.

In addition to its in-house research unit, the
Agricultural Research Service (ARS), USDA often has
scientists attached to land grant institutions to conduct
research of benefit to a specific state as well as the gen-
eral region. For example, the Grazinglands Research
Laboratory at El Reno, Oklahoma, is engaged in forage
research for the benefit of the Great Plains of the USA.
Research output from land grant programs and the
USDA is often public domain and often accessible to the
public. However, just like the private sector, inventions
may be protected by obtaining plant variety protection
or a patent.

The UK experience

Information regarding the UK experience has been
obtained through personal communication with W. T.
B. Thomas of the Scottish Crop Research Institute,
Invergowire, UK. The equivalent of a land grant system
does not operate in the UK but, up to the 1980s, there
were a number of public sector breeding programs at
research institutes such as the Plant Breeding Institute
(PBI) (now part of John Innes Centre), Scottish Crop
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Research Institute (SCRI), Welsh Plant Breeding
Station (now Institute of Grassland and Environmental
Research, IGER), and National Vegetable Research
Station (now Horticultural Research International,
HRI) with the products being marketed through the
National Seed Development Organization (NSDO). In
addition, there were several commercial breeding pro-
grams producing successful finished cultivars, especially
for the major crops. Following a review of “Near Market
Research”, the plant breeding program at PBI and
the whole portfolio of NSDO were sold to Unilever
and traded under the brand PBI Cambridge, later to
become PBI Seeds. The review effectively curtailed
the breeding activities in the public sector, especially
of the major crops. Plant breeding in the public sector
did continue at IGER, HRI, and SCRI but was
reliant on funding from the private sector for at least
a substantial part of the program. Two recent reviews
of crop science research in the UK have highlighted
the poor connection between much public sector
research and the needs of the plant breeding and
end-user communities. The need for good public plant
breeding was recognized in the Biotechnology and
Biological Sciences Research Council (BBSRC) Crop
Science Review to translate fundamental research into
deliverables for the end-user and is likely to stimulate
prebreeding activity, at the very least, in the public
sector.

International plant breeding

There are other private sector efforts that are supported
by foundations and world institutions such as the Food
and Agricultural Organization (FAO), Ford Foundation,
and Rockefeller Foundation. These entities tend to
address issues of global importance, and also support the
improvement of the so-called “orphaned crops” (crops
that are of importance to developing countries, but not
of enough economic value to attract investment by
multinational corporations). Developing countries vary
in their capabilities for modern plant breeding research.
Some countries such as China, India, Brazil, and South
Africa have advanced plant breeding research programs.
Other countries have national research stations that
devote efforts to the breeding of major national crops or
plants, such as the Crops Research Institute in Ghana,
where significant efforts have led to the country being a
world-leading adopter of quality protein maize (QPM).
A chapter has been devoted to international plant breed-
ing efforts (see Chapter 25).

Public sector breeding is disadvantaged in an increas-
ingly privatized world. The issues of intellectual prop-
erty protection, globalization, and the constraints on
public budgets in both developed and developing
economies are responsible for the shift in the balance of
plant breeding undertakings from the public to the pri-
vate sector. This shift in balance has occurred over a
period of time, and differs from one country to another,
as well as from one crop to another. The shift is driven
primarily by economic factors. For example, corn breed-
ing in developed economies is dominated by the private
sector. However, the trends in wheat breeding are vari-
able in different parts of the world and even within
regions in the same country. Public sector plant breed-
ing focuses on problems that are of great social concern,
even though they may not be of tremendous economic
value (having poor market structure), whereas private
sector breeding focuses on problems of high economic
return. Public sector breeders can afford to tackle long-
term research while the private sector, for economic
reasons, prefers to have quicker returns on investment.
Public sector breeders also engage in minor crops in
addition to the principal crops of importance to various
states (in the case of the land grant system of the USA).
A great contribution of public sector research is the
training of plant breeders who work in both public
and private sectors. Also, the public sector is primarily
responsible for germplasm conservation and preserva-
tion. Hence, private sector breeding benefits tremend-
ously from public sector efforts.

It has been suggested by some that whereas scientific
advances and cost of research are relevant factors in the
public sector breeding programs, plant breeding invest-
ment decisions are not usually significantly impacted
directly by the market structure and organization of the
seed industry.

A major way in which private and public breeding
efforts differ is on the returns to research. Public sector
breeders are primarily not profit-oriented and can afford
to exchange and share some of their inventions more
freely. However, it must be pointed out that access to
some public germplasm and technologies is now highly
restricted, requiring significant protocol and fees to be
paid for their use. The public sector plays a critical role
in important activities such as education and training
of plant breeders, development of new methods of
breeding, and germplasm preservation and enhance-
ment. These activities are generally long term and
less profitable, at least in the short run, and hence less
attractive to the private sector.
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Resource investment

Human capital

In 1996, K. J. Frey of Iowa State University conducted a
survey to determine the number of science person-years
devoted to plant breeding research and development in
the USA. He observed that of the 2,241 science person-
years devoted to plant breeding, 1,499 (67%) were in the
private sector. Of the remainder, 529 were in the State
Agricultural Experimental Station system, while 177 were
in the USDA-ARS and 36 in the USDA Plant Materials
Centers. Private breeders dominate the crops that are
produced primarily as hybrids. Of 545 breeders in field
corn development, 510 were in the private sector.
Similarly, 41 of the 56 sorghum breeders were in the
private sector. On the other hand, 77 of the total of 131
wheat breeders were in the public sector, while 41 of 50
potato breeders were in the public sector. Other crops of
breeding interest are soybean, cotton, and tomato.

Frey also observed that 1,571 (71%) of plant breeders
in the USA were engaged in breeding agronomic crops
with 634 (29%) breeding horticultural crops. About 75%
of public breeders were engaged in agronomic crops
versus 25% in the private sector. In the US, 100% of all
maize production in 1997 was derived from private sec-
tor cultivars, compared to about 24% from wheat. In
soybean, only about 8% of the acreage was planted to
the crop in 1980, while 70-90% of the crop acreage in
1997 was planted to private sector seed. About 93% of

cotton acreage was also planted to private sector seed.
These trends indicate the surging role of genetically
modified (GM) cultivars in the production of these crops.

Duration and cost of plant breeding
programs

It is estimated that it takes about 7-10 years (or even
longer) to complete (cultivar release) a breeding pro-
gram for annual cultivars such as corn, wheat, and soy-
beans, and much longer for tree crops. The use of
molecular techniques to facilitate the selection process
may reduce the time for plant breeding in some cases.
The use of tissue culture can reduce the length of breed-
ing programs of perennial species. Nonetheless, the
development of new cultivars may cost from hundreds
of thousands of dollars to even several million dollars.
The cost of cultivar development can be much higher if
proprietary material is involved. Genetically engineered
parental stock attracts a steep fee to use because of the
costs involved in their creation. The cost of breeding
also depends on where and by whom the activity is being
conducted. Because of high overheads, similar products
produced by breeders in developed and developing
economies, are produced at dramatically higher cost
in the former. Cheap labor in developing countries
can allow breeders to produce hybrids of some self-
pollinated species less expensively, because they can
afford to pay for hand pollination (e.g., cotton in India).
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Outcomes assessment

Part A

Please answer the following questions true or false:

1 Evolution is a population phenomenon.

2 Land grant institutions conduct plant breeding in the private sector in the USA.
3 Traditional plant breeding tools are obsolete.

4 Plant breeding causes heritable changes in plants.

Part B

Please answer the following questions:

D PP is the arbiter of evolution.

2 is the process by which wild plants are genetically changed through human selection.
3 Compare and contrast evolution and plant breeding.

4 Give four specific examples of ways in which domesticated plants may differ from their wild progenitors.

Part C

Please write a brief essay on each of the following topics:

1 Discuss the concept of breeder’s eye.

2 Discuss the concept of the breeder as a decision-maker.

3 Discuss the general steps in a plant breeding program.

4 Discuss the qualifications of a plant breeder.

5 Distinguish between public sector and private sector plant breeding.

6 Discuss the molecular and classic plant breeding approaches as complementary approaches in modern plant breeding.
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Plant cellular
organization and genetic

structure: an overview

Purpose and expected outcomes

Plant breeders manipulate the genotype of plants to create hevitable modifications in plant structure and function.
Sometimes plants ave genetically modified to change their shape, beight, or size, to fucilitate o production operation
or system. For example, dwarf plants ave move environmentally vesponsive and tend to resist lodging. Changes in
stature and size impact their metabolic activities. To undertake such modifications, it is important for breeders to
understand the fundamental plant structurve and organization at the molecular, cellular, and whole-plant levels.
Manipulating plants by some biotechnological procedures occurs at the cellular level, hence the need to understand
DNA and cellular structure and function. Because the goal of plant breeding is to cveate modifications that are
permanent and bevitable, it is important to also understand the genetic avchitecturve of plants and how genes condi-
tion plant traits. This chapter is designed to present an overview of concepts pertaining to the cellular organization
and genetic structuve of plants. After studying this chapter, the student should be able to:

1 Briefly describe plant cell structure and organization.

2 Briefly discuss nuclear division processes.

3 Discuss Mendelian concepts.

4 Discuss DNA structure and function.

5 Distinguish between phenotype and genotype.

6 Discuss the role of genetic linkage in plant breeding.

7 More importantly, the student should be able to discuss the role of these plant structures and processes in plant

breeding.

Units of organization of living things

The cell is the fundamental unit of organization of living
things. Some organisms consist entirely of one cell
(called unicellular) whereas others consist of numerous
cells working together (called multicellular). Except
for a bacterium, which lacks cellular compartmentaliza-
tion into discrete functional units called organelles, and
is called a prokaryote, all other cells have a membrane-

bound nucleus and several other membrane-enclosed
organelles and are called eukaryotes.

The cell can be a unit for selection in breeding if, for
example, molecular tools are used. The technology of
genetic engineering targets single cells for manipula-
tion. After successfully transferring foreign genes into
the cell, it is isolated and nurtured into a full plant. On
the other hand, when conventional tools are used, the
whole plant is the unit of selection. It should be pointed
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out that when plants are manipulated by molecular tech-
niques, they eventually have to be evaluated via conven-
tional selection process in the field using whole plants as
the unit of selection.

Levels of eukaryotic organization

A cukaryote may also be structurally organized at
various levels of complexity: whole organism, organs,
tissues, cells, organelles, and molecules, in order of
descending complexity. Plant breeding of sexually
reproducing species by conventional tools is usually
conducted at the whole-plant level by crossing selected
parents. Flowers are the units for crossing. The progeny
of the cross is evaluated to select those with the desired
combination of parental traits. The use of molecular
tools allows plant breeders to directly manipulate the
DNA, the hereditary material, and thereby circumvent
the sexual process. Also, other biotechnological tools
(e.g., tissue culture, cell culture, protoplast culture)
enable genetic manipulation to be made below the
whole-plant level.

Plant cells and tissue

The plant cell consists of several organelles and struc-
tures with distinct as well as interrelated functions
(Table 3.1). Some organelles occur only in plants while
others occur only in animals. The nucleus is the most
prominent organelle in the cell. The extranuclear region
is called the cytoplasm. For the plant breeder, the
organelles of special interest are those directly associated
with plant heredity, as discussed next.

There are three basic cell and tissue types —
parenchyma, collenchyma, and sclerenchyma — with
increasing thickness in the cell wall. Cells aggregate
to form tissues of varying complexity and functions.
Parenchyma cells have thin walls and occur in actively
growing parts of the plant and extensively in herbaceous
plants. The fleshy and succulent parts of fruits and
other swollen parts of plants (e.g., tubers, roots) contain
parenchyma cells. Collenchyma cells have a thick pri-
mary wall and play a role in the mechanical support
system of plants by forming strengthening tissues. Like
parenchyma cells, collenchyma cells occur in regions
where active growth occurs so as to provide the plant
some protection from damage. Sclerenchyma cells
have both primary and secondary cell walls. The short
types are called sclereids, and the long cells, fibers.

Table 3.1 A summary of the structures of plant cells and
their functions.

Plasma membrane This differentially permeable cell boundary
delimits the cell from its immediate
external environment. The surface may
contain specific receptor molecules and
may elicit an immune response

Nucleus It contains DNA and proteins that are
condensed in strands called chromosomes
(called chromatin when uncoiled)

Cytoplasm The part of the cell excluding the nucleus
and enclosed by the plasma membrane. It
is made up of a colloidal material called
cytosol and contains various organelles

Endoplasmic A membranous structure of two kinds —

reticulum smooth (no ribosomes) and rough (has
ribosomes). It increases the surface area
for biochemical synthesis

Ribosomes Organelles that contain RNA and are the
sites of protein sysnthesis

Mitochondria Organelles that are the sites of
respiration; they contain DNA

Chloroplasts Contain DNA and chlorophyll; they are
the sites of photosynthesis

Cell wall A rigid boundary outside the plasma
membrane

Golgi apparatus Also called dictyosomes. It has a role in
cell wall formation

Vacoules These are storage regions of the cell for

undesirable compounds. They help to
regulate water pressure in the cell and
maintain cell rigidity

Sclerenchyma occurs abundantly in plants that yield
fiber (e.g., cotton, kenaf, flax, hemp).

Plant genome

A genome may be defined as the set of chromosomes
(or genes) within a gamete of a species. As previously
stated, DNA is the hereditary material of organisms.
Most of the DNA (hence most of the genes) in plants
occurs in the nucleus in linear structures called chromo-
somes. The nuclear genes are subject to Mendelian
inheritance (are transmitted according to the laws
of Mendel through the processes of nuclear division)
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(discussed next). In addition to the nucleus, DNA occurs
in some plastids (organelles that are capable of dividing,
growing, and differentiating into different forms).
These plastids are chloroplasts. DNA also occurs in the
mitochondria. The DNA in these organelles is not sub-
ject to Mendelian inheritance but follows what is called
cytoplasmic (or extrachromosomal or extranuclear)
inheritance. The distribution of DNA into gametes follow-
ing nuclear division is unpredictable and not equitable.
Molecular techniques may be used to separate nuclear
DNA from non-nulcear DNA during DNA extraction
from a tissue, for independent analysis. Some extranu-
clear genes are of special importance to plant breeding.
Some male sterility genes are located in the mitochon-
dria. As will be described later, cytoplasmic male sterility
(CMS) is used in the breeding of corn and many other
species. It is used to eliminate the need for emasculation
(a time-consuming and tedious operation to prepare
plants for crossing by removing the anthers). Also,
because genes occur in the cytoplasm but pollen grains
(plant male sex units) lack cytoplasm, it is important in
a hybrid program which of the two parents is used as
female (provides both nuclear genes and cytoplasmic
genes) and which as male (provides only nuclear genes).
Genes carried in the maternal cytoplasm may influence
the hybrid phenotype, an effect called the maternal
effect (Figure 3.1). When uncertain about the presence

of any special beneficial genes in the cytoplasm, some
breeders conduct reciprocal crossing in which the par-
ents take turns in being used as the female parent.

Chromosomes and nuclear division

Genes (DNA sequences) are arranged in linear fashion
in chromosomes, which may be visible as strands in the
condensed stage as the cell prepares for nuclear division.
Each species is characterized by a set of chromosomes
per cell (Table 3.2). On the basis of the number of
chromosomes, there are two kinds of cells in a sexually
reproducing plant. Cells in the gametes (gametic cells)
of the plant (pollen grains, eggs) contain half the set of
chromosomes in the cells in other parts of the body
(somatic cells). The somatic chromosome number is
called the diploid number (27), while the gametic cells
contain the haploid number (7). Further, the somatic
chromosomes can be arranged in pairs called homolo-
gous chromosomes, based on morphological features
(size, length, centromere position). In sexually repro-
ducing plants, one member of each pair is derived from
the maternal parent (through the egg) and the other
from the paternal parent (through the pollen). This
occurrence is called biparental inheritance and as a
result each diploid cell contains two forms of each gene
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(a) All white leaves
F, (b) All striped leaves Ijij
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Figure 3.1 Maternal inheritance of the iojap (if) gene in maize. The wild type gene is Ij. The green color of the leafis
caused by the chloroplasts, which are maternally inherited. The appearance of the leaf color is determined solely by the
maternal phenotype. (Adapted fromr Klug W.S., and M.R. Cummings. 1997. Concepts of genetics, 5th edn. Prentice Hall.)
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Table 3.2 Number of chromosomes per cell possessed by
a variety of plant species.

Scientific Chromosome

Species name number (2n)
Broad bean Vicin fabn 24

Potato Solanum tuberosum 48

Maize Zea mays 20

Bean Phaseolus vulgaris 22
Cucumber Cucumis sativus 28

Wheat Triticum aestivum 42

Rice Oryza sativa 24

Tobacco Nicotiana tabacum 48

Soybean Gycine max 40

Peanut Arachis hypogeae 40

Cotton Gossypium hirsitum 52

Alfalfa Medicago sativa 32

Sugar beet Beta vulgaris 18
Sunflower Helianthus annus 34
Bermudagrass Cynodon dactylon 18, 36

(called alleles). At various stages in the plant life cycle,
a cell nucleus may divide according to one of two
processes — mitosis and meiosis.

Mitosis

Mitosis occurs only in somatic cells and is characterized
by a division of the nucleus (karyokinesis) into two so
that each daughter nucleus contains the same number
of chromosomes as the mother cell (Figure 3.2). The
cytoplasm divides (cytokinesis) so that the mitotic prod-
ucts are genetically identical (equational division). This
conservative process produces new cells for growth and
maintenance of the plant. Cells in tissue culture divide
mitotically. Through the application of appropriate
chemicals and other suitable environmental conditions,
plant cells can be made to proliferate into an amorphous
mass called callus. Callus is an undifferentiated mass of
cells (cells with no assigned functions). It is a material
used in genetic engineering to receive and incorporate
foreign DNA into cells.

The nuclear division process may be disrupted (e.g.,
using a chemical called colchicine) on purpose by scien-
tists, by interfering with the spindle fibers (the struc-
tures that pull the chromosomes to opposite poles of the
cell). The consequence of this action is that the chromo-
somes fail to separate properly into the daughter cells.
Instead, a mitotic product may contain a duplication of

Interphase

Chromatin is diffuse
Early prophase

> Chromosome visible as long

threads as chromatin condenses

Late prophase

Each chromosome duplicates
into two sister chromatids.
Nuclear membrane breaks
down at the end of prophase

Metaphase

Chromosomes align at
equitorial plate attached to
mitotic spindle

Anaphase

Centromere divides; sister
chromatids separate and move
towards corresponding poles

Telephase
Daughter chromosomes arrive

at poles; microtubules disappear;
chromatin expands; nuclear
membrane reappears; cytoplasm
divides; ultimately producing two
daughter cells (cytokinesis)

Figure 3.2 Diagrammatic presentation of mitosis in a cell
with a diploid number of 4. The male and female
chromosomes are presented in black and white. Mitosis
produces genetically identical daughter cells.

all or some of the original set of chromosomes (ploidy
modification; see Chapter 13).

Meiosis

Meiosis occurs only in specialized tissues in flowers of
plants and produces daughter cells that contain the hap-
loid number of chromosomes (Figure 3.3). This nuclear
division is responsible for producing gametes or spores.
A meciotic event called crossing over occurs in the
diplonema stage, resulting in genetic exchange between
non-sister chromatids. This event is a major source of
genetic variability in flowering plants. It is responsible
for the formation of new combinations of genetic material
(recombinants) for use by plant breeders. Closely linked
genes may also undergo recombination to separate
them. Hence, plant breeders sometimes take advantage
of this phenomenon of recombination to attempt to
break undesirable genetic linkages through repeated
crossing, and more importantly to forge desirable link-
age blocks. Meiosis is also critical in the life cycle of
flowering species as it pertains to the maintenance of
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Interphase
Prophase 1
- Divisible into 5 substages;
leptonema, zygonema,
pachynema, diplonema,
diakinesis
Homologous chromosomes
pair to form bivalents; each
cromosome duplicates; sister
chromatids pair; chiasmata
form; crossing over occurs

Metaphase 1

Homologous chromosomes
align at the equitorial plate;
nuclear membrane
disappears

First cell division

Anaphase 1

Homologous chromosome
pairs separate, sister
chromatids remain
together

Telophase 1
Two daughter cells form;
nuclear membrane forms;

L each cell contains only
( } one chromosome of the

homologous pair
Prophase 2

l Short stage; DNA does not
duplicate

Metaphase 2

Nuclear membrane
disappears; chromosomes
align at the equitorial plate

Second cell division

Anaphase 2
Centromeres divide; sister

Telophase 2
Nuclear membrane
chromatids move to opposite poles  forms; four haploid
daughter cells are
produced following
cytokinesis

Figure 3.3 Diagrammatic presentation of meiosis in a cell
with a diploid number of 4. The process has two distinct
cell divisions. Prophase I consists of five distinguishable
stages; the most genetically significant event of crossing
over occurs in the fourth stage, diplonema.

the ploidy level of the species. By reducing the diploid
number to a haploid number before fertilization, the
diploid number is restored thereafter.

Mendelian concepts in plant breeding
As previously stated, genetics is the principal science

that underlies plant breeding. Gregor Mendel made
significant contributions to the development of the

discipline of genetics, albeit iz absentia. He derived
several postulates or principles of inheritance, which are
often couched as Mendel’s laws of inheritance.

Mendelian postulates

Because plant breeders transfer genes from one source
to another, an understanding of transmission genetics
is crucial to a successful breeding effort. The method of
breeding used depends upon the heredity of the trait
being manipulated, among other factors. According to
Mendel’s results from his hybridization studies in pea,
traits are controlled by heritable factors that are passed
from parents to offspring, through the reproductive
cells. Each of these unit factors occurs in pairs in each
cell (except reproductive cells or gametes).

In his experiments, Mendel discovered that in a cross
between parents displaying two contrasting traits, the
hybrid (F,) expressed one of the traits to the exclusion
of the other. He called the expressed trait dominant
and the suppressed trait recessive. This is the phe-
nomenon of dominance and recessivity. When the
hybrid seed was planted and self-pollinated, he observed
that both traits appeared in the second generation (F,)
(i.e., the recessive trait reappeared), in a ratio of 3 : 1
dominant : recessive individuals (Figure 3.4). Mendel
concluded that the two factors that control each trait do
not blend but remain distant throughout the life of the
individual and segregate in the formation of gametes.
This is called the law of segregation. In further studies
in which he considered two characters simultaneously,
he observed that the genes for different characters are
inherited independently of each other. This is called the
law of independent assortment. In summary, the two
key laws are as follows:

LawI Law of segregation: paired factors segregate
during the formation of gametes in a random
fashion such that each gamete receives one
form or the other.

Law II Law of independent assortment: when two

or more pairs of traits are considered simul-
tancously, the factors for each pair of traits
assort independently to the gametes.

Mendel’s pairs of factors are now known as genes,
while each factor of a pair (e.g., HH or hb) is called an
allele (i.e., the alternative form of a gene: H or /). The
specific location on the chromosome where a gene
resides is called a gene locus or simply a locus (loci for
plural).
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Figure 3.4 Mendel’s postulates: (a) dominance, (b) segregation, and (c) independent assortment.

Concept of genotype and phenotype

The term genotype is used to describe the totality of the
genes of an individual. Because the totality of an indi-
vidual’s genes is not known, the term, in practice, is usually
used to describe a very small subset of genes of interest
in a breeding program or research. Conventionally, a
genotype is written with an uppercase letter (H, G) indi-
cating the dominant allele (expressed over the alterna-
tive allele), while a lower case letter (4, g) indicates the
recessive allele. A plant that has two identical alleles for
genes is homozygous at that locus (e.g., AA4, aa, GG,
sw) and is called a homozygote. If it has different alleles
for a gene, it is heterozygous at these loci (e.g., Aa, Gg)
and is called a heterozygote. Certain plant breeding
methods are designed to produce products that are
homozygous (breed true — most or all of the loci are
homozygous) whereas others (e.g., hybrids) depend on
heterozygosity for success.

The term phenotype refers to the observable effect
of a genotype (the genetic makeup of an individual).
Because genes are expressed in an environment, a phe-
notype is the result of the interaction between a geno-
type and its environment (i.e., phenotype = genotype +
environment, or symbolically, P = G + E). At a later
time in this book, a more complete form of this equation
will be introduced as P= G + E+ GE, where GE repre-
sents the interaction between the environment and the
genotype. This interaction effect helps plant breeders
in the cultivar release decision-making process (see
Chapter 23).

Predicting genotype and phenotype

Based upon Mendel’s laws of inheritance, statistical
probability analysis can be applied to determine the
outcome of a cross, given the genotype of the parents
and gene action (dominance/recessivity). A genetic
grid called a Punnett square facilitates the analysis
(Figure 3.5). For example, a monohybrid cross in which
the genotypes of interest are AA X an, where A is domin-
ant over a, will produce a hybrid genotype Az in the
F, (first filial generation) with an AA phenotype. How-
ever, in the F, (F; x F,), the Punnett square shows a
genotypic ratio of 1AA: 2Aa: 1laa, and a phenotypic
ratio of 3 : 1, because of dominance. A dihybrid cross
(involving simultaneous analysis of two different genes)
is more complex but conceptually like a monohybrid
cross (only one gene of interest) analysis. An analysis of
a dihybrid cross AABB X aabb, using the Punnett square
is illustrated in Figure 3.5. An alternative method of
genetic analysis of a cross is by the branch diagram or
forked line method (Figure 3.6).

Predicting the outcome of a cross is important to
plant breeders. One of the critical steps in a hybrid pro-
gram is to authenticate the F; product. The breeder
must be certain that the F; truly is a successful cross and
not a product of selfing. If a selfed product is advanced,
the breeding program will be a total waste of resources.
To facilitate the process, breeders may include a genetic
marker in their program. If two plants are crossed, for
example, one with purple flowers and the other with
white flowers, we expect the F, plant to have purple
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Figure 3.5 The Punnett square procedure may be used to

demonstrate the events that occur during hybridization
and selfing in (a) a monohybrid cross, and (b) a dihybrid
cross, showing the proportions of genotypes in the F,
population and the corresponding Mendelian phenotypic

and genotypic ratios.

flowers because of dominance of purple over white
flowers. If the F, plant has white flowers, it is proof that
the cross was unsuccessful (i.e., the product of the
“cross” is actually from selfing).

Distinguishing between heterozygous and
homozygous individuals

In a segregating population where genotypes PPand Pp
produce the same phenotype (because of dominance), it
is necessary, sometimes, to know the exact genotype of
a plant. There are two procedures that are commonly
used to accomplish this task.

Testcross

Developed by Mendel, a testcross entails crossing the
plant with the dominant allele but unknown genotype
with a homozygous recessive individual (Figure 3.7).
If the unknown genotype is PP, crossing it with the
genotype pp will produce all Pp oftspring. However, if
the unknown is Pp then a testcross will produce oft-
spring segregating 50 : 50 for Pp : pp. The testcross also

%4B- 9/16 A-B-
Vi A <
Vibh  3/16 A-bb
34B— 3/16 aaB-
fuaa < 1/16 aabb
(@) Aibe
A < e
34C
Vib
i < e
S4B <: e
% e
hn
Yab <: e
Vic
(c)

4BB 3,16 A-BB
YA~ LsBb  6/16 A-Bb
Vibh 3716 A-bb
4BB 1/16 aaBB
Vian 2B 2/16 aaBb
YVabb  1/16 aabb
(b)
27/64 ABC
9/64 ABc
9/64 AbC
3/64 Abe
9/64 aBC
3,64 uBe
3/64 abC
1/64 abe

Figure 3.6 The branch diagram method may also be used to predict the phenotypic and genotypic ratios in the F,
population. (a) Two genes with dominance at both loci. (b) Two genes with dominance at one locus. (c) F, trihybrid
phenotypic ratio.



42 CHAPTER 3

PP x pp Pp x pp
Pp Pp, pp
100% 50% Pp: 50% pp

(2) (b)

Figure 3.7 The testcross. (a) Crossing a homozygous
dominant genotype with a homozygous recessive
genotype always produces all heterozygotes. (b) However,
crossing a heterozygote with a homozygous recessive
produces both homozygotes and heterozygotes.

supports Mendel’s postulate that separate genes control
purple and white flowers.

Progeny test

Unlike a testcross, a progeny test does not include
a cross with a special parent but selfing of the F,. Each
F, plant is harvested and separately bagged, and then
subsequently planted. In the F; stage, plants that are
homozygous dominant will produce progenies that are
uniform for the trait, whereas plants that are hetero-
zygous will produce a segregating progeny row.

Plant breeders use the progeny test for a number of
purposes. In breeding methodologies in which selection
is based on phenotype, a progeny test will allow a
breeder to select superior plants from among a geneti-
cally mixed population. Following an environmental
stress, biotic or abiotic, a breeder may use a progeny test
to identify superior individuals and further ascertain if
the phenotypic variation is due to genetic effects or just
caused by environment factors.

Complex inheritance

Just how lucky was Mendel in his experiments that
yielded his landmark results? This question has been
widely discussed among scientists over the years. Mendel
selected traits whose inheritance patterns enabled him
to avoid certain complex inheritance patterns that would
have made his results and interpretations more chal-
lenging. Traits such as those studied by Mendel are
described as simple (simply inherited) traits, or hav-
ing Mendelian inheritance. There are other numerous
traits that have complex inheritance patterns that cannot
be predicted by Mendelian ratios. Several factors are

responsible for the observation of non-Mendelian ratios
as discussed next.

Incomplete dominance and codominance

Mendel worked with traits that exhibited complete
dominance. Post-Mendelian studies revealed that, fre-
quently, the masking of one trait by another is only partial
(called incomplete dominance or partial dominance).
A cross between a red-flowered (RR) and white-flowered
(77) snapdragon produces pink-flowered plants (R7). The
genotypic ratio remains 1 : 2 : 1, but a lack of complete
dominance also makes the phenotypic ratio 1:2:1
(instead of the 3 : 1 expected for complete dominance).

Another situation in which there is no dominance
occurs when both alleles of a heterozygote are expressed
to equal degrees. The two alleles code for two equally
functional and detectable gene products. Commonly
observed and useful examples for plant breeding tech-
nology are allozymes, the production of different forms
of the same enzyme by different alleles at the same locus.
Allozymes catalyze the same reaction. This pattern of
inheritance is called codominant inheritance and the
gene action codominance. Some molecular markers are
codominant. Whereas incomplete dominance produces
a blended phenotype, codominance produces distinct
and separate phenotypes.

Multiple alleles of the same gene

The concept of multiple alleles can be studied only in
a population. Any individual diploid organism can, as
previously stated, have at most two homologous gene
loci that can be occupied by difterent alleles of the same
gene. However, in a population, members of a species
can have many alternative forms of the same gene. A
diploid by definition can have only two alleles at each
locus (e.g., C,C,, C,C,,, C,Cy). However, mutations
may cause additional alleles to be created in a popula-
tion. Multiple alleles of allozymes are known to occur.
The mode of inheritance by which individuals have
access to three or more alleles in the population is called
multiple allelism (the set of alleles is called an allelic
series). A more common example of multiple allelism
that may help the reader better understand the concept
is the ABO blood group system in humans. An allelic
series of importance in plant breeding are the § alleles
that condition self-incompatibility (inability of a flower
to be fertilized by its own pollen). Self-incompatibility is
a constraint to sexual biology and can be used as a tool
in plant breeding as discussed in detail in Chapter 4.
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Multiple genes

Just as a single gene may have multiple alleles that pro-
duce different forms of one enzyme, there can be more
than one gene for the same enzyme. The same enzymes
produced by different genes are called isozymes.
Isozymes are common in plants. For example, the
enzyme phosphoglucomutase in Helianthus debilis is
controlled by two nuclear genes and two chloroplast
genes. As discussed in detail in Chapter 14, isozymes
and allozymes were the first molecular markers devel-
oped for use in plant and animal genetic research.

Polygenic inheritance

Mendelian genes are also called major genes (or oligo-
genes). Their effects are easily categorized into several
or many non-overlapping groups. The variation is said
to be discrete. Some traits are controlled by several or
many genes that have effects too small to be individually
distinguished. These traits are called polygenes or
minor genes and are characterized by non-discrete (or
continuous) variation, because the effects of the envir-
onment on these genes make their otherwise discrete
segregation difficult to be readily observed. Scientists
use statistical genetics to distinguish between genetic
variation due to the segregation of polygenes and envir-
onmental variation (see Chapter 9). Many genes of
interest to plant breeders exhibit polygenic inheritance.

Concept of gene interaction and modified
Mendelian ratios

Mendel’s results primarily described discrete (discon-
tinuous) variation even though he observed continuous
variation in flower color. Later studies established that
the genetic influence on the phenotype is complex,
involving the interactions of many genes and their
products. It should be pointed out that genes do not
necessarily interact directly to influence a phenotype,
but rather, the cellular function of numerous gene prod-
ucts work together in concert to produce the phenotype.

Mendel’s observation of dominance/recessivity is an
example of an interaction between alleles of the same
gene. However, interactions involving non-allelic genes
do occur, a phenomenon called epistasis. There are
several kinds of epistatic interactions, each modifying
the expected Mendelian ratio in a characteristic way.
Instead of the 9 : 3 : 3 : 1 dihybrid ratio for dominance
at two loci, modifications of the ratio include 9 :7
(complementary genes), 9 : 6 : 1 (additive genes), 15 : 1

(duplicate genes), 13 : 3 (suppressor genes), 12 : 3 : 1
(dominant epistasis), and 9 : 3 : 4 (recessive epistasis)
(Figure 3.8). Other possible ratios are 6 : 3 : 3 : 4 and
10:3:3. To arrive at these conclusions, researchers
test data from a cross against various models, using the
chi-square statistical method. Genetic linkage (discussed
next), cytoplasmic inheritance, mutations, and transpos-
able elements (see Chapter 5) are considered the most
common causes of non-Mendelian inheritance.

Pleiotropy

Sometimes, one gene can affect multiple traits, a condi-
tion called pleiotropy. It is not hard to accept this fact
when one understands the complex process of develop-
ment of an organism in which the event of one stage is
linked to those before (i.e., correlated traits). That is,
genes that are expressed early in the development of
a trait are likely to affect the outcome of the develop-
mental process. In sorghum, the gene 4/ causes the high
lysine content of seed storage proteins to increase as well
as causing the endosperm to be shrunken. Declaring
genes to be pleiotropic is often not clear-cut, since
closely associated or closely linked (see next section)
genes can behave this way. Conducting a large number
of crosses may produce a recombinant, thereby estab-
lishing that linkage, rather than pleiotropy, exists.

Genetic linkage and its implications

First reported in sweet pea (Lathrytus adoratus) by
Cambridge University geneticists, genetic linkage is
the phenomenon whereby certain genes tend to be
inherited together. Because chromosomes are allocated
to gametes during nuclear division, the genes they con-
tain tend to be inherited together, an event that violates
Mendel’s postulate of independent assortment of genes.
Genes within a single chromosome constitute a linkage
group. Consequently, the number of genetic linkage
groups in a species corresponds to the haploid number
of chromosomes.

Genes on separate chromosomes as well as genes on
the same chromosomes can assort independently. When
genes on the same chromosome do not assort independ-
ently, they are said to be linked (Figure 3.9). In this
example, genes A and B are transmitted as one gene (a
gene block). The consequence of this linkage (called
complete linkage) is that, instead of nine different
genotypes (as would be expected with Mendelian inher-
itance), only three different genotypes are produced in
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Figure 3.8 Epistasis or non-Mendelian inheritance is manifested in a variety of ways, according to the kinds of interaction.
Some genes work together while other genes prevent the expression of others.
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Figure 3.9 Genetic linkage. (a) Linked genes AB/abare transmitted intact from one generation to the next.
(b) Genetic linkage may be broken by the process of recombination. A testcross may be used to reveal the occurrence
of recombination. Recombinants are the individuals that are derived from gametes with crossovers.
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Figure 3.10 Crossover is preceded by the formation of
bivalents, the pairing of homologous chromosomes.
Adjacent chromatids physically exchange parts during the
formation of a characteristic x-configuration, called the
chiasma.

the F,, in the ratio of 1(AABB):2(AaBb) : 1(anbb).
The meiotic products are either parental or non-
crossover gametes. In the example in Figure 3.10, the
phenomenon of crossing over that occurs in meiosis has
caused some alteration in linkage (called incomplete
linkage). In the absence of linkage, the testcross prod-
ucts would segregate in the genotypic ratioof 1 : 1 : 1:
1 for the four products, AaBb, Aabb, aaBb, and anbb.
However, in this example, the presence of linkage
allowed most gametes to inherit parental genotypes
(AaBb, anbb), as a result of normal gamete formation.
Crossing over created new genotypes (Aabb, anBb; non-
parental), called recombinants (because they are prod-
ucts of recombination). When the genes of interest are
arranged in a homolog such that one chromosome has
both dominant alleles (in this example) while the other
has both recessive alleles (AB/ab), the condition is
described as linkage in the coupling phase. However,
when the arrangement is As/aB, the linkage is in the
repulsion phase.

Again, in this example, the numbers (frequency) of
parental gametes were roughly equal, and so were the
numbers for the recombinants. The proportion of re-
combinant gametes produced in meiosis in the multiple

hybrid is called the recombination frequency (RF). If
two genes are completely linked, RF = 0. Detection of
linkage is accomplished by using the chi-square test (see
Chapter 9):

Observed Expected
Genotype frequency (O) frequency (E) (O-E)*/E
A-B- 284 214.3 22.67
A-bb 21 71.4 35.58
anB— 21 71.4 35.58
anbb 5 23.8 40.9

381 380.9 134.72

Degrees of freedom (df) = 3; chi-square at oo = 0.05 is
7.82. Since the calculated y? is greater than tabulated,
we reject the null hypothesis and declare the presence of
linkage.

When a cross involves three gene pairs (a trihybrid
cross), ABC, there may be recombination between A
and B, Aand C,and Band C. This cross is called a three-
point cross. The most common genetic types are the
parental types, and the least common, the double
crossovers. A testcross should reveal eight genotypes in
the progeny. The order of the genes can be deduced
from a three-point cross because one gene in the middle
will be the one that apparently changes places in going
from the parental to the double crossover type. For
example:

Recombinational events ~ Gametes  Testcross data
No crossover ABC 401

abc 409
Crossover in ABregion Abc 32

aBC 28
Crossover in BCregion ABc 61

abC 64
Crossover in both regions ~ A6C 2
(double crossovers) aBc 3

1,000
Recombination between A and Bis calculated for:

Parental types (ABC, ABc, abC, abc) = (401 +61) +
(64 +409)=935=93.5%

Recombinant types (A6C, Abec, aBC, aBc)=(2+32)+
(28+3)=65=6.5%

Recombination between B and C can be similarly
calculated.

Fortunately, for the plant breeder, genes in a chromo-
some are not completely linked. If this were so, the
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lifeblood of plant breeding, genetic variation, would be
very limited. However, during meiosis, as was previously
indicated, the phenomenon of crossing over causes
recombination or shuffling of linked genes to occur,
thereby producing gametes that are unlike the mother
cell. Genetic recombination is the most common source
of variation in flowering species. Along with independ-
ent assortment of genes, these two phenomena ensure
that all offspring will contain a diverse mixture of both
maternal and paternal alleles.

Whereas breaking linkages is desirable for the creation
of the much-needed variation, plant breeders would
sometimes rather have certain linkages left intact. This is
the case when several desirable genes are tightly linked.
On the other hand, there are some occasions when a
desirable gene is linked to an undesirable gene, in which
case breeders would like to break the association. The
probability of breaking a linkage depends on how close
the genes are in the group or block. A tight linkage
(close association) is more difficult to break than a loose
linkage. An opportunity for crossover occurs whenever
meiosis occurs.

Chromosome mapping

Plant breeders develop and use “biological maps” to
guide them in their work. The two basic types of maps
are the physical and genetic maps. Genetic maps are
constructed based on the linkage relationship between
genes. The degree of crossing over between any two
genes or loci on a single chromosome is proportional to
the distance between them. This correlation informa-
tion is used to construct chromosome maps.

Chromosome maps provide information about gene
locations, gene order, and the relative position of vari-
ous genes, according to genetic distances. Linkage maps
may be used by plant breeders to aid the selection pro-
cess. If a desired gene is closely linked with a genetic
marker, the breeder may use the marker to indirectly
select for the desired gene. In the example of a dihybrid
cross, it is possible to calculate the genetic distance
between the two genes (or markers), but one cannot tell
the order of the genes (i.e., whether A comes before B
or Bbefore A). A trihybrid cross is needed for this deter-
mination, as previously stated.

The distance between two genes is defined as the
recombination frequency between them. The unit of
measure is the map unit or centimorgan (cM), which
is defined as 1% of crossover. In a dihybrid cross, the
percent crossover (e.g., between genes A and B) is

calculated as the percentage of recombinant offspring
produced in a cross. For example, for 50 recombinants
out of 400 offspring, it is calculated as (50,/400) x 100
=12.5% = 12.5 map units. If the crossover between A
and C is calculated as 7.5% and between B and C as
19.8%, then the gene order is BAC.

A low frequency of double crossover between Band C
will give the parental genotype, so that the crossover
units will be less than the sum of those between Band A,
and A and C combined. Further, genes that are separ-
ated by 50 or more crossover units are essentially non-
linked and will assort independently.

Physical maps are constructed based on nucleotides,
the building blocks of DNA. Genetic distance on a
linkage map expressed in centimorgans is not directly
correlated with the physical distance expressed in
nucleotides.

Penetrance and expressivity

It has previously been said that the environment in
which a gene occurs influences how it is expressed. The
source of this environmental effect could be as close
and intimate as the immediate cellular environments,
or as remote as the general plant external environment.
In plants, breeders may transfer genes from one gen-
etic background into another through hybridization.
Sometimes, they encounter a situation in which the
gene may be successfully transferred, but the desired
effect is not observed. A researcher can quantitatively
study the degree of expression of a trait. For example, in
one case, a disease-resistance gene may offer resistance
in one plant but fail to do the same in another plant from
the same population. This phenomenon is described as
variable gene penetrance and measures the percentage
of individuals that show some degree of expression of
the genotype of interest. If 20% of plants show the
desired resistance trait, the resistance gene is said to have
80% penetrance (Figure 3.11a). Sometimes, changes in
the plant environment may cause the same plant to
produce different phenotypes or degrees of expression
ofa trait under these different conditions. For example,
the hibiscus plant normally produces single flowers
(a flower with one set of petals). A double-flowered
mutant (additional petals added to the primary set) has
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Figure 3.11 Diagrammatic presentation of (a) penetrance and (b) expressivity.

been developed. However, the number of petals of
the double flower is influenced by temperature. When
grown at between 1.5 and 10°C, the double flower
characteristic is lost or diminished, and the flowers
produce fewer petals. This gene interaction is called
variable gene expressivity, and describes the range of
expression of the genotype of interest (Figure 3.11b).
The effect of genetic background on the expression of
a phenotype is often difficult to assess. The expression of
other genes in a genome may affect the phenotype
observed, a phenomenon called genetic suppression.
Suppression of genes is known to modify the effect of
primary genes. Sometimes, relocation of a gene in the
genome can influence the expression of the gene, a
phenomenon called position effect. This may occur
when chromosomal mutations such as translocations
and inversions occur (a region of the chromosome is
relocated to another part of the chromosome).

Nucleic acids: structure and function

Nucleic acids are polymers of nucleotides. There are
two kinds of nucleic acids: deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA). A nucleotide
consists of three basic components: pentose sugar,
nitrogenous base, and a phosphate group. The sugar is
a cyclic five-carbon sugar and is ribose in RNA and
deoxyribose in DNA. Similarly, there are two kinds of
bases: purines and pyrimidines. There are two purines,
adenine (A) and guanine (G), and three pyrimidines,
cytosine (C), thymine (T), and uracil (U). Thymine
occurs only in DNA, while uracil occurs only in RNA.
The letters A, C, T, G, are casually referred to as the
alphabets of life.

Adenine Phosphate
N
OH
N |
CH,0—?P=0
(0] OH
N
H
H OH
Deoxyribose

Figure 3.12 The basic chemical structure of a nucleotide
molecule, showing its three constituents: a sugar, a
nitrogeneous base, and a phosphate group.

When a base is linked to a sugar, the product is called
a nucleoside. A nucleoside linked to a phosphate forms
a nucleotide (Figure 3.12). Two nucleotides may be
linked by a phosphodiester group to form a dinu-
cleotide. Shorter chains (consisting of less than 20
nucleotides) are called oligonucleotides while longer
chains are called polynucleotides. A single nucleoside
is also called nucleoside monophosphate (NMP), while
two nucleosides form a nucleoside diphosphate (NDP).
Triphosphates are important in cellular bioenergetics,
especially adenosine triphosphate (ATP) and guano-
sine triphosphate (GTP). When these compounds are
hydrolyzed, inorganic phosphate is produced, accom-
panied by the release of energy (e.g., ATP — ADD +

energy).
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Figure 3.13 The DNA molecule has a double helix

structure comprising a sugar—phosphate backbone and
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Structure of DNA

DNA is the universal, hereditary material (except in

certain viruses — RNA viruses). The most powerful

direct evidence for DNA being the hereditary material

is currently provided by the cutting-edge technology
of recombinant DNA (rDNA). The structure of the

DNA molecule is a double helix (Figure 3.13). The key
features about the DNA molecule are as follows:

1 It consists of two polynucleotide chains coiled
around a central axis in a spiral fashion. The most
common natural form of DNA is a right-handed
double helix of diameter 2.0 nm, called the B-DNA.
A left-handed form (Z-DNA) and an A-form of
DNA also occur under certain conditions.

2 The polynucleotide chains are antiparallel; one chain
runs in the 5’ to 3" orientation and the other 3’ to 5’
(carbon atoms of a sugar are conventionally numbered

from the end closest to the aldehyde or ketone).

3 The two bases in each base pair lie in the same plane.
Each plane is perpendicular to the axis of the helix.
There are 10 base pairs per helical turn.

4 The helix has two kinds of alternating external
grooves: a deep groove (called the major groove) and
a shallow groove (called the minor groove).

5 The nitrogenous bases on one strand pair with those

on the other strand in complementary fashion (A
always pairs with T, while G pairs with C).

In addition to these features described above, certain

implications deserve emphasis:

1

2

Complementary base pairing means that the replicate
of each strand is given the base sequence of its com-
plementary strand when DNA replicates.

Because the strands are antiparallel, when two
nucleotides are paired, the sugar portions of these
molecules lie in opposite directions (one upward and
the other downward along the chain).

Because the strands are antiparallel, the convention
for writing the sequence of bases in a strand is to start
from the 5-P terminus at the left (e.g., GAC refers to
a trinucleotide 5’-P’-GAC-3’-OH).

The conventional way of expressing the base com-
position of an organism is by the percentage of [G] +
[C]. This value is approximately 50% for most eukary-
otes with only minor variations among species. In
simpler organisms, there are significant variations
(e.g., 27% for Clostridium, 50% for Escherichin coli,
and 76% for Sarcina, all of these organisms being
bacteria).

The chains of the double helix are held together by
hydrogen bonds between base pairs in opposite strands.
The bond between A and T is a double bond, while
the bond between G and C is a triple hydrogen bond.

Structure of RNA

RNA is similar in structure to DNA. However, there are
significant differences, the key ones being:

RNA consists of ribose sugar (in place of deoxyri-
bose) and uracil in place of thymine.

Most RNA is predominantly single stranded (except
in some viruses). Sometimes, the molecule folds back
on itself to form double-stranded regions.

Certain animal and plant viruses use RNA as their
genetic material.

A typical cell contains about 10 times more RNA
than DNA.

Whereas DNA stores genetic information, RNA
most often functions in the expression of the genetic
information.

There are three major classes of RNA known to be
involved in gene expression: ribosomal RNA (rRNA),
messenger RNA (mRNA), and transfer RNA (tRNA).
The site of protein synthesis, the ribosome, contains
rRNA.

Messenger RNA structure

Messenger RNA (mRNA) is the molecular carrier of
genetic information from the DNA to ribosomes, where

this DNA transcript or template is translated (the

genetic information of DNA transcript is expressed)
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into proteins. Because genes vary in size (number of

nucleotides) the mRNA species are variable in length.

Transfer RNA structure

The structure of tRNA is very unique among the three
key RNA molecules in the cell. These molecules are
small in size and very stable. tRNA molecules range in
size from 75 to 90 nucleotides. Single stranded, a tRNA
molecule is able to fold back onto itself and undergo
complementary base pairing in short stretches to form
double strands. This folding also creates four character-
istic loops and a cloverleaf 2D structure (Figure 3.14).
Of the four loops, three are involved in translating the
message of the mRNA. The anticodon loop (or simply
anticodon) consists of a sequence of three bases that
are complementary to the sequence of a codon on
the mRNA. The stop codons do not have tRNA with
anticodons for them. Another feature of the tRNA
molecule is the occurrence of the sequence pCpCpA-3’
at the 3’ end. The terminal adenine residue is the point
of attachment for an amino acid and hence is called the
amino acid attachment (or binding) site. During protein
synthesis, the amino acid corresponding to a particular
mRNA codon that base pairs with the tRNA anticodon
is attached to this terminal and transported to the appro-
priate segment of the mRNA.

Ribosomal structure

Ribosomes are the sites (“factories”) of polypeptide
synthesis (or protein synthesis). A bacterial cell may
contain about 1,000 ribosomes. A ribosome consists

Anticodon
—_——

Variable loop—>

D loop
TyC loop

-

Amino acid —>

5" end
binding site o

—>00

OH 3’end

of two subunits, which together form the monosome.
The ribosomal particles are classified according to their
sedimentation coefficient or rate (S). Monosomes of
bacteria are 70S (70S ribosomes) whereas eukaryotic
monosomes are about 80S. Because sedimentation
coefficients are not additive, a 70S monosome in actual-
ity comprises two subunits that are 50S and 30S, while
an 80S monosome consists of 60S and 40S subunits. A
ribosome subunit consists of molecules of rRNA and
proteins. For example, the 50S subunit contains one
55 rRNA molecule, one 235 rRNA molecule, and 32
different ribosomal proteins.

Central dogma of molecular biology

The genetic information of the DNA is changed into
biological material principally through proteins, accord-
ing to the central dogma of molecular biology. The
dogma states that genetic information flow is generally
unidirectional from DNA to proteins, except in special
cases (Figure 3.15). This flow, mediated by transcription
(copying of the DNA template by synthesizing the RNA
molecule) and translation (synthesis of a polypeptide
using the genetic information encoded in an mRNA
molecule), and preceded by replication (the process of
DNA synthesis), can now be reversed % vitro (in the
test tube) by scientists. Thus, once a protein is known,
the nucleotide sequence in the prescribing DNA strand
can be determined and synthesized (the product is
called a complementary DNA or cDNA). Production
of cDNA is a technique used in genetic engineering (see
Chapter 14).

Replication

Transcription
Reverse

transcription

L Translation
Replication

»| PROTEIN

Figure 3.14 A tRNA molecule has a cloverleaf shape.
Two parts of special interest are the anticodon and the
amino acid binding sites that are critical in polypeptide or
protein synthesis.

Figure 3.15 The central dogma of molecular genetics,
showing the information flow involving DNA, RNA, and
proteins within a cell. Simply stated, DNA makes RNA,
which in turn makes proteins.
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Expression of genetic information

A key question in genetics is how the information of the
DNA is interpreted to produce protein. The expression
of genetic information involves complex molecular events
as summarized next.

The genetic code

The sequence of bases in the polynucleotide chain holds
the key to DNA function. The sequence is critical
because it represents the genetic code (the set of rules
giving the correspondence between mRNA and amino
acids in a protein) for the synthesis of corresponding
amino acids that constitute proteins. DNA does not
code for adult traits directly, there being no genes for
adult traits as such. Instead, genes code for various
developmental processes. The variety of protein prod-
ucts in a cell undertake catalytic and structural activities
that eventually result in an adult phenotype.

There are about 20 commonly occurring amino
acids. According to the prescribed sequence (based on
the genetic code), amino acids are joined together by
peptide bonds to form polypeptide chains (Figure
3.16). The genetic code is a triplet code. Three adjacent
bases form a code for an amino acid. Each trinucleotide
sequence is called a codon (Figure 3.17). The genetic
code is read from a fixed starting point of the DNA
strand.

CHAPTER 3

The genetic code is said to be degenerate because
nearly all amino acids are specified by at least two
codons. Some (serine, arginine, leucine) are encoded by
six different codons. Only tryptophan and methionine
are encoded by single codons. Further, for a set of
codons encoding the same amino acid, the first two
letters in the figure are the same, with only the third
being different (called the wobble hypothesis).
Consequently, at least 30 different tRNA species are
required to account for the 61 different triplets in the
coding dictionary in Figure 3.17 (the three remaining
triplets include termination codons or signals — UAG,
UAA, UGA).

Transcription: RNA synthesis

The genetic information of the DNA template is copied
by the process of transcription (or RNA synthesis) to
produce an RNA sequence (mRNA). The DNA strand
that is transcribed is called the template strand. The
process starts with a recognition of a special DNA
sequence (called a promoter) and binding to it by an
enzyme, a process called template binding. The RNA
chain then grows (chain elongation) in the 3" direction.
The first product of transcription in eukaryotes is called
pre-mRNA, part of a group of molecules called hetero-
geneous nuclear DNA (hmRNA). This molecule
undergoes severe alterations to remove non-coding
parts (introns) of the sequence, leaving the coding parts
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Figure 3.16 (a) The basic structure of an amino acid consists of three units —an amino group, a carboxyl group, and a side
chain (R) — that distinguish among the different amino acids. (b) A polypeptide chain is formed by linking many amino

acids together; adjacent amino acids are linked a peptide bond.
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First Second base Third
base U C A G base
U UUU Phe UCU Ser UAU Tyr UGU  Cys U

UUC Phe UCC Ser UAC Tyr UGC Cys C
UUA Leu UCA  Ser [UAA] stop [UGA] stop A
UUG Leu UCG Ser [UAG] stop UGG  Trp G
© CUU Leu CCU Pro CAU His CGU  Arg U
CUC Leu CCC Pro CAC His CGC Arg (©
CUA Leu CCA Pro CAA Gin CGA Arg A
CUG Leu CCG Pro CAG Gin CGG Arg G
A AUU 1IIe ACU Thr AAU Asn  AGU Ser U
AUC 1IIe ACC Thr AAC Asn  AGC Ser @
AUA TIIe ACA Thr AAA Lys AGA Arg A
AUG Met ACG Thr AAG Lys AGG Arg G
G GUU Val GCU Ala GAU Asp GGU Gly U
GUC Val GCC Ala GAC Asp GGC Gly (©
GUA Val GCA Ala GAA Glu GGA Gly A
GUG Val GCG Ala GAG Glu GGG Gly G
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Figure 3.17 The genetic code may be likened to a coding dictionary for constructing polypeptide chains. The triplets
UAG, UAA, and UGA are termination signals and do not code for amino acids. Of the remaining codes, all amino acids
are encoded by at least two codes (up to six in some), except for tryptophan.

(exons) to produce the mRNA, which is typically about
25% of the original length of the pre-mRNA. After
removing the introns, the splicing or linking of the
pieces results in different types of mRNA (called altern-
ative splicing). Consequently, different kinds of pro-
teins may be encoded by the same gene (Figure 3.18).
The mRNA is transported to the ribosomes.

Translation: protein synthesis

Protein synthesis consists of three steps — initiation,
elongation, and termination. Translation starts with
the formation of an initiation complex that includes ini-
tiation factors that bind to the small rRNA subunit and
then to the mRNA. The next step is to set the reading
frame for accurate translation. The AUG triplet is usu-
ally the initiation point. The large subunit binds to the
complex. The sequence of the next triplet determines
which charged tRNA (with an amino acid attached) will
be attached. The process is repeated until the whole
mRNA is translated, adjacent amino acids being linked
by peptide bonds. The termination of translation occurs
when the elongation process encounters a stop codon
or termination codon. The interval between the start
and stop codons that encodes an amino acid for inser-
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Figure 3.18 Alternative splicing of the mRNA in
cukaryotes to remove introns and joining exons results in
the production of different mature mRNAs and
consequently different protein products.

tion into a polypeptide chain is called the open reading
frame (ORF).

Each gene codes for one polypeptide. Some proteins
comprise more than one polypeptide (have multiple
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Figure 3.19 Diagrammatic presentation of a typical eukaryotic gene showing the three basic regions — the upstream 5
flanking regions, the transcriptional unit, and the downstream 3’ flanking region — and their constitution.

subunits). All genes do not code for proteins, and fur-
ther, all genes in a cell are not actively transcribing
mRNA all of the time. Also, most enzymes are proteins,
but all proteins are not enzymes.

Protein structure

Polypeptides are precursors of proteins. Once produced,
they fold to assume 3D forms, the functional stage that
becomes proteins. There are four basic levels of protein
structure — primary, secondary, tertiary, and quater-
nary. The primary structure of proteins is the sequence
of the amino acids in the linear backbone of the
polypeptide. The next fold (exemplified by the DNA
molecule), is an o-helix, a spiral chain of amino acids
stabilized by hydrogen bonds. The secondary structure
describes the arrangement of amino acids within certain
areas of the polypeptide chain. The tertiary structure is a
3D conformation of the entire chain in space. Proteins
with more than one polypeptide chain may exhibit the
quaternary protein structure through aggregations of
the polypeptides.

Regulation of gene expression

Gene regulation is a critical activity performed by
plants for proper growth and development. It is not
important for a gene just to be expressed, but its
expression must be regulated such that it is expressed
at the right time only and to the desired extent.
Regulation entails the “turning on” and “turning off”

of genes. It is through regulation of gene expression
that cellular adaptation, variation, differentiation, and
development occur. Some genes are turned on all the
time (called constitutive expression), while others are
turned on only some of the time (called differential
expression).

The underlying principle of gene regulation is that
there are regulatory molecules that interact with nucleic
acid sequences to control the rate of transcription or
translation. Six potential levels for regulation of gene
expression exist in eukaryotes — the regulation of: (i)
transcription; (ii) RNA processing; (iii) mRNA trans-
port; (iv) mRNA stability; (v) translation; and (vi) pro-
tein activity. Transcription is temporarily and spatially
separated from translation in eukaryotes.

A typical eukaryotic gene is shown in Figure 3.19.
Unlike that of a monocistronic gene (lacks introns; has
one transcriptional unit and one translational unit) as
occurs in bacteria, eukaryotic genes are polycistronic
(split genes with introns). Genes that encode the pri-
mary structures of proteins required by all cells for enzy-
matic or structural functions are called structural
genes. In prokaryotes, these genes are organized into
clusters that are transcribed as a single unit (coordinately
controlled). The mRNA is called polycistronic mRNA,
coding for multiple proteins involved in the same regu-
latory pathway (e.g., the /ac operon).

There are two basic categories of gene regulation —
negative and positive (Figure 3.20). In negative regula-
tion, an inhibitor that is bound to a DNA (gene) must
be removed in order for transcription to occur. In
positive regulation, gene transcription occurs when an
activator binds to the DNA. One of the main ways in
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Figure 3.20 Schematic representation of the regulation of gene expression showing (a) negative gene regulation and

(b) positive gene regulation.

which scientists genetically engineer organisms is by
manipulating the gene expression.

Synteny and plant breeding

In Chapter 2, Vavilov’s law of homologous series was
introduced. Gene order in chromosomes is conserved
over wide evolutionary distances. In some comparative
studies, scientists discovered that large segments of
chromosomes, or even entire chromosomes in some
cases, had the same order of genes. However, the spac-
ing between the mapped genes was not always propor-
tional. The term colinearity is used to refer to the
conservation of the gene order within a chromosomal

segment between different species. The term synteny is
technically used to refer to the presence of two or more
loci on the same chromosome that may or may not be
linked. Modern definition of the term has been broad-
ened to include the homoeology (homoeologous chro-
mosomes are located in different species or in different
genomes in polyploid species and originate from a com-
mon ancestral chromosomes) of originally completely
homologous chromosomes. Whole-genome compara-
tive maps have been developed for many species, but are
most advanced in the Gramineae family (Poaceae).
Some researchers have attempted to clone a gene in one
plant species based on the detailed and sequence infor-
mation (microsynteny) in a homocologous region of
another genus.
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Outcomes assessment

Part A

Please answer the following questions true or false:

1 A whole organism can be raised by nurturing a single cell.

2 The diploid chromosome number has half the number of chromosomes in the gametic cell.
3 Mitosis produces identical daughter cells.

4 A heterozygote has identical alleles of a gene at the locus.

5 Thymine occurs in DNA but not in RNA.

Part B

Please answer the following questions:

1 The four nucleic acids of DNA are ............. e, e, sand ...l .
2 Distinguish between DNA and RNA molecules.

3 Discuss the levels of organization of eukaryotes.

4 In plants DNA occur in the nucleus, ............... sand ..o .

5 A nucleic acid consists of a base, ............... sand oo .

6 Define epistasis.

7 What is an mRNA?

8 Give the three basic types of tissue and distinguish among them.

Part C

Please write a brief essay on each of the following topics:

1 Discuss the laws of Mendel.

2 Discuss the use of a testcross in plant breeding.

3 Discuss genetic linkage and its importance in plant breeding.

4 Distinguish between the phenomenon of variable gene penetrance and variable gene expressivity.
5 Discuss the regulation of gene expression.
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Purpose and expected outcomes

Reproduction is the process by which plants multiply themselves. It is not only important to plant producers but also
to plant breeders. The mode of reproduction determines the method of breeding the species and how the product of
breeding is maintained for product identity preservation. It is important to add that, whereas in the past plant
breeding methods were fuivly distinct for self-pollinated species and for cross-pollinated species, such a clear distinc-
tion does not curvently exist. Rather, the methods of plant breeding for the two groups tend to overlap. After studying
this chapter, the student should be able to:

1 Discuss the types of plant life cycles and their implication in breeding.

2 Describe the basic types of floral morphology.

3 Discuss the mechanisms of pollination and fertilization.

4 Discuss the breeding implications of self- and cross-pollination.

5 Describe the constraints to pollination and their implication in breeding.
6 Discuss the genetics and applications of male sterility in breeding.

Importance of mode of reproduction 3 Artificial hybridization requires an effective control of
to plant breedin ollination so that only the desired pollen is allowed
P 8 p Y p
to be involved in the cross. To this end, the breeder
Plant breeders need to understand the reproductive sys- needs to understand the reproductive behavior of the
tems of plants for the following key reasons: species. Pollination control is critical to the hybrid
seed industry.
1 The genetic structure of plants depends on their 4 The mode of reproduction also determines the pro-
mode of reproduction. Methods of breeding are gen- cedures for multiplication and maintenance of culti-
erally selected such that the natural genetic structure vars developed by plant breeders.

of the species is retained in the cultivar. Otherwise,
special efforts will be needed to maintain the newly
developed cultivar in cultivation. Overview of I'epl‘OdlICtive
2 In flowering species, artificial hybridization is needed options in plants
to conduct genetic studies to understand the inherit-
ance of traits of interest, and for transfer of genes of ~ Four broad contrasting pairs of reproductive mechan-
interest from one parent to another. To accomplish  isms or options occur in plants.
this, the breeder needs to thoroughly understand
the floral biology and other factors associated with 1 Hermaphrodity versus unisexuality. Hermaphrodites
flowering in the species. have both male and female sexual organs and hence
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may be capable of self-fertilization. On the other
hand, unisexuals, having one kind of sexual organ,
are compelled to cross-fertilize. Each mode of repro-
duction has genetic consequences, hermaphrodity
promoting a reduction in genetic variability, whereas
unisexuality, through cross-fertilization, promotes
genetic variability.

2 Self-pollination versus cross-pollination. Her-
maphrodites that are self-fertile may be self-pollinated
or cross-pollinated. In terms of pollen donation, a
species may be autogamous (pollen comes from
the same flower — selfing), or allogamous (pollen
comes from a different flower). There are finer differ-
ences in these types. For example, there may be dif-
ferences between the time of pollen shed and stigma
receptivity.

3 Self-fertilization versus cross-fertilization. Just
because a flower is successfully pollinated does not
necessarily mean fertilization will occur. The mechan-
ism of self-incompatibility causes some species to
reject pollen from their own flowers, thereby promot-
ing outcrossing.

4 Sexuality versus asexuality. Sexually reproducing
species are capable of providing seed through sexual
means. Asexuality manifests in one of two ways —
vegetative reproduction (in which no seed is pro-
duced) or agamospermy (in which seed is produced).

Types of reproduction

Plants are generally classified into two groups based on
mode of reproduction as either sexually reproducing
or asexually reproducing. Sexually reproducing plants
produce seed as the primary propagules. Seed is pro-
duced after sexual union (fertilization) involving the
fusion of sex cells or gametes. Gametes are products of
meiosis and, consequently, seeds are genetically vari-
able. Asexual or vegetative reproduction mode entails
the use of any vegetative part of the plant for propaga-
tion. Some plants produce modified parts such as creep-
ing stems (stolons or rhizomes), bulbs, or corms, which
are used for their propagation. Asexual reproduction is
also applied to the condition whereby seed is produced
without fusion of gametes (called apomixis). It should
be pointed out that some plants can reproduce by either
the sexual or asexual mode. However, for ease of either
propagation or product quality, one mode of reproduc-
tion, often the vegetative mode, is preferred. Such is the
case in flowering species such as potato (propagated by
tubers or stem cuttings) and sugarcane (propagated by
stem cuttings).

Sexual reproduction

Sexual life cycle of a plant (alternation of generations)

The normal sexual life cycle of a flowering plant may be
simply described as consisting of events from establishment
to death (from seed to seed in seed-bearing species). A
flowering plant goes through two basic growth phases:
vegetative and reproductive, the former preceding the
latter. In the vegetative phase, the plant produces vege-
tative growth only (stem, branches, leaves, etc., as appli-
cable). In the reproductive phase, flowers are produced.
In some species, exposure to a certain environmental
factor (e.g., temperature, photoperiod) is required to
switch from the vegetative to reproductive phase. The
duration between phases varies among species and can
be manipulated by modifying the growing environment.

In order for sexual reproduction to occur, two pro-
cesses must occur in sexually reproducing species. The
first process, meiosis, reduces the chromosome number
of the diploid (2#) cell to the haploid (#) number. The
second process, fertilization, unites the nuclei of two
gametes, each with the haploid number of chromo-
somes, to form a diploid. In most plants, these processes
divide the life cycle of the plant into two distinct phases
or generations, between which the plant alternates
(called alternation of generations) (Figure 4.1). The
first phase or generation, called the gametophyte gen-
eration, begins with a haploid spore produced by
meiosis. Cells derived from the gametophyte by mitosis
are haploid. The multicellular gametophyte produces
gametes by mitosis. The sexual reproductive process
unites the gametes to produce a zygote that begins the
diploid sporophyte generation phase.

In lower plants (mosses, liverworts), the sporophyte is
small and dependent upon the gametophyte. However,
in higher plants (ferns, gymnosperms, angiosperms), the
male gametophyte generation is reduced to a tiny pollen
tube and three haploid nuclei (called the microgameto-
phyte). The female gametophyte (called the mega-
gametophyte) is a single multinucleated cell, also called
the embryo sac. The genotype of the gametophyte or
sporophyte influences sexual reproduction in species
with self-incompatibility problems. This has implications
in the breeding of certain plants as discussed further in
this chapter.

Duration of plant growth cycles

The plant breeder should know the life cycle of the
plant to be manipulated. The strategies for breeding are
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Figure 4.1 Schematic representation of the alternation of generations in flowering plants. The sporophyte generation is
diploid, and often the more conspicuous phase of the plant life cycle. The gametophyte is haploid.

influenced by the duration of the plant growth cycle.
Angiosperms (flowering plants) may be classified into
four categories based on the duration of their growth
cycle as follows (Figure 4.2).

Annuals

Annual plants (or annuals) complete their life cycle in
one growing season. Examples of such plants include
corn, wheat, and sorghum. Annuals may be further
categorized into winter annuals or summer annuals.
Winter annuals (e.g., wheat) utilize parts of two seasons.
They are planted in fall and undergo a critical physiolo-
gical inductive change called vernalization that is required
for flowering and fruiting in spring. In cultivation, certain
non-annuals (e.g., cotton) are produced as though they
were annuals.

Biennials

A biennial completes its life cycle in two growing sea-
sons. In the first season, it produces basal roots and
leaves; then it grows a stem, produces flowers and fruits,
and dies in the second season. The plant usually requires
a special environmental condition or treatment (e.g.,
vernalization) to be induced to enter the reproductive
phase. For example, sugar beet grows vegetatively in the
first season. In winter, it becomes vernalized and starts
reproductive growth in spring.

Perennials

Perennials are plants that have the ability to repeat their
life cycles indefinitely by circumventing the death stage.
They may be herbaceous, as in species with under-
ground vegetative structures called rhizomes (e.g.,
indiangrass) or aboveground structures called stolons
(e.g., buffalograss). They may also be woody as in
shrubs, vines (grape), and trees (orange).

Monocarps

Monocarps are characterized by repeated, long vegetative
cycles that may go on for many years without entering
the reproductive phase. Once flowering occurs, the plant
dies. Common examples are bromeliads. The top part
dies, so that new plants arise from the root system of the
old plant.

It should be pointed out that certain plants that may
be natural biennials or perennials are cultivated by pro-
ducers as annuals. For example, sugar beet, a biennial, is
commercially produced as an annual for its roots. For
breeding purposes it is allowed to bolt to produce
flowers for crossing, and subsequently to produce seed.

Structure of the flower

Genetic manipulation of flowering plants by conventional
tools is accomplished by the technique of crossing,
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Figure 4.2 Flowering plants have one of four life cycles — annual, biennial, perennial, and monocarp. Variations occur
within each of these categories, partly because of the work of plant breeders.

which involves flowers. To be successful, the plant
breeder should be familiar with the flower structure,
regarding the parts and their arrangement. Flower struc-
ture affects the way flowers are emasculated (prepared
for crossing by removing the male parts to make the
flower female). The size of the flower affects the kinds of
tools and techniques that can be used for crossing.

General reproductive morphology

Four major parts of a flower are generally recognized:
petal, sepal, stamen, and pistil. These form the basis
of flower variation. Flowers vary in the color, size,
numbers, and arrangement of these parts. Typically, a
flower has a receptacle to which these parts are attached
(Figure 4.3). The male parts of the flower, the stamen,
comprise a stalk called a filament to which is attached
a structure consisting of four pollen-containing cham-
bers that are fused together (anther). The stamens are
collectively called the androecium. The center of the
flower is occupied by a pistil, which consists of the style,
stigma, and ovary (which contains the carpels). The
pistil is also called the gynoecium. Sepals are often leaf-
like structures that enclose the flower in its bud stage.

Anther
/ Stamen
Filament
Stigma
Pistil
Style Petal
Sepal

Pedicel

Figure 4.3 The typical flower has four basic parts — the
petals, sepals, pistil, and stamen. The shape, size, color,
and other aspects of these floral parts differ widely among
species.

Collectively, sepals are called the calyx. The showiest
parts of the flower are the petals, collectively called the
corolla.

Types of flowers

When a flower has all the four major parts, it is said to
be a complete flower (e.g., soybean, tomato, cotton,
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tobacco). However if a flower lacks certain parts (often
petals or sepals), as is the case in many grasses (e.g., rice,
corn, wheat), it is said to be an incomplete flower.
Some flowers either have only stamens or a pistil, but
not both. When both stamens and a pistil occur in the
same flower, the flower is said to be a perfect flower
(bisexual), as in wheat, tomato, and soybean. Some
flowers are unisexual (either stamens or pistil may be
absent) and are called imperfect flowers. If imperfect
flowers have stamens they are called staminate flowers.
When only a pistil occurs, the flower is a pistilate
flower. A plant such as corn bears both staminate (tas-
sel) and pistillate (silk) flowers on the same plant and is
said to be a monoecious plant. However in species such
as asparagus and papaya, plants may either be pistilliate
(female plant) or staminate (male plant) and are said to
be dioecious plants. Flowers may cither be solitary
(occur singly or alone) or may be grouped together to
form an inflorescence. An inflorescence has a primary
stalk (peduncle) and numerous secondary smaller stalks
(pedicels). The most common inflorescence types in
crop plants are the cyme and raceme. A branched
raceme is called a panicle (e.g., oats) while a raceme
with sessile (short pedicels) is called a spike (e.g.,
wheat). From the foregoing, it is clear that a plant
breeder should know the specific characteristics of the
flower in order to select the appropriate techniques for
crossing.

Gametogenesis

Sexual reproduction entails the transfer of gametes
to specific female structures where they unite and are
then transformed into an embryo, a miniature plant.
Gametes are formed by the process of gametogenesis.
They are produced from specialized diploid cells called
microspore mother cells in anthers and megaspore
mother cells in the ovary (Figure 4.4). Microspores
derived from the mother cells are haploid cells each
dividing by mitosis to produce an immature male game-
tophyte (pollen grain). Most pollen is shed in the two-
cell stage, even though sometimes, as in grasses, one of
the cells later divides again to produce two sperm cells.
In the ovule, four megaspores are similarly produced
by meiosis. The nucleus of the functional megaspore
divides three times by mitosis to produce eight nuclei,
one of which eventually becomes the egg. The female
gametophyte is the seven-celled, eight-nucleate struc-
ture. This structure is also called the embryo sac. Two
free nuclei remain in the sac. These are called polar
nuclei because they originate from opposite ends of the
embryo sac.

Pollination and fertilization

Pollination is the transfer of pollen grains from the
anther to the stigma of a flower. This transfer is achieved
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Figure 4.4 Gametogenesis in plants results in the production of pollen and egg cells. Pollen is transported by agents to
the stigma of the female flower, from which it travels to the egg cell to unite with it.
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Table 4.1 Pollination mechanisms in plants.

Pollination vector Flower characteristics

Wind Tiny flowers (e.g., grasses); dioecious
species
Insects
Bees Bright and showy (blue, yellow); sweet
scent; unique patterns; corolla provides
landing pad for bees
Moths White or pale color for visibility at night
time; strong penetrating odor emitted
after sunset
Beetles White or dull color; large flowers;
solitary or inflorescence
Flies Dull or brownish color
Butterflies Bright colors (often orange, red); nectar
located at base of long slender corolla
tube
Bats Large flower with strong fruity pedicels;
dull or pale colors; strong fruity or musty
scents; thick copious nectar
Birds Bright colors (red, yellow); odorless;

thick copious nectar

through a vector or pollination agent. The common
pollination vectors are wind, insects, mammals, and
birds. Flowers have certain features that suit the various
pollination mechanisms (Table 4.1): insect-pollinated
flowers tend to be showy and exude strong fragrances,
whereas birds are attracted to red and yellow flowers.
When compatible pollen falls on a receptive stigma, a
pollen tube grows down the style to the micropylar end
of the embryo sac, carrying two sperms or male gametes.
The tube penetrates the sac through the micropyle. One
of the sperms unites with the egg cell, a process called
fertilization. The other sperm cell unites with the two
polar nuclei (called triple fusion). The simultaneous
occurrence of two fusion events in the embryo sac is
called double fertilization.

On the basis of pollination mechanisms, plants may
be grouped into two mating systems: self-pollinated
or cross-pollinated. Self-pollinated species accept
pollen primarily from the anthers of the same flower
(autogamy). The flowers, of necessity, must be bisexual.
Cross-pollinated species accept pollen from different
sources. In actuality, species express varying degrees of
cross-pollination, ranging from lack of cross-pollination
to complete cross-pollination.

Table 4.2 Examples of predominantly self-pollinated
species.

Common name Scientific name

Barley Hordenwm vulgare
Chickpea Cicer arietinum
Clover Trifolium spp.
Common bean Phaseolus vulgaris
Cotton Gossypium spp.
Cowpea Vigna unguiculata
Eggplant Solanum melongena
Flax Linum usitatissimum
Jute Corchorus espularis
Lettuce Lupinus spp.

Oat Avena sativa

Pea Pisum sativum

Peach Prunus persica
Peanut Avrachis hypogeae
Rice Oryza sativa
Sorghum Sorghum bicolor
Soybean Glycine max
Tobacco Nicotiana tabacum
Tomato Lycopersicon esculentum
Wheat Triticum aestivum

Self-pollination

Mechanisms that promote self-pollination

Certain natural mechanisms promote or ensure self-
pollination. Cleistogamy is the condition in which the
flower fails to open. The term is sometimes extended to
mean a condition in which the flower opens only after
it has been pollinated (as occurs in wheat, barley, and
lettuce), a condition called chasmogamy. Some floral
structures such as those found in legumes, favor self-
pollination. Sometimes, the stigma of the flower is closely
surrounded by anthers, making it prone to selfing.

Very few species are completely self-pollinated. The
level of self-pollination is affected by factors including
the nature and amount of insect pollination, air current,
and temperature. In certain species, pollen may become
sterilized when the temperature dips below freezing.
Any flower that opens prior to self-pollination is suscep-
tible to some cross-pollination. A list of predominantly
self-pollinated species in presented is Table 4.2.

Genetic and breeding implications of self-pollination

Self-pollination is considered the highest degree of
inbreeding a plant can achieve. It promotes homozygosity
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of all gene loci and traits of the sporophyte.
Consequently, should there be cross-pollination the
resulting heterozygosity is rapidly eliminated. To be
classified as self-pollinated, cross-pollination should not
exceed 4%. The genotypes of gametes of a single plant
are all the same. Further, the progeny of a single plant is
homogeneous. A population of self-pollinated species,
in effect, comprises a mixture of homozygous lines.
Self-pollination restricts the creation of new gene com-
binations (no introgression of new genes through
hybridization). New genes may arise through mutation,
but such a change is restricted to individual lines or
the progenies of the mutated plant. The proportions of
different genotypes, not the presence of newly intro-
duced types, define the variability in a self-pollinated
species. Another genetic consequence of self-pollination
is that mutations (which are usually recessive) are readily
exposed through homozygosity, for the breeder or
nature to apply the appropriate selection pressure on.
Repeated selfing has no genetic consequence in self-
pollinated species (no inbreeding depression or loss of
vigor following selfing). Similarly, self-incompatibility
does not occur. Because a self-pollinated cultivar is gen-
erally one single genotype reproducing itself, breeding
self-pollinated species usually entails identifying one
superior genotype (or a few) and multiplying it. Specific
breeding methods commonly used for self-pollinated
species are pure-line selection, pedigree breeding, bulk
populations, and backcross breeding (see Chapter 16).

Cross-pollinating species

Mechanisms that favor cross-pollination

Several mechanisms occur in nature by which cross-
pollination is ensured, the most effective being dioecy.
As previously noted, dioecious species are those in
which a plant is either female or male but not a
hermaphrodite (e.g., hemp, date, palm). When such
species are cultivated from grain or fruit, it is critical
that the producer provides pollinator rows. A less strin-
gent mechanism is monoecy (i.e., monoecious plants).
Monoecious species can receive pollen from their own
male flowers. Dichogamy occurs in hermaphroditic
flowers, whereby cross-pollination may be enforced when
the stamens mature before the pistil is mature and recep-
tive (a condition called protandry) or the reverse (called
protogyny). Sometimes, the pollen from a flower is not
tolerated by its own stigma, a condition known as self-
incompatibility. Male sterility, the condition whereby

Table 4.3 Examples of predominantly cross-pollinated

species.
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Common name

Scientific name

Alfalfa Medicago sativa
Annual ryegrass Lolinm multiflorum
Banana Musa spp.
Birdsfoot trefoil Lotus corniculatus
Cabbage Brassica oleracen
Carrot Dacus carota
Cassava Manihot esculentum
Cucumber Cucumis sativus
Fescue Festuca spp.
Kentucky bluegrass Poa pratensis
Maize Zea mays
Muskmelon Cucumis melo
Onion Allium spp.

Pepper Capsicum spp.
Potato Solanum tuberosum
Radish Raphanus sativus
Rye Secale cerenle

Sugar beet Beta vulgaris
Sunflower Helianthus annuus
Sweet potato Impomen batatas
Watermelon Citrullus lanatas

the pollen of the male is sterile, compels the plant to
receive pollen from different flowers. Similarly, a con-
dition called heterostyly is one in which significant
difference in the lengths of the stamen and pistil makes
it less likely for self-pollination to occur, and thereby
promotes cross-pollination. Cross-pollinated species
depend on agents of pollination, especially wind and
insects. A partial list of cross-pollinated species is pre-
sented in Table 4.3.

Genetic and breeding implications of cross-pollination

The genotype of the sporophytic generation is hetero-
zygous while the genotypes of gametes of a single
plant are all different. The genetic structure of a cross-
pollinated species is characterized by heterozygosity.
Self-incompatibility occurs in such species. Unlike self-
pollinated species in which new gene combinations are
prohibited, cross-pollinated species share a wide gene
pool from which new combinations are created to form
the next generation. Furthermore, when cross-pollinated
species are selfed, they suffer inbreeding depression.
Deleterious recessive alleles that were suppressed because
of heterozygous advantage have opportunities to be
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homozygous and therefore become expressed. However,
such depression is reversed upon cross-pollination.
Hybrid vigor (the increase in vigor of the hybrid over
its parents resulting from crossing unlike parents) is
exploited in hybrid seed production (see Chapter 18).
In addition to hybrid breeding, population-based
improvement methods (e.g., mass selection, recurrent
selection, synthetic cultivars) are common methods of
breeding cross-pollinated species.

Asexual reproduction

Asexual reproduction may be categorized into two —
vegetative propagation and apomixis. Asexual repro-
duction is also called clonal propagation because the
products are genetically identical to the propagules.

Vegetative propagation

As previously indicated, certain species may be repro-
duced by using various vegetative parts including bulbs,
corms, rhizomes, stems, and buds. Vegetative propaga-
tion is widely used in the horticultural industry. Pieces
of vegetative materials called cuttings are obtained from
parts of the plant (e.g., root, stem, leat’) for planting.
Potato, cassava, sugarcane, rose, grape, and some peren-
nial grasses are frequently propagated by stem cuttings.
Methods such as grafting and budding are used for
propagating tree crops, where two different plant parts
are united by attaching one to the other and securing
with a tape. Healing of the graft junction permanently
unites the two parts into one plant.

A variety of sophisticated techniques are used to vege-
tatively propagate high value plants. Numerous plantlets
may be generated from a small piece of vegetative mater-
ial (e.g., a segment of a leat) by the technique of micro-
propagation. The tissue culture technique is used to
rapidly multiply planting material under aseptic condi-
tions (see Chapter 11 for more details). Perennial horti-
cultural species tend to be clonally propagated, whereas
annuals and biennials tend to be propagated by seed.

Clonally propagated crops may be divided into two
broad categories on the basis of economic use:

1 Those cultivated for a vegetative product. Important
species vegetatively cultivated for a vegetative prod-
uct include sweet potato, yam, cassava, sugarcane,
and Irish potato. These species tend to exhibit certain
reproductive abnormalities. For example, flowering
is reduced, and so is fertility. Some species such as

potatoes have cytoplasmic male sterility. Sometimes,
flowering is retarded (e.g., by chemicals) in produc-
tion (e.g., in sugarcane).

2 Those cultivated for a fruit or reproductive prod-
uct. Plants in this category include fruit trees, shrubs,
and cane fruits. Examples include apple, pear, grape,
strawberry, and banana.

Breeding implications of vegetative propagation

There are certain characteristics of clonal propagation
that have breeding implications.

1 Clonal species with viable seed and high pollen
fertility can be improved by hybridization.

2 Unlike hybridization of sexual species, which often
requires additional steps to fix the genetic variability
in a genotype for release as a cultivar (except for
hybrid cultivars), clonal cultivars can be released
immediately following a cross, provided a desirable
genotype combination has been achieved. Clonal
breeding is hence quick.

3 When improving species whose economic parts are
vegetative products, it is not important for the
hybrid to be fertile.

4 Because of the capacity to multiply from vegetative
material (through methods such as cuttings or
micropropagation), the breeder only needs to
obtain a single desirable plant to be used as stock.

5 Heterosis (hybrid vigor), if it occurs, is fixed in
the hybrid product. That is, unlike hybrid cultivars
in seed-producing species, there is no need to
reconstitute the hybrid. Once bred, heterozygosity
is maintained indefinitely.

6 It is more difficult to obtain large quantities of
planting material from clones in the short term.

7 Plant species that are vegetatively parthenocarpic (e.g.,
banana) cannot be improved by hybrid methodology.

8 Species such as mango and citrus produce poly-
embryonic seedlings. This reproductive irregularity
complicates breeding because clones of the parent
are mixed with hybrid progeny.

9 Clonal crops are perennial outcrossers and intolerant
of inbreeding. They are highly heterozygous.

10 Unlike sexual crop breeding in which the genotype
of the cultivar is determined at the end of the breed-
ing process (because it changes with inbreeding),
the genotype of a family is fixed and determined at
the outset.

11 Both general combining ability (GCA) and specific
combining ability (SCA) (that is, performance in
crosses) can be fully exploited with appropriate
breeding method and population sizes.
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Apomixis

Seed production in higher plants that are sexually prop-
agated species normally occurs after a sexual union in
which male and female gametes fuse to form a zygote,
which then develops into an embryo. However, some
species have the natural ability to develop seed without
fertilization, a phenomenon called apomixis. The con-
sequence of this event is that apomictically produced
seeds are clones of the mother plant. That is, apomixis is
the asexual production of seed. Unlike sexual reproduc-
tion, there is no opportunity in apomixis for new recom-
bination to occur to produce diversity in the offspring.

Occurrence in nature

Apomixis is widespread in nature, having been found in
unrelated plant families. However, it is infrequent in
occurrence. About 10% of the estimated 400 plant fami-
lies and a mere 1% of the estimated 40,000 species they
comprise exhibit apomixis. The plant families with the
highest frequency of apomixis are Gramineae (Poaceae),
Compositae, Rosaceae, and Asteraceae. Many species
of citrus, berries, mango, perennial forage grasses, and
guayule reproduce apomictically.

Some species can produce both sexual and apomictic
seeds and are called facultative apomicts (e.g., blue-
grass, Poa pratensis). Species such as bahiagrass
(Paspalum notatum) reproduce exclusively or nearly so
by apomixis and are called obligate apomicts. There are
several indicators of apomixis. When the progeny from
a cross in a cross-pollinated (heterozygous) species fails
to segregate, appearing uniform and identical to the
mother plant, this could indicate obligate apomixis.
Similarly, when plants expected to exhibit high sterility
(e.g., aneuploids, triploids) instead show significantly
high fertility, apomixis could be the cause. Obligate
apomicts may display multiple floral features (e.g., mul-
tiple stigmas and ovules per floret, double or fused
ovaries), or multiple seedlings per seed. Facultative
apomixis may be suspected if the progeny of a cross
shows an unusually high number of identical homo-
zygous individuals that resemble the mother plant in
addition to the presence of individuals that are clearly
different (hybrid products). Using such morphological
indicators to discover apomicts requires keen observa-
tion and familiarity with the normal breeding behavior
of the species.

The indicators suggested are by no means conclusive
evidence of apomixis. To confirm the occurrence of
apomixis and discovery of its mechanisms requires

additional progeny tests as well as cytological tests of
megasporogenesis and embryo sac development.

Benefits of apomixis

The benefits of apomixis may be examined from the per-
spectives of the plant breeder and the crop producer.

Benefits to the plant breeder Apomixis is a natural
process of cloning plants through seed. As a breeding
tool, it allows plant breeders to develop hybrids that can
retain their original genetic properties indefinitely with
repeated use, without a need to reconstitute them. In
other words, hybrid seed can be produced from hybrid
seed. The plant breeder does not need to make crosses
each year to produce the hybrid. This advantage acceler-
ates breeding programs and reduces development costs
of hybrid cultivars. Apomixis is greatly beneficial when
uniformity of product is desired. Breeders can use this
tool to quickly fix superior gene combinations. That is,
vigor can be duplicated, generation after generation
without decline. Furthermore, commercial hybrid pro-
duction can be implemented for species without fertility
control mechanisms (e.g., male-sterility system), neither
is there a need for isolation in F, hybrid seed produc-
tion. There is no need to maintain and increase parental
genotypes. Cultivar evaluation can proceed immediately
following a cross.

Apart from these obvious benefits, it is anticipated
that plant breeders will divert the resources saved
(time, money) into other creative breeding ventures.
For example, cultivars could be developed for smaller
and more specific production environments. Also, more
parental stock could be developed to reduce the risk
of genetic vulnerability through the use of a few elite
genetic stocks as parents in hybrid development.

There are some plant breeding concerns associated
with apomixis. Species that exhibit facultative apomixis
are more challenging to breed because they produce
both sexual and apomitic plants in the progeny.
Obligate apomicts are easier to breed by conventional
methods provided compatible (asexually reproducing)
counterparts can be found.

Benefits to the producer The most obvious benefit of
apomitic cultivars to crop producers is the ability to
save seed from their field harvest of hybrid cultivars for
planting the next season. Because apomixis fixes hybrid
vigor, the farmer does not need to purchase fresh hybrid
seed each season. This especially benefits the producer
in poor economies, who often cannot afford the high
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price of hybrid seed. Apomixis, as previously indicated,
accelerates plant breeding. This could translate into
less expensive commercial seed for all producers.
Realistically, such benefits will materialize only if com-
mercial breeders can make an acceptable profit from
using the technology.

Impact on the environment Some speculate that
apomixis has the potential to reduce biodiversity
because it produces clonal cultivars and hence uniform
populations that are susceptible to disease epidemics.
However, others caution that the suspected reduction in
biodiversity would be minimal since apomixis occurs
naturally in polyploids, which occur less frequently than
diploids.

Mechanisms of apomixis

Apomixis arises by a number of mechanisms of which
four major ones that differ according to origin (the cell
that undergoes mitosis to produce the embryo) are dis-
cussed next. Seed formation without sexual union is
called agamospermy, a mechanism that can be summar-
ized into two categories: gametophytic apomixis and
adventitious apomixis. There are two types of gameto-
phytic apomixes: apospory and diplospory.

1 Apospory. This is the most common mechanism of
apomixis in higher plants. It is a type of agamospermy

that involves the nucellar. The somatic cells of the
ovule divide mitotically to form unreduced (27)
embryonic sacs. The megaspore or young embryo
sac aborts, as occurs in species such as Kentucky
bluegrass.

2 Diplospory. An unreduced megaspore mother cell
produces embryo sacs following mitosis instead of
meiosis. This cytological event occurs in species such
as Tripsacum.

3 Adventitious embryo. Unlike apospory and diplo-
spory in which an embryo sac is formed, no embryo
sac is formed in adventitious embryony. Instead, the
source of the embryo could be somatic cells of the
ovule, integuments, or ovary wall. This mechanism
occurs commonly in citrus but rarely in other higher
plants.

4 Parthenogenesis. This mechanism is essentially
equivalent to haploidy. The reduced (7) egg
nucleus in a sexual embryo sac develops into a
haploid embryo without fertilization by the sperm
nucleus.

Other less common mechanisms of apomixis are
androgenesis (development of a seed embryo from
the sperm nucleus upon entering the embryo sac) and
semigamy (sperm nucleus and egg nucleus develop
independently without uniting, leading to a haploid
embryo). The resulting haploid plants contain sectors of
material from both maternal and paternal origin.

Bryan Kindiger

apomixis from Tripsacum dactyloides to Zea mays.

results in the loss of apomixis.

Industry highlights

257 Maize x Tripsacum hybrvidization and the transfer of apomixis:
historical veview

USDA-ARS Grazinglands Research Laboratory, El Reno, OK 73036, USA

Research in maize-Tripsacum hybridization is extensive and encompasses a period of more than 60 years of collective research.
The publication The origin of Indian corn and its relatives describes some of the initial research in this area (Mangelsdorf & Reeves
1939) and is recommended reading for anyone interested in this area of research. Since this historic publication, an abundance of
literature has been developed with regard to the various facets of this type of hybridization ranging from agronomy, plant disease,
cytogenetics, and breeding, to genetic analysis. As a consequence, no single article can cover all the research relevant to this
topic. This report will only briefly highlight a specific series of experiments that address an attempt to investigate the transfer of

One of the most interesting instances of intergeneric hybridization involves hybridizing maize (Z. mays L.) (2n = 2x = 20) with
its distant relative eastern gamagrass (T. dactyloides) (2n = 4x = 72). Regardless of their complete difference in chromosome
number, plant phenotype, and environmental niche, hybrids are relatively easy to generate. The F; hybrids are completely
pollen-sterile and microsporogenesis is associated with a varying array of meiotic anomalies (Kindiger 1993). The hybrids vary in
seed fertility ranging from completely sterile to highly seed-fertile (Harlan & de Wet 1977). To date, all seed-fertile hybrids gener-
ated from tetraploid T. dactyloides exhibit some level of apomictic expression; however, backcrossing with maize commonly
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Potential pathways for apomixis gene introgression

Research strongly suggests that there is little homeology between the genomes of Tripsacum and maize. Maguire (1962) and
Galinat (1973), each utilizing a set of recessive phenotypic maize markers, suggested that only maize chromosomes 2, 5, 8, and 9
have potentials for pairing and recombination and for gene introgression with Tripsacum. Additional research has confirmed the
conservation of loci specific to pistil development between maize and Tripsacum genomes (Kindiger et al. 1995; Li et al. 1997).
Genomic in situ hybridization (GISH) studies have also strongly suggested that only three regions of maize chromosomes have
homeology with the Tripsacum genome: the subterminal regions of Mz2S, Mz6L, and Mz8L (Poggio et al. 1999). Though there is
little chromosome homeology, there is some hope for apomixis transfer from Tripsacum to maize. Two approaches that have
been successful in transferring components of apomixis from Tripsacum to maize can be detailed in two particular backcross
pathways (Harlan & de Wet 1977).

The first approach is called the 28 — 38 apomictic transfer pathway. This successful approach for apomixis transfer has been
described only once and has had little re-examination. In 1958, Dr M. Borovsky (from the Institute of Agriculture, Kishinev,
Moldova) performed a series of hybridizations between a diploid popcorn and a sexual diploid (2n=2x=36) T. dactyloides clone
with the first maize-Tripsacum hybrids being generated in 1960 (Borovsky 1966; Borovsky & Kovarsky 1967). The F, hybrids gen-
erated from the experiments possessed 28 chromosomes (10Mz + 18Tr). The F, plants were completely male-sterile and were
highly seed-sterile. Backcrossing with diploid maize identified that some of the F; hybrids were approximately 1-1.5% seed-
fertile and resulted in the production of progeny possessing 28 chromosomes (10Mz + 18Tr) and 38 chromosomes (20Mz + 18Tr).
When the F, was backcrossed to the Tripsacum parent, the fertile F;s generated progeny with 28 chromosomes (10Mz + 18Tr)
and 46 chromosomes (10Mz + 18Tr + 18Tr). The complete set of backcrosses with maize and Tripsacum resulted in a ratio of
approximately 10 (28-chromosome plants) to 1 (38- or 46-chromosome plants). Phenotypic observations suggested that the 28-
chromosome progeny were not different from their 28-chromosome parent while the 38- and 46-chromosome progeny were
clearly different. Additional evaluations on the 28-chromosome F, and its 28-chromosome progeny suggested that these F, plants
and their progeny were apomictic. This early experiment remains the single incidence where a 28-chromosome F, hybrid was
maintained by apomixis.

A second pathway whereby apomixis has been introgressed from Tripsacum to maize is the 46 — 56 — 38 apomictic transfer
pathway. Though not specifically addressed in the definitive work on maize-Tripsacum introgression (Harlan & de Wet 1977),
this successful attempt at apomixis transfer requires a brief reiteration. Initially published by Petrov and colleagues as early as
1979, and replicated in similar style by others, a diploid or tetraploid maize line is pollinated by a tetraploid, apomictic T. dacty-
loides clone (Petrov et al. 1979, 1984). If a diploid maize line is utilized, the resultant F, 46-chromosome hybrid possesses 10Mz
and 36Tr chromosomes. Upon backcrossing with diploid maize, both apomictic 46-chromosome and 56-chromosome (20Mz +
36Tr) individuals can be obtained. The 46-chromosome offspring are products of apomixis. The 56-chromosome offspring are
products of an unreduced egg being fertilized by the diploid maize pollen source, another 2n+ n mating event. Backcrossing the
46-chromosome individuals by maize, repeats the above cycle. Upon backcrossing the 56-chromsome individuals with maize,
three types of progeny can be observed. Typically, progeny having 56 chromosomes are generated. However, in some instances,
2n+ n matings occur giving rise to individuals possessing 66 chromosomes (30Mz + 36Tr). Occasionally, a reduced egg will be
generated and may or may not be fertilized by the available maize pollen. In rare instances of non-fertilization, a 28-chromosome
individual is generated (10Mz + 18Tr). In instances whereby the maize pollen fertilizes the reduced egg, 38-chromosome indi-
viduals are obtained (20Mz + 18Tr). Generally, individuals possessing 38 chromosomes, rather than 28 chromosomes, are the
most common product. What is unique about this pathway is that, occasionally, the 38-chromosome individuals retain all the
elements of apomixis that were present in the Tripsacum paternal parent and the F; and BC, individuals (Figure 1). The retention
of apomixis to this 38-chromosome level has been well documented and repeated in several laboratories (Petrov et al. 1979,
1984; Leblanc et al. 1996; Kindiger & Sokolov 1997).

Generally, through 2n + n mating events, the 38-chromosome individuals produce only apomictic 38-chromosome progeny
and 48-chromsome progeny. Backcrossing the 48-chromsome individuals results in 48-chromosome apomictics and 58-
chromosome apomictics. Each of these steps gives rise to a different plant and ear phenotype (Figure 2). This 2n+ n accumula-
tion of maize genomes continues until a point is achieved where the additional maize genomes eventually shift the individual
from an apomictic to a sexual mode of reproduction. It is extremely difficult to generate and maintain apomixis in hybrids pos-
sessing fewer than 18Tr chromosomes. Likely this is due to the expression of apomixis in the 38-chromosome hybrids. However,
in one instance an apomictic individual possessing 9Tr chromosomes has been identified (Kindiger et al. 1996b) suggesting that
with time and patience, additional Tripsacum chromosomes can be removed from these hybrids and still retain the apomixis.

Recent attempts to transfer apomixis from Tripsacum to maize

As of this report, prevailing wisdom suggests that apomixis (at least for Tripsacum) is controlled by no more than one or two genes,
likely linked on a particular Tripsacum chromosome (Leblanc et al. 1995; Grimanelli et al. 1998). Cytogenetic and GISH studies
suggest this region may be Tr16L in the vicinity of the nucleolus-organizing region that has homeology with the distal region of
Mz6L (Kindiger et al. 1996a; Poggio et al. 1999). Evaluations of materials from the Petrov program and generated through the
46 — 56 — 38 pathway have identified an apomictic line that does not possess an intact Tr16 chromosome or the Mz6L-Tr16L
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CHAPTER 4

Figure 1 (a) A highly maize-like 38-chromosome
apomictic maize—T7ipsacum hybrid. This selection has no or
few tillers and exhibits a distinct maize phenotype. (b) A top
and second ear taken from one of these highly maize-like
apomictic individuals. Note the eight rows on the ear are
rarely found in other apomictic maize—T7ipsacum hybrids.
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Figure 2 A series of maize—Tripsacum ear types.

Left to right: dent corn, apomictic 39-chromosome
hybrid, apomictic 38-chromosome hybrid (“Yudin”),
apomictic 56-chromosome hybrid, three apomictic
46-chromosome hybids, and tetraploid Tripsacum
dactyloides.

translocation (Figure 3). RAPD (random amplified poly-
morphic DNA) markers previously known to be associated
to apomixis continue to be present in this germplasm.
Cytological analysis of this particular chromosomal element
suggests the chromosome carries the nucleolus-organizing
region and the Tr16L satellite. This small isochromosome
may indeed possess the loci conferring apomixis in this
material.

Regardless of the favorable light academics and
researchers alike shed upon the prospects in this area of
study, this research endeavor continues to be difficult, time-
consuming, and expensive. Though an apomictic maize
prototype has been developed (US patent no. 5,710,367)
gene transfer through traditional breeding approaches is
questionable. The development of apomictic maize through
its hybridization with Tripsacum offers many opportunities;
however, many years of additional research will be required
for this to be realized.
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Figure 3 (a) The satellite region of Tr16L (arrow), which confers apomixis in the V31 apomictic line. No normal or
intact Trl6 is present in this line. (b) An enlargement of the isochromosome-appearing entity with the nucleolus-
organizing region (NOR) and satellite regions identified.
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