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Introduction to
reproduction and

autogamy

Purpose and expected outcomes

Rudolph Camerarius is credited with establishing sexual differentiation, noting that male and female sex organs
exist in the Plant Kingdom. Some species produce flowers while others do not. In flowering species, reproduction
involves the union of gametes following pollination. Plant breeders need to understand the mode of reproduction in
order to manipulate plants effectively to develop new and improved ones for crop production. After studying this
chapter, the student should be able to:

1 Discuss the importance of the mode of reproduction to plant breeding.
2 Distinguish between self-pollination and cross-pollination.
3 Discuss the natural barriers that favor or hinder each of the modes of reproduction.
4 Discuss the implications of mode of reproduction in schemes and strategies employed in plant breeding.
5 Discuss the use of male sterility and self-incompatibility in breeding.

5.1 Importance of mode of reproduction to
plant breeding

Plant breeders need to understand the reproductive
systems of plants for the following key reasons:

(i) The genetic structure of plants depends on their
mode of reproduction. Methods of breeding are
generally selected such that the natural genetic

structure of the species is retained in the culti-
var. Otherwise, special efforts will be needed to
maintain the newly developed cultivar in
cultivation.

(ii) In flowering species, artificial hybridization is
needed to conduct genetic studies to understand
the inheritance of traits of interest and for trans-
fer of genes of interest from one parent to
another. To accomplish this, the breeder needs
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to understand thoroughly the floral biology and
other factors associated with flowering in the
species.

(iii) Artificial hybridization requires an effective con-
trol of pollination so that only the desired pollen
is allowed to be involved in the cross. To this
end, the breeder needs to understand the repro-
ductive behavior of the species. Pollination con-
trol is critical to the hybrid seed industry.

(iv) The mode of reproduction also determines the
procedures for multiplication and maintenance
of cultivars developed by plant breeders.

5.2 Overview of reproductive options in
plants

Four broad and contrasting pairs of reproductive
mechanisms or options occur in plants.

(i) Hermaphrodity versus unisexuality. Her-
maphrodites have both male and female sexual
organs, and hence may be capable of self-
fertilization. On the other hand, unisexuals, hav-
ing one kind of sexual organ, are compelled to
cross-fertilize. Each mode of reproduction has
genetic consequences. Hermaphrodity promotes
a reduction in genetic variability, whereas uni-
sexuality, through cross-fertilization, promotes
genetic variability.

(ii) Self-pollination versus cross-pollination.
Hermaphrodites 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 alloga-
mous (pollen comes from a different flower).
There are finer differences in these types. For
example, there may be differences between the
time of pollen shed and stigma receptivity.

(iii) Self-fertilization versus cross-fertilization.
Just because a flower is successfully pollinated
does not necessarily mean fertilization would
occur. The mechanism of self-incompatibility
causes some species to reject pollen from their
own flowers, thereby promoting outcrossing.

(iv) Sexuality versus asexuality. Sexually reproduc-
ing species are capable of providing seed through
sexual means. Asexuality manifests in one of two
ways – vegetative reproduction (in which no seed
is produced) or agamospermy (in which seed is
produced).

5.3 Types of reproduction

Plants are generally classified into two groups, based
on the mode of reproduction, as either sexually
reproducing or asexually reproducing. Sexually
reproducing plants produce seed as the primary prop-
agule. Seed is produced after sexual union (fertiliza-
tion) involving the fusion of sex cells or gametes.
Gametes are products of meiosis and, consequently,
seeds are genetically variable. Asexual or vegetative
reproduction mode entails the use of any vegetative
part of the plant for propagation. Some plants pro-
duce modified parts, such as creeping 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 could be
reproduced by either the sexual or asexual mode.
However, for either ease of propagation or for prod-
uct quality, one mode of reproduction, 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).

5.4 Sexual reproduction

Sexual reproduction increases genetic diversity
through the involvement of meiosis. Flowering plants
dominate the terrestrial species. Flowering plants may
reproduce sexually or asexually.

5.4.1 Sexual lifecycle of a plant (alternation of
generation)

The normal sexual lifecycle of a flowering plant may
be simply described as consisting of events from first
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 vegetative growth only
(stem, branches, leaves, etc., as applicable). 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 the reproductive phase. The
duration between phases varies among species and
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can be manipulated by modifying the growing
environment.

For sexual reproduction to occur, two processes
must occur in sexually reproducing species. The first
process, meiosis, reduces the chromosome number of
the diploid (2n) cell to the haploid (n) 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 pro-
cesses divide the lifecycle of the plant into two
distinct phases or generations, between which the
plant alternates (called alternation of generation)
(Figure 5.1). The first phase or generation, called the
gametophyte generation, 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 sex-
ual reproductive process unites the gametes to pro-
duce a zygote that begins the diploid sporophyte
generation phase.

In lower plants (mosses, liverworts), the sporo-
phyte 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 microgametophyte). The female gameto-
phyte (called the megagametophyte) 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; this is discussed further
later in this chapter.

5.4.2 Duration of plant growth cycles

The plant breeder should know the lifecycle of the
plant to be manipulated. The strategies for breeding
are influenced by the duration of the plant growth
cycle. Angiosperms (flowering plants) may be classi-
fied into four categories based on the duration of
their growth cycle (Figure 5.2):

(i) Annual. Annual plants (or annuals) complete
their lifecycle 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 the fall (autumn) and undergo a
critical physiological inductive change called
vernalization, which is required for flowering
and fruiting in spring. In cultivation, certain
non-annuals (e.g. cotton) are produced as
though they were annuals.

Fertilization Meiosis

Key activities:
       – seed development
       – germination
       – seedling establishment
       – early plant growth
       – flowering

Key activities:
       – pollen development
       – pollen shedding
       – pollen germination
          and tube development

Diploid (2n)

Haploid (n)

Multicellular
sporophyte
generation

Multicellular
gametophyte
generation

Zygote

Gametes Spores

Figure 5.1 Schematic representation of the alternation of generations in flowering plants. The sporophyte generation
is diploid and often the more conspicuous phase of the plant lifecycle. The gametophyte is haploid.
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(ii) Biennial. A biennial completes its lifecycle in two
growing seasons. In the first season it produces
basal roots and leaves; then it grows a stem,
produces flowers and fruits, and dies in the sec-
ond season. The plant usually requires a special
environmental condition or treatment (e.g.,
vernalization) to be induced to enter the repro-
ductive phase. For example, sugar beet grows
vegetatively in the first season. In winter, it
becomes vernalized and starts reproductive
growth in spring.

(iii) Perennial. Perennials are plants that have the
ability to repeat their lifecycles indefinitely by cir-
cumventing the death stage. They may be herba-
ceous, as in species with underground vegetative
structures called rhizomes (e.g. indiangrass), or
aboveground structures called stolons (e.g. buf-
falograss). They may also be woody, as in shrubs,
vines (grape), and trees (orange).

(iv) Monocarp. Monocarps are annuals or biennials,
but some persist in vegetative development for
very long periods (e.g., the so-called “century
plant”) before they flower and set seed (e.g.,

bamboo and agave). Once flowering occurs, the
plant dies. That is, monocarps are plants that
flower only once. Other examples are bromeli-
ads. 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
producers 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.

5.4.3 The flower structure

Genetic manipulation of flowering plants by conven-
tional tools is accomplished using the technique of
crossing, which involves flowers. To be successful,
the plant breeder should be familiar with the flower
structure, regarding the parts and their arrangement.
Flower structure affects the way flowers are

Seed

Death

Vegetative
growth 2

Vegetative
growth 1

Reproductive
growth

(a) Annual (b) Biennial

(c) Perennial (d) Monocarp

Reproductive
growth

Dormancy

Seed

Death

Vegetative
growth

Dormancy

Reproductive
growth

Seed

Death
Vegetative
growth

Reproductive
growth

Dormancy

Seed

Death

Vegetative
growth

Figure 5.2 Flowering plants have one of four lifecycles – annual, biennial, perennial, and monocarp. Variations occur
within each of these categories, partly because of the work of plant breeders.
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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.

5.4.4 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 5.3). The male part of the flower
(the stamen) comprises a stalk, called a filament, to
which is attached a structure consisting of four
pollen-containing chambers 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 (contains carpels). The pistil is also called the
gynoecium. Sepals are often leaf-like structures that
enclose the flower in its bud stage. Collectively, sepals
are called the calyx. The showiest parts of the flower
are the petals, collectively called the corolla.

5.4.5 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,
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 flow-
ers. 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 (tassel) 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 either 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.

5.4.6 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

Pistil
Stigma

Style

Anther

Filament

Stamen

Petal

Sepal

Pedicel

Figure 5.3 The typical flower has four basic parts – petals, sepals, pistil, and stamen. The shape, size, color and other
aspects of these floral parts differ widely among species.
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called microspore mother cells in anthers and mega-
spore mother cells in the ovary (Figure 5.4). Micro-
spores derived from the mother cells are haploid cells,
each dividing by mitosis to produce an immature
male gametophyte (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 pro-
duce 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 structure. 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.

5.4.7 Pollination and fertilization

Pollination is the transfer of pollen grains from the
anther to the stigma of a flower. This transfer is
achieved through a vector or pollination agent. The
common pollination vectors are wind, insect, mam-
mals, and birds. Flowers have certain features that suit
the various pollination mechanisms (Table 5.1).
Insect-pollinated flowers tend to be showy and exude

Microspore mother cell (2n)

Meiosis

Microspores (n)

Vegetative and generative nuclei

Vegetative nucleus

Mitosis

Sperm cells

Two synergids sandwich egg

Egg cell (n)

Two fused polar nuclear
Three antipodal cells

Megaspore mother cell (2n)
Meiosis

n
Three nuclei degenerate

1-nucleate stage

2-nucleate stage

4-nucleate stage
Three mitotic divisions

8-nucleate stage

Sperm cell fuses
  with the two
  polar nuclei to
  form 3n
  endosperm

A sperm cell fuses with
egg to form 2n embryo

Figure 5.4 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.

Table 5.1 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, flowers
produce copious, thick nectar

Birds Bright colors (red, yellow); odorless; thick copious nectar
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strong fragrances. Birds are attracted to red and yel-
low flowers. When compatible pollen falls on a recep-
tive 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 spe-
cies 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.

5.5 Autogamy

Self-pollination or autogamy occurs in a wide variety
of plant species – vegetables (lettuce, tomatoes, snap
beans, endive), legumes (soybean, peas, lima beans)
and grasses (barley, wheat, oats). Certain natural
mechanisms promote or ensure self-pollination, spe-
cifically cleistogamy and chasmogamy, while other
mechanisms prevent self-pollination (e.g., self-
incompatibility, male sterility).

5.5.1 Mechanisms that promote autogamy

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, lettuce), a
condition called chasmogamy. Some floral struc-
tures, 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 pollina-
tion, 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 susceptible to some cross-
pollination. A list of predominantly self-pollinated
species is presented in Table 5.2.

5.5.2 Mechanisms that prevent autogamy

There are several mechanisms in nature that work
to prevent self-pollination in species that otherwise
would be self-pollinated. These include self-
incompatibility, male sterility and dichogamy.

Self-incompatibility

Self-Incompatibility (or lack of self-fruitfulness) is a
condition in which the pollen from a flower is not
receptive on the stigma of the same flower, and hence
incapable of setting seed. This happens in spite of the
fact that both pollen and ovule development are nor-
mal and viable. It is caused by a genetically controlled
physiological hindrance to self-fertilization. Self-
incompatibility is widespread in nature, occurring in
families such as Poaceae, Cruciferae, Compositae, and
Rosaceae. The incompatibility reaction is genetically
conditioned by a locus designated S, with multiple

Table 5.2 Examples of predominantly self-pollinated
species.

Common name Scientific name

Barley Hordeum 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 Letuca sativa.
Oat Avena sativa
Pea Pisum sativum
Peach Prunus persica
Peanut Arachis hypogaea
Rice Oryza sativa
Sorghum Sorghum bicolor
Soybean Glycine max
Tobacco Nicotiana tabacum
Tomato Solanum lycopersicum
Wheat Triticum aestivum
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alleles that can number over 100 in some species such
as Trifolium pretense. However, unlike monoecy and
dioecy, all plants produce seed in self-incompatible
species.

Self-incompatibility systems

Self-incompatibility systems may be classified into two
basic types – heteromorphic and homomorphic.

� Heteromorphic incompatibility. This is caused by
differences in the lengths of stamens and style
(called heterostyly) (Figure 5.5). In one flower type
called the pin, the styles are long while the anthers
are short. In the other flower type, thrum, the
reverse is true (e.g., in Primula). The pin trait
is conditioned by the genotype ss while thrum is
conditioned by the genotype Ss. Crosses of pin (ss) x
pin (ss) as well as thrum (Ss) x thrum (Ss) are
incompatible. However, pin (ss) x thrum (Ss) or vice
versa is compatible. The condition described is
distyly because of the two different types of style
lengths of the flowers. In Lythrum three different
relative positions occur (called tristyly).

� Homomorphic incompatibility. There are two
kinds of homomorphic incompatibility – gameto-
phytic and sporophytic (Figure 5.6).
(i) Gametophytic incompatibility. In gameto-

phytic incompatibility (originally called the
oppositional factor system), the ability of the

pollen to function is determined by its own
genotype and not the plant that produces it.
Gametophytic incompatibility is more wide-
spread than sporophytic incompatibility.
Gametophytic incompatibility occurs in species
such as red clover, white clover, and yellow
sweet clover. Homomorphic incompatibility is
controlled by a series of alleles at a single locus
(S1, S2, . . . . . . Sn) or alleles at two loci in
some species. The system is called homomor-
phic because the flowering structures in both
the seed-bearing (female) and pollen-bearing
(male) plants are similar. The alleles of the
incompatibility gene(s) act individually in
the style. They exhibit no dominance. The
incompatible pollen is inhibited in the style.
The pistil is diploid and hence contains two

S1 S2

(a) Sporophytic incompatibility

1 2
1

2
2

S2

S1 S2

(b) Gametophytic incompatibility

S3S3 S4S3

1 3 1
4

3
1

4
2

Figure 5.6 Types of self-incompatibility: (a)
sporophytic and (b) gametophytic. Sporophytic
incompatibility occurs in families such as Compositae
and Cruciferae. It is associated with pollen grains
with two generative nuclei, whereas gametophytic
incompatibility is associated with pollen with one
generative nucleus in the pollen tube as occurs in
various kinds of clover.

Stigma

(a) Pin flower (b) Thrum flower

Figure 5.5 Heteromorphic incompatibility showing
floral modifications in which anthers and pistils are of
different lengths in different plants (heterostyly). This
type of incompatibility is believed to be always of the
sporophytic type. Pin and thrum flowers occurs in
flowers such as Primula, Forsythia, Oxalis, and Silia.
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incompatibility alleles (e.g., S1S3, S3S4).
Reactions occur if identical alleles in both pol-
len and style are encountered. Only heterozy-
gotes for S alleles are produced in this system.

(ii) Sporophytic incompatibility. In sporophytic
incompatibility, the incompatibility characteris-
tics of the pollen are determined by the plant
(sporophyte) that produces it. It occurs in
species such as broccoli, radish, and kale. The
sporophytic system differs from the gameto-
phytic system in that the S allele exhibits domi-
nance. Also, it may have individual action in
both pollen and style, making this
incompatibility system complex. The domi-
nance is determined by the pollen parent.
Incompatible pollen may be inhibited on the
stigma surface. For example, a plant with
genotype S1S2 where S1 is dominant to S2, will
produce pollen that will function like S1.
Furthermore, S1 pollen will be rejected by an
S1 style but received by an S2 style. Hence,
homozygotes of S alleles are possible.

Incompatibility is expressed in one of three
general ways, depending on the species. The
germination of the pollen may be decreased
(e.g., in broccoli). Sometimes, removing the
stigma allows normal pollen germination. In
the second way, pollen germination is normal
but pollen tube growth is inhibited in the style
(e.g., tobacco). In the third scenario, the
incompatibility reaction occurs after fertiliza-
tion (e.g., in Gesteria). This third mechanism
is rare.

Changing the incompatibility reaction

Mutagens (agents of mutation) such as X-rays, radio-
active sources such as 32P and certain chemicals have
been used to make a self-infertile genotype self-fertile.
Such a change is easier to achieve in gametophytic
systems than sporophytic systems. Furthermore, dou-
bling the chromosome number of species with the
sporophytic system of incompatibility does not signif-
icantly alter the incompatibility reaction. This is
because two different alleles already exist in a diploid
that may interact to produce the incompatibility
effect. Polyploidy only makes more of such alleles
available. On the other hand, doubling the chromo-
some in a gametophytic system would allow the
pollen grain to carry two different alleles (instead of
one). The allelic interaction could cancel any

incompatibility effect to allow selfing to be possible.
For example, diploid pear is self-incompatible whereas
autotetraploid pear is self-fruitful.

Plant breeding implications of self-incompatibility

Infertility of any kind hinders plant breeding. How-
ever, this handicap may be used as a tool to facilitate
breeding by certain methods. Self-incompatibility may
be temporarily overcome by techniques or strategies
such as the removal of the stigma surface (Figure 5.7)
(or application of electric shock), early pollination
(before inhibitory proteins form), or lowering the
temperature (to slow down the development of
the inhibitory substance). Self-incompatibility pro-
motes heterozygosity. Consequently, selfing self-
incompatible plants can create significant variability
from which a breeder can select superior recombi-
nants. Self-incompatibility may be used in plant
breeding (for F1 hybrids, synthetics, triploids), but
first homozygous lines must be developed.

Self-incompatibility systems for hybrid seed pro-
duction have been established for certain crops (e.g.,
cabbage, kale) that exhibit sporophytic incompa-
tibility (Figure 5.8). Inbred lines (compatible inbreds)
are used as parents. These systems generally are used
to manage pollinations for commercial production of
hybrid seed. Gametophytic incompatibility occurs in
vegetatively propagated species. The clones to be
hybridized are planted in adjacent rows.

Male sterility

Male sterility is a condition in plants whereby the
anthers or pollen are non-functional. The condition
may manifest most commonly as absence of or
extreme scarcity of pollen, severe malformation or
absence of flowers or stamens, or failure of pollen to
dehisce. Just like self-incompatibility, male sterility
enforces cross-pollination. Similarly, it can be
exploited as a tool to eliminate the need for emascu-
lation for producing hybrid seed. There are three
basic kinds of male sterility based on the origin of the
abnormality:

(i) True male sterility – This is due to unisexual
flowers that lack male sex organs (dioecy and
monoecy), or bisexual flowers with abnormal or
non-functional microspores (leading to pollen
abortion).
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(ii) Functional male sterility – The anthers fail to
release their contents even though the pollen is
fertile.

(iii) Induced male sterility – Plant breeders may use
chemicals to induce sterility.

True male sterility

There are three kinds of pollen sterility – nuclear,
cytoplasmic, cytoplasmic-genetic.

� Genetic male sterility. Genetic (nuclear, genic)
male sterility is widespread in plants. The gene for
sterility has been found in species including barley,
cotton, soybean, tomato, potato, and lima bean. It
is believed that nearly all diploid and polyploidy
plant species have at least one male sterility locus.
Genetic male sterility may be manifested as pollen

abortion (pistillody) or abnormal anther develop-
ment. Genetic male sterility is often conditioned by
a single recessive nuclear gene, ms, the dominant
allele, Ms, conditioning normal anther and pollen
development. However, male sterility in alfalfa has
been reported to be under the control of two
independently inherited genes. The expression of
the gene may vary with the environment. To be use-
ful for application in plant breeding, the male steril-
ity system should be stable in a wide range of
environments and inhibit virtually all seed produc-
tion. The breeder cannot produce and maintain a
pure population of male sterile plants. The geneti-
cally male sterile types (msms) can be propagated by
crossing them with a heterozygous pollen source
(Msms). This cross will produce a progeny in which
50% of the plants will be male sterile (msms) and
50% male fertile (Msms). If the crossing block is

Figure 5.7 Overcoming reproductive barriers: (a) pollination barriers; (b) post-fertilization reproductive barriers.
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isolated, breeders will always harvest 50% male ster-
ile plants by harvesting only the male sterile plants.
The use of this system in commercial hybrid produc-
tion is outlined Figure 5.9.

Markers linked to genetic male sterility have
been identified in some crops (e.g., bright green
hypocotyls in broccoli and potato leaf shape and
green stem in tomato). Molecular markers
(including SCAR, STS, RAPD) associated with
male sterility have also been found in some plant
species.

Male sterility may chemically be induced by
applying a variety of agents. This is useful where
cytoplasmic male sterility (CMS) genes have not
been found. However, this chemical technique has
not been routinely applied in commercial plant
breeding; it needs further refinement.

� Cytoplasmic male sterility. Sometimes, male steril-
ity is controlled by the cytoplasm (mitochondrial
gene) but may be influenced by nuclear genes. A
cytoplasm without sterility genes is described as
normal (N) cytoplasm, while a cytoplasm that causes
male sterility is called a sterile (s) cytoplasm or said
to have cytoplasmic male sterility (CMS). CMS
is transmitted through the egg only (maternal fac-
tor). The condition has been induced in species
such as sorghum by transferring nuclear chromo-
somes into a foreign cytoplasm (in this example, a
milo plant was pollinated with kafir pollen and
backcrossed to kafir). CMS has been found in spe-
cies including corn, sorghum, sugar beet, carrot,
and flax. This system has real advantages in breed-
ing ornamental species because all the offspring is
male sterile, hence allowing them to remain fruit-
less (Figure 5.10). By not fruiting, the plant
remains fresh and in bloom for a longer time

� Cytoplasmic-genetic male sterility. Cytoplasmic
male sterility may be modified by the presence of
fertility-restoring genes in the nucleus. CMS is
rendered ineffective when the dominant allele for
the fertility-restoring gene (Rf) occurs, making
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Msms
(male:
male fertile)

Msms

MsMs Msms msms

Self

F2

F1 ×

×
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Fertile hybrid

Rogue out
before anthesis

Figure 5.9 Genetic male sterility as used in practical
breeding.
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Figure 5.8 Application of self-incompatibility in
practical plant breeding. Sporophytic incompatibility is
widely used in breeding of cabbage and other Brassica
species. The single cross hybrids are more uniforms
and easier to produce. The top cross is commonly
used. A single self-incompatible parent is used as
female and is open-pollinated by a desirable cultivar as
pollen source.
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the anthers able to produce normal pollen (Fig-
ure 5.11). As previously stated, CMS is transmitted
only through the egg, but fertility can be restored by
Rf genes in the nucleus. Three kinds of progeny are
possible following a cross, depending on the geno-
type of the pollen source. The resulting progenies
assume that the fertility gene will be responsible for
fertility restoration.

Exploiting male sterility in breeding

Male sterility is used primarily as a tool in plant
breeding to eliminate emasculation in hybridization.
Hybrid breeding of self-pollinated species is tedious
and time consuming. Plant breeders use male sterile
cultivars as female parents in a cross without emascu-
lation. Male sterile lines can be developed by
backcrossing.

Using genetic male sterility in plant breeding is
problematic because it is not possible to produce a
pure population of male sterile plants using conven-
tional methods. It is difficult to eliminate the female
population before either harvesting or sorting
harvested seed. Consequently, this system of polli-
nation control is not widely used for commercial

hybrid seed production. On the contrary, CMS is
used routinely in hybrid seed production in corn,
sorghum, sunflower, and sugar beet. The applica-
tion of male sterility in commercial plant hybridiza-
tion is discussed in Chapter 17.

Dichogamy

Dichogamy is the maturing of pistils and stamens
of a flower at different times. When this occurs in
a self-pollinated species, opportunities for self-
pollination are drastically reduced or eliminated
altogether, thus making the plant practically cross-
pollinated. There are two forms of dichogamy –
protogyny (stigma is receptive before the anther is
mature to release the pollen) and protandry (pollen
is released from the anther before the female is
receptive).

Male-fertile(a)

(b)

Normal
cytoplasm System A

Nucleus
RfRf or
Rfrf or

rfrf

Male-fertile

Male-sterile

Sterile
cytoplasm System B

RfRf or
Rfrf

Sterile
cytoplasm System C

rfrf

Figure 5.11 The three systems of cytoplasmic genetic
male sterility. The three factors involved in CMS are the
normal cytoplasm (N), the male sterile cytoplasm (S),
and the fertility restorer (Rf, rf).
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Figure 5.10 Cytoplasmic male sterility as applied in
plant breeding (N, normal cytoplasm; s, sterile
cytoplasm).
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5.5.3 Genetic and breeding implications of
autogamy

Self-pollination is considered the highest degree of
inbreeding a plant can achieve. It promotes homo-
zygosity 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. Furthermore, 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 cre-
ation of new gene combinations (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 introduced 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, and also pedigree breed-
ing, bulk populations, and backcross breeding.

5.6 Genotype conversion programs

To facilitate breeding of certain major crops, projects
have been undertaken by certain breeders to create
breeding stock of male sterile lines that plant breeders
can readily obtain. In barley, over 100 spring and win-
ter wheat cultivars have been converted to male sterile
lines by USDA researchers. In the case of CMS, trans-
ferring chromosomes into foreign cytoplasm is a
method of creating CMS lines. This approach has
been used to create male sterility in wheat and sor-
ghum. In sorghum, kafir chromosomes were trans-
ferred into milo cytoplasm by pollinating milo with

kafir and backcrossing the product to kafir to recover
all the kafir chromosomes as previously indicated.

5.7 Artificial pollination control techniques

As previously indicated, crossing is a major procedure
employed in the transfer of genes from one parent to
another in the breeding of sexual species. A critical
aspect of crossing is pollination control to ensure that
only the desired pollen is involved in the cross. In
hybrid seed production, success depends on the pres-
ence of an efficient, reliable, practical, and economic
pollination control system for large scale pollination.
Pollination control may be accomplished in three
general ways:

(i) Mechanical control. This approach entails man-
ually removing anthers from bisexual flowers to
prevent pollination, a technique called emascula-
tion, or removing one sexual part (e.g., detassell-
ing in corn), or excluding unwanted pollen by
covering the female part. These methods are
time consuming, expensive, and tedious, limiting
the number of plants that can be crossed. It
should be mentioned that in crops such as corn,
mechanical detasselling is widely used in the
industry to produce hybrid seed.

(ii) Chemical control. A variety of chemicals called
chemical hybridizing agents (or other names,
e.g., male gametocides, male sterilants, polleno-
cides, androcides) are used to temporally induce
male sterility in some species. Examples of
such chemicals include Dalapon1, Estrone1,
Ethephon1, Hybrex1, and Generis1. The appli-
cation of these agents induces male sterility in
plants, thereby enforcing cross-pollination.
The effectiveness is variable among products.

(iii) Genetical control. Certain genes are known to
impose constraints on sexual biology by incapaci-
tating the sexual organ (as in male sterility) or
inhibiting the union of normal gametes (as in
self-incompatibility). These genetic mechanisms
are now discussed further.

5.8 Mendelian concepts in plant breeding

As previously stated, genetics is the principal science
that underlies plant breeding. Mendel derived several
postulates or principles of inheritance, which are often
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couched as Mendel’s Laws of inheritance. Genes are
transferred from parents to offspring following mat-
ing or crossing. Mendel’s principles are best illus-
trated using self-pollinated species, as was the case in
his original experiments.

5.8.1 Mendelian postulates

Because plant breeders transfer genes from one source
to another, an understanding of transmission genet-
ics is crucial to a successful breeding effort. The
method of breeding used depends upon the hered-
ity of the trait being manipulated, amongst 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 off-
spring 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 (F1) 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 phenomenon of dominance and recessiv-
ity. When the hybrid seed was planted and self-
pollinated, he observed that both traits appeared in
the second generation (F2) (i.e., the recessive trait
reappeared) in a ratio of 3:1 dominant:recessive indi-
viduals (Figure 5.12). 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 traits simultaneously, he observed
that the genes for different traits are inherited inde-
pendently of each other. This is called the law of
independent assortment. In summary, the two key
laws are as follows:

(i) Law I: Law of segregation: Paired factors segre-
gate during the formation of gametes in a ran-
dom fashion such that each gamete receives one
form or the other.

(ii) Law II: Law of independent assortment:
When two or more pairs of traits are considered
simultaneously, the factors for each pair of traits
assort independently to the gametes.

Mendel’s pair of factors is now known as genes,
while each factor of a pair (e.g., HH or hh) is called an
allele (i.e. the alternative form of a gene; H or h).
The specific location on the chromosome where a
gene resides is called a gene locus or simply locus
(loci for plural).

5.8.2 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
individual’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
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Figure 5.12 Mendel’s postulates: (a) dominance, (b) segregation, and (c) independent assortment.
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uppercase letter (H, G) indicating the dominant
allele (expressed over the alternative allele), while a
lower case letter (h, g) indicates the recessive allele. A
plant that has two identical alleles for genes is homo-
zygous at that locus (e.g., AA, aa, GG, gg) 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
phenotype is the result of the interaction between a
genotype and its environment (i.e., phenotype¼
genotypeþ environment, or symbolically, P¼GþE).
Later in this book a more complete form of this equa-
tion is introduced as P¼GþEþGEþ error, where
GE represents the interaction between the environ-
ment and the genotype. This interaction effect helps
plant breeders in the cultivar release decision making
process (Chapter 23).

5.8.3 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 (Figure 5.13) facilitates
the analysis. For example, a monohybrid cross in
which the genotypes of interest are AA� aa, where A
is dominant over a, will produce a hybrid genotype
Aa in the F1 (first filial generation) with an AA pheno-
type. However, in the F2 (F1�F1), the Punnett
square shows a genotypic ratio of 1AA:2Aa:1aa and
a phenotypic ratio of 3:1 because of dominance. A
dihybrid cross (involving simultaneous analysis of
two different genes) is more complex but concep-
tually like a monohybrid cross (only one gene of
interest) analysis. An analysis of a dihybrid cross
AABB� aabb, using the Punnett square is illustrated
in Figure 5.13. An alternative method of genetic anal-
ysis of a cross is by the branch diagram or forked line
method (Figure 5.14).

Predicting the outcome of a cross is important to
plant breeders. One of the critical steps in a hybrid
program is to authenticate the F1 product. The

breeder must be certain that the F1 truly is a success-
ful cross and not a product of selfing. If a selfed prod-
uct 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 white flowers, the F1 plant is
expected to have purple flowers because of dominance
of purple over white flowers. If the F1 plant has white
flowers, it is proof that the cross was unsuccessful (i.e.,
the product of the “cross” is actually from selfing).

5.8.4 Distinguishing between heterozygous and
homozygous individuals

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

(i) Test cross. Developed by Mendel, a test cross
entails crossing the plant with the dominant allele
but unknown genotype with a homozygous
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Figure 5.13 The Punnett square procedure may be
used to demonstrate the events that occur during
hybridization and selfing: (a) a monohybrid cross and
(b) a dihybrid cross show the proportions of genotypes
in the F2 population and the corresponding Mendelian
phenotypic and genotypic ratios.

INTRODUCTION TO REPRODUCTION AND AUTOGAMY 111



recessive individual (Figure 5.15). If the unknown
genotype is PP, crossing it with the genotype pp
will produce all Pp offspring. However, if the
unknown is Pp then a test cross will produce off-
spring segregating 50:50 for Pp:pp. The test cross
also supports Mendel’s postulate that separate
genes control purple and white flowers.

(ii) Progeny Test. Unlike a test cross, a progeny
test does not include a cross with a special parent

but selfing of the F2. Each F2 plant is harvested
and separately bagged and then, subsequently,
planted. In the F3, plants that are homozygous
dominant will produce progeny that is uniform
for the trait, while plants that are heterozygous
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 genetically mixed population. Following an envi-
ronmental 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.

5.9 Complex inheritance

Just how lucky was Mendel in his experiments that
yielded his landmark results? This question has been

PP × pp

Pp
100%
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Pp × pp

Pp, pp
50% Pp : 50% pp

(b)Homozygous
genotype

Heterozygous
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Figure 5.15 The test cross. Crossing a homozygous
dominant genotype with a homozygous recessive
genotype always produces all heterozygotes (a).
However, crossing a heterozygote with a homozygous
recessive produces both homozygotes and
heterozygotes (b).
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Figure 5.14 The branch diagram method may be used to predict the phenotypic and genotypic ratios in the F2
population.
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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 inter-
pretations more challenging. The inheritance of traits
such as those studied by Mendel is described as sim-
ple (simply inherited) traits, or having Mendelian
inheritance. There are numerous other traits that
have complex inheritance patterns that cannot be pre-
dicted by Mendelian ratios. Several factors are respon-
sible for the observation of non-Mendelian ratios, as
discussed next.

5.9.1 Incomplete dominance and codominance

Mendel worked with traits that exhibited complete
dominance. Post-Mendelian studies revealed that
frequently 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 (rr) snapdragon produces pink-
flowered plants (Rr). 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 to plant
breeding technology 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 codo-
minance. Some molecular markers are codominant.
Whereas incomplete dominance produces blended
phenotype, codominance produces distinct and sepa-
rate phenotypes.

5.9.2 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 homolo-
gous gene loci that can be occupied by different
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., C1C1,
C7C10, C4C6). However, mutations may cause
additional alleles to be created in a population.
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 mul-
tiple allelism, which may help the reader better
understand the concept, is the ABO blood group
system in humans. An allelic series of importance in
plant breeding is the S alleles that condition self-
incompatibility (inability of a flower to be fertilized
by its own pollen). Self-incompatibility is a con-
straint to sexual biology and can be used as a tool
in plant breeding, as previously discussed in detail
in this chapter.

5.9.3 Multiple genes

Just as a single gene may have multiple alleles that
produce 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 iso-
zymes. Isozymes are common in plants. For example,
the enzyme phosphoglucomutase in Helianthus
debilis is controlled by two nuclear genes and two
chloroplast genes. Isozymes and allozymes were the
first molecular markers developed for use in plant and
animal genetic research.

5.9.4 Polygenic inheritance

Mendelian genes are also called major genes (or
oligogenes). 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 continu-
ous) variation, because the effects of the environ-
ment on these genes allow their otherwise
discrete segregation to be readily observed. Scien-
tists use statistical genetics to distinguish between
genetic variation due to the segregation of poly-
genes and environmental variation. Many genes
of interest to plant breeders exhibit polygenic
inheritance.
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5.9.5 Concept of gene interaction and modified
mendelian ratios

Mendel’s results primarily described discrete (dis-
continuous) variation, even though he observed con-
tinuous variation in flower color. Later studies
established that the genetic influence on the pheno-
type 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 func-
tion of numerous gene products 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 modify-
ing the expected Mendelian ratio in a characteristic
way. Instead of the 9 : 3 : 3 : 1 dihybrid ratio for domi-
nance at two loci, modifications of the ratio includes
9 : 7 (complementary genes), 9 : 6 : 1 (additive genes),
15 : 1 (duplicate genes), 13 : 3 (suppressor gene),
12 : 3 : 1 (dominant epistasis), and 9 : 3 : 4 (recessive
epistasis) (Figure 5.16). 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 mod-
els, using the chi square statistical method. Genetic
linkage, cytoplasmic inheritance, mutations, and trans-
posable elements are considered the most common
causes of non-Mendelian inheritance.

5.9.6 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 the
development 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 develop-
ment of a trait are likely to affect the outcome of the
developmental process. In sorghum, the gene hl causes
the high lysine content of seed storage proteins to
increase as well as cause the endosperm to be shrunken.
Declaring genes to be pleiotropic is often not clear cut,
because closely associated or closely linked genes can
behave this way. Conducting a large number of crosses
may produce a recombinant, thereby establishing that
linkage, rather than pleiotropy, exists.
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(f) Recessive epistasis 9 : 3 : 4
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Figure 5.16 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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Industry highlights

Haploids and doubled haploids: Their generation and
application in plant breeding

Sergey Chalyk

Institute of Genetics, Chisinau, Moldova

Haploid plants are intensively utilized for investigation and improvement of many agricultural crops. Haploids are unique

plants and can provide researchers with genetic information not possible with normal diploid individuals. The methods of

obtaining and some advantages of using haploids in plant breeding are discussed here.

What are haploids?

The term “haploid” refers to a plant or an embryo that contains a gametic chromosome set. Spontaneous haploid plants

are found to occur in many crop species, such as cotton, tomato, potato, soybean, tobacco, maize, barley wheat, rice,

rye, and so on.

In general, haploids can be divided in three types. The first type is called a maternal haploid. These haploids contain

the only nuclear material and cytoplasm from the maternal parent. They result either from the elimination of the chromo-

somes provided by the paternal parent during embryo development or by paternal sperm nuclei that are incapable of

fertilization.

The second type is called an in vitro androgenic haploid. They can be obtained through the anther or by microspore

culture and contain both the cytoplasm and nucleus of the developing microsporocyte.

The third type of haploid is called an in vivo androgenic haploid, since it arises by in vivo embryogenesis. This class of

haploids develops from an egg cell or any other cell of the embryo sac by having the chromosomes of the maternal parent

being lost during embryogenesis. Such haploids contain the cytoplasm of maternal plant and only the chromosomes of

the paternal parent.

Advantages in the utilization of haploids

Haploid plants contain only one set of chromosomes. All their genes are hemizygous and each gene has only one

allele. This particular feature of haploid plants allows them to be utilized in unique ways for breeding or genetic

studies.

Firstly, haploid plants can be utilized for the accelerated development of homozygous lines and pure cultivars. For this

purpose it is essential to double the chromosome number after a haploid individual is generated. Following diploidiza-

tion, two identical sets of chromosomes are present in the doubled haploid individual. In these instances, each gene is

now represented in two exact copies or two identical alleles. By utilizing this approach, breeders can obtain homozygous

lines and pure cultivars two to three times faster than by utilizing conventional methods of breeding.

Secondly, haploids can also be utilized for the selection of genotypes that contain favorable genes. Since haploids

possess only a single dose of their respective genomes, there is no possibility for intra-allelic genetic interactions.

Each gene is expressed in a single dose. This significantly facilitates the search and selection of favorable genes and

the development of superior breeding genotypes. In addition, since haploids possess only a single dose of each chro-

mosome, the possible number of gene segregation products is significantly reduced. This allows the breeder to identify

a favorable combination of genes with higher probability. This approach has special value for breeders or geneticists

interested in developing an understanding of the inheritance and expression of quantitative traits. The enhanced prob-

ability of finding a favorable genotype is identified in the following example. Assume that the progeny of a hybrid

plant is segregating for 10 genes. In a normal diploid, it would be necessary to grow 1 048 576 plants to obtain all

possible combinations of these genes. For haploids, it would take only 1024 haploid plants to generate all the possible

combinations at least once. This example clearly shows that a desired combination of genes can be found with far

fewer individuals when haploids are utilized.

Thirdly, natural selection on haploids can be utilized as a genetic filter to identify or remove harmful mutant genes.

Normally, a certain “genetic load” exists in any line, cultivar or population as a result of spontaneous mutation over time.

In diploid plants this is hidden by homologous alleles and can weaken the plants. By utilizing haploids, all genes are

expressed in a single dose, including mutant or deleterious genes. Consequently, haploids containing harmful, lethal and

semi-lethal mutations either perish or are completely sterile. This approach leads to the natural cleansing of breeding

material of genes that can reduce plant viability and productivity.
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Generation of haploids and doubled haploids

Chromosome elimination

It was discovered that haploid plants of Hordeum vulgare could be obtained on a large scale following the hybrid-

ization of Hordeum vulgare with Hordeum bulbosum (Kasha and Kao, 1970). When H. vulgare and H. bulbosum

are crossed, a normal double fertilization event occurs. However, during seed development, chromosomes of

H. bulbosum are eliminated in both the embryo and endosperm. At approximately 10 days post-fertilization, most

dividing cells in the embryo are haploid. Seed possessing a haploid embryo are removed from the spikes and placed

on an embryo rescue nutrient agar culture. Approximately 50–60% of the cultured embryos develop into mature

haploid plants. Colchicine, a mitotic inhibitor is applied to the haploid seedlings generating fertile spikelet/seed

sectors with double the chromosome number. Haploids with these fertile sectors generate seed that have a normal

diploid chromosome number.

Chromosome elimination is an alternative method for producing haploids commonly utilized in wheat. In this

approach, pollen from either H. bulbosum or maize pollen is applied to the silks of an emasculated wheat spike. The

application of maize pollen has proven to be the most successful approach by providing the highest frequency of

haploids.

In vitro androgenesis

In vitro androgenesis refers to the culturing of the male gamete either in the form of an anther or as isolated microspores

onto an appropriate culture media. For most crop species appropriate in vitro androgenesis culture media has been devel-

oped. The most successful culture media will be useful for a wide range of genotypes, such as that developed for barley

(Kasha et al., 2001). In their experiments more than 30 different barley genotypes have been examined and, in general,

between 5000 and 15 000 embryos are produced per plate. Regeneration ability of the embryos ranged from 36 to 97%.

About 70% of plants obtained by the method of isolated microspore cultures double chromosome number spontaneously,

eliminating the necessity for the use of chromosome doubling procedures. This method can be used for mass production

of haploids from any genotype of barley and with minor modification, genotypes of wheat.

In vivo androgenesis

Kermicle (1969) reported on the possibility of obtaining androgenic haploids in maize. He found that pollination of plants

containing the homozygous gene ig1 (indeterminate gametophyte 1) results in the development of 1–3% of seed with an

androgenic haploid embryo. Additional research has identified that the ig1 gene causes an increased number of mitotic

divisions during the formation of the megaspore mother cell. The extra divisions of the egg cells lead to a loss of a normal

fertilization event. Sperm usually penetrates egg cell, but sperm and egg cell fail to fuse. In this event, the developing

embryo possesses only the chromosomes from the sperm nuclei.

Androgenic haploids are mostly used for the accelerated development of lines containing male sterile cytoplasm.

For this purpose a series of ig1 ig1 B-3Ld Ig1 trisomics were developed that contain following types of sterile cytoplasm:

C, S, SD, Vg, ME, MY, CA, L, Q (Kindiger, 1993; Kindiger and Hamann, 1994).

Induction of maternal haploids in maize

In maize, maternal haploids can occur spontaneously. Their rate is usually about one haploid per one or two thousand of

normal diploid plants. Extensive research investigations by Chase (1969) suggested their use in inbred line development.

However, the low frequency of natural haploid generation prevents an efficient use of this approach in breeding

programs. An alternative approach to obtain and investigate maternal haploids in maize was reported following the

discovery of a line called “Stock 6” (Coe, 1959). In this report, it was observed that pollen of Stock 6 induced the genera-

tion of haploidy. The discovery of a maize pollen source that contains a haploid-inducing factor, simplified and facilitated

the ability to obtain haploids from a wide array of different genotypes.

Stock 6 has since been utilized for the development of many new haploid-inducing lines that possess dominant marker

genes for isolation of haploids. Typically, dominant marker genes conferring anthocyanin production are utilized. Such

genes cause the development or a deep red or purple pigment in the seeds, seedlings and/or plants. One such marker is

called R1-nj (R-navajo). This gene expresses anthocyanin in both the aleurone layer of the crown of the seed as well as the

embryo. Following pollination of a breeding material by a haploid-inducing line that possesses marker gene R1-nj, seeds

that develop with pigment in the aleurone layer but no pigment in the embryo will provide haploid plants (Figure B5.1).

Seeds with pigment in both the aleurone and the embryo are hybrid.
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Generating doubled haploids

Doubling the chromosome number in hap-

loids is often conducted through the use of

colchicine or other mitotic inhibitors, such as

nitrous oxide gas and some herbicides. Fol-

lowing treatment of the apical meristem by a

mitotic inhibitor, chromosome numbers are

doubled in small sectors of the haploid plant,

including some sectors of the spike, ear or

the tassel. Normally the doubled sectors pro-

duce seeds. These seeds are doubled hap-

loids, pure line cultivars.

In our research, a method of colchicine

treatment was evaluated on maize haploids.

In the method, haploid seedlings were

treated with colchicines at the stage when

the length of the coleoptile was 1 cm or lon-

ger. Initially, the seeds were germinated at

26 �C for 4–5 days. Then a small tip of the

coleoptile was removed and the seedlings

were placed into 0.06% colchicine solution

with 0.5% dimethyl sulfoxide (DMSO) for

12 h. Thereafter, the seedlings were washed

and planted in the field. Following the treat-

ment, approximately half of the haploids

produced fertile pollen (49.4%). Most were

selfed and 27.3% of the haploid individuals

produced seeds. These seeds were doubled haploids since they contained normal diploid embryo. The seeds were quite

viable and generated normal viable seedlings following planting in the field or in greenhouse.

Application of haploids and doubled haploids in plant breeding

Haploids have two primary uses in plant breeding. The first is the accelerated production of homozygous lines and pure

cultivars. As we have discussed earlier, the doubling of haploids is the most rapid route toward the development of

pure cultivars in self-pollinated seed crops. It can be achieved in a single generation and can be performed at any genera-

tion in a breeding program. For cross-pollinated crops, haploids are used primarily for the production of homozygous

lines, which are in themselves utilized in the production of hybrid seed. At present, more than 200 varieties have been

developed by utilizing a doubled haploid approach (Thomas et al., 2003).

The second primary is that haploids provide a possibility of screening breeding material for the presence of advanta-

geous genes. In both haploids and doubled haploids, all alleles are expressed. This facilitates selection of genotypes that

are important for breeders. Selected haploids can be used for the improvement of any breeding material, including

increasing the frequency of favorable genes in populations (i.e. in recurrent selection). As one example of haploid utility

in a breeding program, the method of Haploid Sib Recurrent Selection can be presented (Eder and Chalyk, 2002). In this

approach, the selection of favorable genotypes is performed on haploid plants. Every cycle of selection consists of two

steps. The first step is to obtain haploids from a synthetic population. In our experiment haploids were obtained in a

space-isolated nursery following pollination with a haploid-inducing line. The second step is growing haploid plants,

the selection of haploid plants and pollination with a mixture of pollen collected from diploid plants of the same syn-

thetic population at the same cycle of selection. Seeds from the haploids are obtained by applying pollen collected from

diploid plants of the same synthetic population at the same cycle of selection. This step requires fertility in the haploid

ears. Typically following pollination, nearly every ear possesses seed with a normal fertilized diploid embryo. This

unique tendency of maize haploid ears allows the breeder to move forward in the breeding process without doubling

the chromosome number of the haploid individuals. This makes the utilization of haploids simple and inexpensive.

In our experiments, selection was carried out for ear size. Each season, 1000–2000 haploid plants from an improved

synthetic population were planted in the field. Of these, 200–300 haploids were pollinated by diploid representatives of

the same synthetic population. At harvest time, about 20–30 haploids having the largest ears were selected for the next

cycle of selection. Three cycles of Haploid Sib Recurrent Selection were completed for two synthetic populations, SP and

SA. Initial and improved synthetics were evaluated in the field for four years. The performance results of synthetic SA are

Figure B5.1 Ear developed following pollination by haploid
inducer MHI that contains marker gene, R1-nj. The arrow
shows the kernel containing haploid embryo. Figure courtesy of
Sergey Chalyk.
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presented in Figure B5.2. The data indicate that selection for ear size, utilizing haploids, can result in a significant

increase of grain yield.

An important method that effectively estimates the efficiency of a recurrent selection program is the determination of

gain per cycle. This parameter is used for comparing the efficiency of different recurrent selection schemes. Normally

gain per cycle for grain yield in a recurrent selection scheme in maize approximates 2–5% and seldom exceeds 7%

(Gardner, 1977; Weyhrich et al., 1998). The results obtained by Haploid Sib Recurrent Selection are presented in the

Table B5.1. For synthetic population SA gain per cycle was 12.0%, and for synthetic SP it was 13.1%. Gain per cycle was

distinctly higher than that observed when utilizing conventional recurrent selection methods. The conclusion drawn from

the experiment is that the utilization of haploid plants for the selection of favorable genotypes greatly increases the effi-

ciency of recurrent selection.
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Figure B5.2 Grain yield and ear traits of synthetic population SA after three cycles of Haploid Sib Recurrent
Selection, average over four years of testing. Figure courtesy of Sergey Chalyk.

Table B5.1 Estimated gain per cycle for grain yield, ear and plant traits of SP and SA synthetic populations on
average for four years of testing.

Traits Gain per cycle (%)

SP SA

1998 1999 2000 2001 Average 1998 1999 2000 2001 Average

Grain yield 11.0 16.4 1.7 17.8 13.1 16.7 21.0 10.3 8.4 12.0
Ear length 9.2 6.6 4.4 7.5 7.8 4.5 9.2 4.4 5.8 6.2
Seeds per row 2.6 6.7 1.1 9.6 6.2 7.5 11.4 4.8 4.8 6.3
Rows number 7.3 6.2 3.0 5.2 2.9 1.4 4.7 3.0 4.4 6.1
Ear diameter 5.7 4.8 0.6 4.1 4.1 3.5 3.7 2.2 2.6 2.0
Plant height 9.3 9.6 10.5 7.7 10.0 12.1 3.7 7.3 4.8 4.8
Ear height 10.0 7.6 10.0 11.8 10.9 16.6 8.4 13.8 11.1 6.7
Leaf length 8.5 6.2 3.8 9.0 7.8 3.3 2.8 1.5 3.2 2.6
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Key references and suggested reading

Acquaah, G. (2004). Horticulture: Principles and practices,
3rd edn. Prentice Hall, Upper Saddle River, NJ.

Kiesselbach, T.A. (1999). The structure and reproduc-
tion of corn. 50th anniversary edition. Cold Spring

Habor Laboratory Press, Cold Spring Habor, New
York.

Stern, K.R. (1997). Introductory plant biology, 7th edn.
Wm. C. Brown Publishers, Dubuque, IA.

Overall, numerous experiments have indicated that haploid generation can be successfully applied to several species

on a large scale. The methods and citations given above provide only a few examples of this useful and efficient

method. Utilization of haploids and doubled haploids can simplify the identification of genotypes that can provide a

significant improvement in a variety of agronomic traits. In addition, haploids and doubled haploids can accelerate the

generation of homozygous lines and pure cultivars. Therefore, haploid inducement technologies have a bright future in

plant breeding.
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Outcomes assessment

Part A

Please answer the following questions true or false.

1 Biennial plants complete their lifecycle in two growing seasons.
2 A staminate flower is a complete flower.
3 Self-pollination promotes heterozygosity of the sporophyte.
4 The union of egg and sperm is called fertilization.
5 A branched raceme is called a panicle.
6 The carpel is also called the androecium.
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Part B

Please answer the following questions.

1 Plants reproduce by one of two modes, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2 Distinguish between monoecy and dioecy.
3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . is the transfer of pollen grain from the anther to the stigma of a flower.
4 What is self-incompatibility?
5 Distinguish between heteromorphic self-incompatibility and homomorphic self-incompatibility.
6 What is apomixis?
7 Distinguish between apospory and displospory as mechanisms of apomixis

Part C

Please write a brief essay on the following topics.

1 Discuss the genetic and breeding implications of self-pollination.
2 Discuss the genetic and breeding implications of cross-pollination.
3 Fertilization does not always follow pollination. Explain.
4 Discuss the constraints of sexual biology in plant breeding.
5 Discuss how cytoplasmic male sterility (CMS) is used in a breeding program.
6 Discuss how genetic male sterility is used in a breeding program
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