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Introduction to
concepts of population

genetics

Purpose and expected outcomes

Plant breeders manipulate plants based on the modes of their reproduction (i.e., self- or cross-pollinated). Self-
pollinated plants are pollinated predominantly by pollen grains from their own flowers, whereas cross-pollinated
plants are predominantly pollinated by pollen from other plants. These different reproductive behaviors have
implications in the genetic structure of plant populations. In addition to understanding Mendelian genetics, plant
breeders need to understand changes in gene frequencies in populations. After all, selection alters the gene frequen-
cies of breeding populations. After studying this chapter, the student should be able to:

1 Define a population.
2 Discuss the concept of a gene pool.
3 Discuss the concept of gene frequency.
4 Discuss the Hardy–Weinberg law.
5 Discuss the implications of the population concept in breeding.
6 Discuss the concept of inbreeding and its implications in breeding.
7 Discuss the concept of combining ability.

3.1 Concepts of a population and gene pool

Some breeding methods focus on individual plant
improvement, whereas others focus on improving
plant populations. Plant populations have certain
dynamics, which impact their genetic structure.

The genetic structure of a population determines its
capacity to be changed by selection (i.e., improved
by plant breeding). Understanding population
structure is key to deciding the plant breeding
options and selection strategies to use in a breeding
program.
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3.1.1 Definitions

A population is a group of sexually interbreeding
individuals. The capacity to interbreed implies that
every gene within the group is accessible to all mem-
bers through the sexual process. A gene pool is the
total number and variety of genes and alleles in a sexu-
ally reproducing population that are available for
transmission to the next generation. Rather than the
inheritance of traits, population genetics is con-
cerned with how the frequencies of alleles in a gene
pool change over time. Understanding population
structure is important to breeding by either conven-
tional or unconventional methods. It should be
pointed out that the use of recombinant DNA tech-
nology, as previously indicated, has the potential to
allow gene transfer across all biological boundaries to
be made. Breeding of cross-pollinated species tends
to focus on improving populations rather than indi-
vidual plants, as is the case in breeding self-pollinated
species. To understand population structure and its
importance to plant breeding, it is important to
understand the type of variability present, and its
underlying genetic control, in addition to the mode
of selection for changing the genetic structure.

3.1.2 Mathematical model of a gene pool

As previously stated, gene frequency is the basic con-
cept in population genetics, which is concerned with
both the genetic composition of the population as
well as the transmission of genetic material to the
next generation. The genetic constitution of a popu-
lation is described by an array of gene frequencies.
The genetic properties of a population are influenced
in the process of transmission of genes from one
generation to the next by four major factors – popu-
lation size, differences in fertility and viability,
migration and mutation, and the mating system.
Genetic frequencies are subject to sample variation
between successive generations. A plant breeder
directs the evolution of the breeding population
through the kinds of parents used to start the base
population in a breeding program, how the parents
are mated, and artificial selection.

The genetic constitution of individuals in a popula-
tion is reconstituted for each subsequent generation.
Whereas the genes carried by the population have con-
tinuity from one generation to the next, there is no
such continuity in the genotypes in which these genes

occur. Plant breeders often work with genetic phe-
nomena in populations that exhibit no apparent
Mendelian segregation, even though in actuality, they
obey Mendelian laws. Mendel worked with genes
whose effects were categorical (kinds) and were readily
classifiable (ratios) into kinds in the progeny of crosses.
Breeders, on the other hand, are usually concerned
about differences in populations measured in degrees
rather than kinds. Population genetics uses mathemat-
ical models to attempt to describe population phe-
nomena. To accomplish this, it is necessary to make
assumptions about the population and its environment.

Calculating gene frequency

To understand the genetic structure of a population,
consider a large population in which random mating
occurs, with no mutation or gene flow between this
population and others, no selective advantage for any
genotype, and normal meiosis. Consider also one
locus, A, with two alleles, A and a. The frequency of
allele A1 in the gene pool is p, while the frequency of
allele A2 is q. Also, pþ q¼ 1 (or 100% of the gene
pool). Assume a population of N diploids in which
two alleles (A, a) occur at one locus. Assuming
dominance at the locus, three genotypes – AA, Aa,
and aa – are possible in an F2 segregating population.
Assume the genotypic frequencies are D (for AA), H
(for Aa) and Q (for aa). Since the population is dip-
loid, there will be 2N alleles in it. The genotype AA
has two A alleles. Hence, the total number of A alleles
in the population is calculated as 2DþH. The pro-
portion or frequency of A alleles (designated as p) in
the population is obtained as follows:

2DþH=2N ¼ Dþ 1
2H= �=N ¼ p

�

The same can be done for allele a, and designated q.
Further, pþ q¼ 1 and hence p¼ 1� q. If N¼ 80,
D¼ 4, and H¼ 24:

p ¼ Dþ 1
2H= �=N ¼ ð4þ 12Þ=80 ¼ 16=80 ¼ 0:2

�

Since pþ q¼ 1, q¼ 1� p, and hence q¼ 1� 0.2¼
0.8.

Hardy–Weinberg equilibrium

Consider a random mating population (each male
gamete has an equal chance of mating with any female
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gamete). Random mating involving the previous
locus (A/a) will yield the following genotypes: AA,
Aa, and aa, with the corresponding frequencies of
p2, 2pq, and q2, respectively. The gene frequencies
must add up to unity. Consequently, p2þ 2pqþ q2

¼ 1. This mathematical relationship is called the
Hardy–Weinberg equilibrium. Hardy, from Eng-
land, and Weinberg, from Germany, discovered that
equilibrium between genes and genotypes is achieved
in large populations. They showed that the frequency
of genotypes in a population depends on the fre-
quency of genes in the preceding generation, not on
the frequency of the genotypes.

Considering the previous example, the genotypic
frequencies for the next generation following random
mating can be calculated as follows:

AA ¼ p2 ¼ 0:22 ¼ 0:04
Aa ¼ 2pq ¼ 2ð0:2� 0:8Þ ¼ 0:32
aa ¼ q2 ¼ 0:82 ¼ 0:64

Total ¼ 1:00

The Hardy–Weinberg equilibrium is hence summa-
rized as:

p2AA þ 2pqAa þ q2aa ¼ 1ðor 100%Þ

This means that in a population of 80 plants as before,
about three plants will have a genotype of AA, 26 will
be Aa, and 51, aa. Using the previous formula, the
frequencies of the genes in the next generation may
be calculated as:

p ¼ Dþ 1
2H= �=N ¼ ð3þ 13Þ=80 ¼ 0:2

�

and q ¼ 1� p¼ 0.8
The allele frequencies have remained unchanged,

while the genotypic frequencies have changed from 4,
24, and 52, to 3, 26, and 51, for AA, Aa, and aa,
respectively. However, in subsequent generations,
both the genotype and gene frequencies will remain
unchanged, provided that:

1 random mating occurs in a very large diploid
population;

2 allele A and allele a are equally fit (one does not
confer a superior trait than the other);

3 there is no differential migration of one allele into
or out of the population;

4 the mutation rate of allele A is equal to that of
allele a.

In other words, the variability does not change
from one generation to another in a random mating
population. The maximum frequency of the hetero-
zygote (H) cannot exceed 0.5 (Figure 3.1). The
Hardy–Weinberg law states that equilibrium is
established at any locus after one generation of ran-
dom mating. From the standpoint of plant breed-
ing, two states of variability are present – two
homozygotes (AA, aa), called “free variability”,
that can be fixed by selection and the intermediate
heterozygous (Aa), called “hidden or potential var-
iability”, that can generate new variability through
segregation. In outcrossing species, the homozy-
gotes can hybridize to generate more heterozygotic
variability. Under random mating and no selection,
the rate of crossing and segregation will be balanced
to maintain the proportion of free and potential
variability at 50% : 50%. In other words, the popula-
tion structure is maintained as a dynamic flow of
crossing and segregation. However, with two loci
under consideration, equilibrium will be attained
slowly over many generations. If genetic linkage is
strong, the rate of attainment of equilibrium will
even be much slower.

A1A1 A2A2

A1A2

1.00
Allele frequency of A2

A
lle

le
 fr

eq
ue

nc
y 

of
 A

1

Figure 3.1 The relationship between allele frequencies
and genotype frequencies in a population in Hardy–
Weinberg equilibrium for two alleles. The frequency of
the heterozygotes cannot be more than 50%, and this
maximum occurs when the allele frequencies are
p¼ q¼ 0.5. Further, when the frequency of an allele
is low, the rare allele occurs predominantly in
heterozygotes and there are very few homozygotes.
(Adapted from Falconer, 1981.)
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Most of the important variation displayed by nearly
all plant traits affecting growth, development and
reproduction, is quantitative (continuous or poly-
genic variation; controlled by many genes). Polygenes
demonstrate the same properties in terms of domi-
nance, epistasis, and linkage as classical Mendelian
genes. The Hardy–Weinberg equilibrium is applicable
to these traits. However, it is more complex to
demonstrate.

Another state of variability is observed when more
than one gene affects the same polygenic trait.
Consider two independent loci with two alleles
each: A, a and B, b. Assume also the absence of
dominance or epistasis. It can be shown that nine
genotypes (AABB, AABb, AaBb, Aabb, AaBB,
AAbb, aaBb, aaBB, aabb) and five phenotypes
([AABB, 2AaBB]þ [2AABb; AAbb, aaBB]þ
[4AaBb, 2aaBb]þ [2Aabb]þ [aabb]), in a frequency
of 1 : 4 : 6 : 4 : 1, will be produced following random
mating. Again, the extreme genotypes (AABB,
aabb) are the source of completely free variability.
But AAbb and aaBB, phenotypically similar but
contrasting genotypes, also contain latent variability.
Termed homozygotic potential variability, it will be
expressed in free state only when, through crossing,
a heterozyote (AaBb) is produced, followed by seg-
regation in the F2. In other words, two generations
will be required to release this potential variability in
free state. Further, unlike the 50% : 50% ratio in the
single locus example, only 1/8 of the variability is
available for selection in the free state, the remainder
existing as hidden in the heterozygotic or homozy-
gotic potential states. A general mathematical rela-
tionship may be derived for any number (n) of
genes as 1:n:n–1 of free:heterozygotic potential:
homozygotic potential.

Another level of complexity may be factored in by
considering dominance and non-allelic interactions
(AA¼Aa¼BB¼Bb). If this is so, the nine genotypes
previously observed will produce only three pheno-
typic classes, [AABB, 4AaBb, 2AaBB, 2AABb]þ
[2Aabb, 2aaBb, AAbb, aaBB]þ [aabb], in a fre-
quency of 9 : 6 : 1. A key difference is that 50% of the
visible variability is now in the heterozygous potential
state that cannot be fixed by selection. The heterozy-
gotes now contribute to the visible instead of the
cryptic variability. From the plant breeding stand-
point, its effect is to reduce the rate of response to
phenotypic selection at least in the same direction as
the dominance effect. This is because the fixable

homozygotes are indistinguishable from the hetero-
zygotes without a further breeding test (e.g., progeny
row). Also, the classifications are skewed (9 : 6 : 1) in
the positive (or negative) direction.

Key plant breeding information to be gained from
the above discussion is that, in outbreeding popula-
tions, polygenic systems are capable of storing large
amounts of cryptic variability. This can be gradually
released for selection to act on through crossing,
segregation, and recombination. The flow of this
cryptic variability to the free state depends on the
rate of recombination (which also depends on
the linkage of genes on the chromosomes and the
breeding system).

Given a recombination value of r between two
linked genes, the segregation in the second genera-
tion depends on the initial cross, as M.D. Haywood
and E.L. Breese demonstrated as follows:

Initial cross Free Homozygous
potential

1. AABB� aabb 1(1� r) 2r
2. AAbb� aaBB 2r 2(r�1)

The second cross shows genes linked in the repul-
sion phase. The flow of variability from the homozy-
gous potential to the free state depends on how tight
a linkage exists between the genes. It will be at its
maximum when r¼ 0.5 and recombination is free,
and diminish with diminishing r. This illustration
shows that with more than two closely linked loci on
the same chromosome, the flow of variability would
be greatly restricted. In species where selfing is the
norm (or when a breeder enforces complete inbreed-
ing) the proportion of heterozygotes will be reduced
by 50% in each generation, dwindling to near zero by
the eighth or ninth generation.

The open system of pollination in cross-pollinated
species allows each plant in the gene pool to have
both homozygous and heterozygous loci. Plant
breeders exploit this heterozygous genetic structure
of individuals in population improvement programs.
In a natural environment, the four factors of genetic
change mentioned previously are operational. Fitness
or adaptive genes will be favored over non-adaptive
ones. Plant breeders impose additional selection pres-
sure to hasten the shift in the population genetic
structure toward adaptiveness as well as increase the
frequencies of other desirable genes.

46 CHAPTER 3



An example of a breeding application
of Hardy–Weinberg equilibrium

In disease resistance breeding, plant breeders cross an
elite susceptible cultivar with one that has disease
resistance. Consider a cross between two populations,
susceptible x resistant. If the gene frequencies of an
allele A in the two populations are represented by P1

and P2, the gene frequency in the F1¼ (P1þP2)/
2¼ p. Assuming the frequency of the resistance gene
in the resistant cultivar is P1¼ 0.7 and that in the sus-
ceptible elite cultivar is P2¼ 0.05, the gene frequency
in the progeny of the cross p would be obtained as
follows:

p ¼ ðP1 þ P2Þ=2 ¼ ð0:7þ 0:05Þ=2 ¼ 0:375:

Consequently, the gene frequency for the resistant
trait is reduced by about 50% (from 0.7 to 0.375).

3.2 Issues arising from the Hardy–Weinberg
equilibrium

For the Hardy–Weinberg equilibrium to be true, sev-
eral conditions must be met. However, some situa-
tions provide approximate conditions to satisfy the
requirements.

3.2.1 Issue of population size

The Hardy–Weinberg equilibrium requires a large
random mating population (among other factors as
previously indicated) to be true. However, in practice,
the law has been found to be approximately true for
most of the genes in most cross-pollinated species,
except when non-random mating (e.g., inbreeding
and assortative mating) occur. Whereas inbreeding is
a natural feature of self-pollinated species, assortative
mating can occur when cross-pollinated species are
closely spaced in the field.

3.2.2 Issue of multiple loci

Research has shown that it is possible for alleles at two
loci to be in random mating frequencies and yet not
in equilibrium with respect to each other. Further-
more, equilibrium between two loci is not attained
after one generation of random mating as the
Hardy–Weinberg law concluded but is attained slowly
over many generations. Also, the presence of genetic

linkage will further slow down the rate of attainment
of equilibrium (Figure 3.2). If there is no linkage
(c¼ 0.5), the differential between actual frequency
and the equilibrium frequency is reduced by 50% in
each generation. At this rate, it would take about
seven generations to reach approximate equilibrium.
However, at c¼ 0.01 and c¼ 0.001, it would take
about 69 and 693 generations, respectively, to reach
equilibrium. A composite gene frequency can be
calculated for genes at the two loci. For example, if
the frequency at locus Aa¼ 0.2 and that for locus
bb¼ 0.7, the composite frequency of a genotype
Aabb¼ 0.2� 0.7¼ 0.14.

3.3 Factors affecting changes
in gene frequency

Gene frequency in a population may be changed by
one of two primary types of processes – systematic or
dispersive. A systematic process causes a change in
gene frequency that is predictable in both direction
and amount. A dispersive process, associated with
small populations, is predictable only in amount, not
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Figure 3.2 The approach to linkage equilibrium under
random mating of two loci considered together.
The value of c gives the linkage frequency between two
loci. The effect of linkage is to slow down the rate of
approach; the closer the linkage, the slower the rate.
For c¼0.5, there is no linkage. The equilibrium
value is approached slowly and is theoretically
unattainable.
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direction. D.S. Falconer listed the systematic pro-
cesses as selection, migration, andmutation.

3.3.1 Migration

Migration is important in small populations. It entails
the entry of individuals into an existing population
from outside. Because plants are sedentary, migration,
when it occurs naturally, is via pollen transfer (gamete
migration). The impact that this immigration will
have on the recipient population will depend on the
immigration rate and the difference in gene frequency
between the immigrants and natives. Mathematically,
Dq¼m(qm� qo), where Dq¼ the changes in the fre-
quency of genes in the new mixed population, m¼
the number of immigrants, qm¼ the gene frequency
of the immigrants, and qo¼ gene frequency of the
host. Plant breeders employ this process to change
frequencies when they undertake introgression of
genes into their breeding populations. The breeding
implication is that for open-pollinated (outbreeding)
species, the frequency of the immigrant gene may be
low, but its effect on the host gene and genotypes
could be significant.

3.3.2 Mutation

Natural mutations are generally rare. A unique muta-
tion (non-recurrent mutation) would have little
impact on gene frequencies. Mutations are generally
recessive in gene action, but the dominant condition
may also be observed. Recurrent mutation (occurs
repeatedly at a constant frequency) may impact gene
frequency of the population. Natural mutations are
of little importance to practical plant breeding.
However, breeders may artificially induce mutation to
generate new variability for plant breeding.

3.3.3 Selection

Selection is the most important process by which
plant breeders alter population gene frequencies. Its
effect is to change the mean value of the progeny
population from that of the parental population. This
change may be greater or lesser than the population
mean, depending on the trait of interest. For example,
breeders aim for higher yield but may accept and
select for less of a chemical factor in the plant that
may be toxic in addition to the high yield. For selec-
tion to succeed:

1 there must be phenotypic variation for the trait to
allow differences between genotypes to be
observed;

2 the phenotypic variation must at least be partly
genetic.

3.4 Frequency dependent selection

Selection basically concerns the differential rate of
reproduction by different genotypes in a population.
The concept of fitness describes the absolute or rela-
tive reproductive rate of genotypes. The contribu-
tion of genotypes to the next generation is called the
fitness (or adaptive value or selective value).
The relative fitness of genotypes in a population may
depend on its frequency relative to others. Selection
occurs at different levels in the plant – phenotype,
genotype, zygote, and gamete – making it possible
to distinguish between haploid and diploid selec-
tions. The coefficient of selection is designated s,
and has values between zero and one. Generally, the
contribution of a favorable genotype is given a score
of one, while a less favorable (less fit) genotype is
scored 1� s.

An s¼ 0.1 means that for every 100 zygotes pro-
duced with the favorable genotype there will be 90
individuals with the unfavorable genotype. Fitness
can exhibit complete dominance, partial dominance,
no dominance, or overdominance. Consider a case of
complete dominance of the A allele. The relative fit-
ness of genotypes will be:

Genotypes AA Aa aa Total
Initial frequency p2 2pq q2 1
Relative fitness 1 1 1� s
After selecting p2 2pq q2(1� s) 1� sq2

The total after selection is given by:

p2 þ 2pq þ q2ð1� sÞ
¼ ð1� qÞð1� qÞ þ 2ð1� qÞq þ q2 � sq2

¼ 1� 2q þ q2 þ 2q � 2q2 þ q2 � sq2 þ 1� sq2

To obtain the gene frequency in the next generation,
use:

Q¼ ð1 2HþQÞ=N=

¼ ½pq þ q2ð1� sÞ�=1� sq2
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where p¼ 1� q, and multiply (1� s) by q2:

q1¼ ½qð1� qÞ þ q2 � sq2�=1� sq
¼ ½q � q2 þ q2 � sq2�=1� sq2

¼ ðq � sq2Þ=1� sq2

¼ ½qð1� sqÞ�=1� sq2

The relationship between any two generations may be
generalized as:

qðn þ 1Þ ¼ ½qnð1� sqnÞ�=1� sq2n

Similarly, the difference in gene frequency, Dq,
between any two generations can be shown to be:

Dq ¼ q1 � q
¼ ½sq2ð1� qÞ�=1� sq2

Other scenarios of change in gene frequency are
possible.

Plant breeders use artificial selection to impose new
fitness values on genes that control traits of interest in
a breeding program.

3.5 Summary of key plant
breeding applications

� Selection is most effective at intermediate gene fre-
quency (q¼0.5) and least effective at very large or
very small frequencies (q¼0.99 or q¼ 0.01).
Furthermore, selection for or against a rare allele is
ineffective. This is so because a rare allele in a popu-
lation will invariably occur in the heterozygote and
be protected (heterozygote advantage).

� Migration increases variation of a population. Varia-
tion of a population can be expanded in a breeding
program through introductions (impact of germ-
plasm). Migration also minimizes the effects of
inbreeding.

� In the absence of the other factors or processes, any
one of the frequency altering forces will eventually
lead to fixation of one allele or the other.

� The forces that alter gene frequencies are usually
balanced against each other (e.g., mutation to a del-
eterious allele is balanced by selection).

� Gene frequencies attain stable values called equili-
brium points.

� In both natural and breeding populations, there
appears to be a selective advantage for the hetero-
zygote (hybrid). Alleles with low selection pressure

may persist in the population in the heterozygote
state for many generations.

� As population size decreases, the effect of random
drift increases. This effect is of importance in germ-
plasm collection and maintenance. The original col-
lection can be genetically changed if a small sample
is taken for growing to maintain the accession.

3.6 Modes of selection

There are three basic forms of selection – stabilizing,
disruptive, and directional – the last form being the
one of most concern to plant breeders. These forms
of selection operate to varying degrees under both
natural and artificial selection. A key difference lies in
the goal. In natural selection, the goal is to increase
the fitness of the species, whereas in plant breeding,
breeders impose artificial selection usually to direct
the population toward a specific goal (not necessarily
the fittest).

3.6.1 Stabilizing selection

Selection as a process is ongoing in nature. Regarding
traits that directly affect the fitness of a plant (i.e., via-
bility, fertility), selection will always be directionally
toward optimal phenotype for a given habitat. How-
ever, for other traits, once optimal phenotype has
been attained, selection will act to perpetuate it as
long as the habitat remains stable. Selection will be
for the population mean and against either extreme
expression of the phenotype. This mode of selection is
called stabilizing selection (or also called balancing or
optimum selection). Taking flowering as an example,
stabilizing selection will favor neither early flowering
nor late flowering. In terms of genetic architecture,
dominance will be low or absent or ambidirectional,
whereas epistasis will not generally be present. Stabiliz-
ing selection promotes additive variation.

3.6.2 Disruptive selection

Natural habitats are generally not homogeneous but
consist of a number of “ecological niches” that are
distinguishable in time (seasonal or long term cycles),
space (microniches), or function. These diverse eco-
logical conditions favor diverse phenotypic optima in
form and function. Disruptive selection is a mode of
selection in which extreme variants have higher
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adaptive value than those around the average mean
value. Hence, it promotes diversity (polymorphism).
The question then is how the different optima relate
(dependent or independent) for maintenance and
functioning. Also, at what rate does gene exchange
occur between the differentially selected genotypes?
These two factors (functional relationship and rate of
gene exchange) determine the effect of genetic struc-
ture of a population. In humans, for example, a poly-
morphism that occurs is sex (female and male).
The two sexes are 100% interdependent in reproduc-
tion (gene exchange is 100%). In plants, self-
incompatibility is an example of such genetically
controlled polymorphism. The rarer the self-
incompatibility allele at a locus, the higher the chance
of compatible mating (and vice versa). Such frequency
dependent selection is capable of building up a large
number of self-incompatibility alleles in a population.
As previously indicated, several hundreds of alleles
have been found in some species.

3.6.3 Directional selection

Plant breeders, as previously stated, impose direc-
tional selection to change existing populations or
varieties (or other genotypes) in a predetermined
way. Artificial selection is imposed on the targeted
trait(s) to achieve maximal or optimal expression. To
achieve this, the breeder employs techniques (cross-
ing) to reorganize the genes form the parents in a new
genetic matrix (by recombination), assembling “co-
adapted” gene complexes to produce a fully balanced
phenotype, which is then protected from further
change by genetic linkage. The breeding system will
determine whether the newly constituted gene combi-
nations will be maintained. Whereas inbreeding (e.g.,
selfing) would produce a homozygous population
that will resist further change (until crossed), out-
breeding tends to produce heterozygous combina-
tions. In heterozygous populations, alleles that exhibit
dominance in the direction of expression targeted by
the breeder will be favored over other alleles. Hence,
directional selection leads to the establishment of
dominance and/or genic interaction (episitasis).

3.7 Effect of mating system on selection

Four mating systems are generally recognized. They
may be grouped into two broad categories as random

mating and non-random mating (comprising
genetic assortative mating, phenotypic assortative
mating, and disassortative mating).

3.7.1 Random mating

In plants, random mating occurs when each female
gamete has an equal chance of being fertilized by any
male gamete of the same plant or with any other plant
of the population and, furthermore, there is an equal
chance for seed production. As can be seen from the
previous statement, it is not possible to achieve true
random mating in plant breeding because selection is
involved. Consequently, it is more realistic to describe
the system of mating as random mating with selec-
tion. Whereas true random mating does not change
gene frequencies, existing variability in the popula-
tion, or genetic correlation between close relatives,
random mating with selection changes gene frequen-
cies and the mean of the population, with little or no
effect on homozygosity, population variance, or
genetic correlation between close relatives in a large
population. Small populations are prone to random
fluctuation in gene frequency (genetic drift) and
inbreeding, factors that reduce heterozygosity in a
population. Random mating does not fix genes, with
or without selection. If the goal of the breeder is to
preserve desirable alleles (e.g., in germplasm compo-
sites), random mating will be an effective method of
breeding.

3.7.2 Non-random mating

Non-random mating has two basic forms: (i) mating
occurs between individuals that are related to each
other by ancestral descent (promotes an increase in
homozygosity at all loci), and (ii) individuals mate
preferentially with respect to their genotypes at
any particular locus of interest. If mating occurs such
that the mating pair has the same phenotype more
often than would occur by chance, it is said to be
assortative mating. The reverse is true in disassorta-
tive mating, which occurs in species with self-
incompatibility or sterility problems, promoting
heterozygosity.

Genetic assortative mating

Genetic assortative mating or inbreeding entails
mating individuals that are closely related by ancestry,
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the closest being selfing (self-fertilization). A genetic
consequence of genetic assortative mating is the expo-
sure of cryptic genetic variability that was inaccessible
to selection and was being protected by heterozygos-
ity (i.e., heterozygous advantage). Also, repeated self-
ing results in homozygosity and brings about fixation
of types. This mating system is effective if the goal of
the breeder is to develop homozygous lines (e.g.,
developing inbred lines for hybrid seed breeding or
development of synthetics).

Pheotypic assortative mating

Mating may also be done on the basis of phenotypic
resemblance. Called phenotypic assortative mating,
the breeder selects and mates individuals on the basis
of their resemblance to each other compared to the
rest of the population. The effect of this action is the
development of two extreme phenotypes. A breeder
may choose this mating system if the goal is to
develop an extreme phenotype.

Disassortative mating

Disassortative matingmay be genetic or phenotypic.
Genetic disassortative mating entails mating individu-
als that are less closely related than they would under
random mating. A breeder may use this system to
cross different strains. In phenotypic disassortative
mating, the breeder may select individuals with con-
trasting phenotypes for mating. Phenotypic disassor-
tative mating is a conservative mating system that may
be used to maintain genetic diversity in the germ-
plasm from which the breeder may obtain desirable
genes for breeding as needed. It maintains heterozy-
gosity in the population and reduces genetic correla-
tion between relatives.

3.8 The concept of inbreeding

As previously indicated, plant breeding is a special
case of evolution, whereby a mixture of natural and,
especially, artificial selection operates rather than nat-
ural selection alone. The Hardy–Weinberg equili-
brium is not satisfied in plant breeding because of
factors including non-random mating. Outcrossing
promotes random mating, but breeding methods
impose certain mating schemes that encourage non-
random mating, especially inbreeding. Inbreeding is

measured by the coefficient of inbreeding (F),
which is the probability of identity of alleles by
descent. The range of F is zero (no inbreeding; ran-
dom mating) to one (prolonged selfing). It can be
shown mathematically that:

½ p2ð1� F Þ þ Fp� : ½2pqð1� F Þ� : ½q2ð1� F Þ þ Fq�

If F¼ 0, then the equation reduces to the familiar
p2þ 2pqþ q2. However, if F¼ 1, it becomes p : 0 : q.
The results show that any inbreeding leads to
homozygosis (all or nearly all loci homozygous),
extreme inbreeding leading to a complete absence of
heterozygosis (all or nearly all loci heterozygous).

Differential fitness is a factor that mitigates against
the realization of the Hardy–Weinberg equilibrium.
According to Darwin, the more progeny left, on
average, by a genotype in relation to the progeny
left by other genotypes, the fitter it is. It can be
shown that the persistence of alleles in the popula-
tion depends on whether they are dominant, inter-
mediate or recessive in gene action. An unfit
(deleterious) recessive allele is fairly quickly reduced
in frequency but declines slowly thereafter. On the
other hand, an unfit dominant allele is rapidly elimi-
nated from the population, while an intermediate
allele is reduced more rapidly than a recessive allele
because the former is open to selection in the het-
erozygote. The consequence of these outcomes is
that unfit dominant or intermediate alleles are rare
in cross-breeding populations, while unfit recessive
alleles persist because they are protected by their
recessiveness. The point that will be made later but
is worth noting here is that inbreeding exposes unfit
recessive alleles (they become homozygous and are
expressed) to selection and potential elimination
from the population. It follows that inbreeding will
expose any unfit allele, dominant or recessive. Con-
sequently, species that are inbreeding would have
opportunity to purge out unfit alleles and hence
carry less genetic unfitness load (i.e., have more allele
fitness) than outcrossing species. Furthermore,
inbreeders (self-pollinated species) are more tolerant
of inbreeding while outcrossing species are intolerant
of inbreeding.

Whereas outcrosing species have more heterozy-
gous loci and carry more unfitness load, there are
cases in which the heterozygote is fitter than either
homozygote. Called overdominance, this phenome-
non is exploited in hybrid breeding (Chapter 18).
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3.9 Inbreeding and its implications
in plant breeding

The point has already been made that the methods
used by plant breeders depend on the natural means
of reproduction of the species. This is because each
method of reproduction has certain genetic conse-
quences. In Figure 3.3a there is no inbreeding
because there is no common ancestral pathway to
the individual, A (i.e., all parents are different).
However, in Figure 3.3b inbreeding exists because
B and C have common parents (D and E), that is,
they are full sibs. To calculate the amount of
inbreeding, the standard pedigree is converted to
an arrow diagram (Figure 3.3c). Each individual
contributes 1/2 of its genotype to its offspring.
The coefficient of relationship (R) is calculated by
summing up all the pathways between two individuals
through a common ancestor as: RBC¼S(1/2)

s, where s
is the number of steps (arrows) from B to the com-
mon ancestor and back to C. For example, B and C
probably inherited (1/2)(

1/2)¼ 1/4 of their genes in
common through ancestor D. Similarly, B and C
probably inherited 1/4 of their genes in common
through ancestor E. The coefficient of relationship
between B and C, as a result of common ancestry, is
hence RBC¼ 1/4þ 1/4¼ 1/2¼ 50%. Other more complex
pedigrees are shown in Figure 3.4.

As previously indicated, prolonged selfing is the
most extreme form of inbreeding. With each self-
ing, the heterozygosity decreases by 50%, whereas
the homozygosity increases by 50% from the previ-
ous generation. The approach to homozygosity
depends on the intensity of inbreeding as illustrated
in Figure 3.5. The more distant the relationship
between parents, the slower is the approach to
homozygosity. The coefficient of inbreeding (F),
previously discussed, measures the probability of
identity of alleles by descent. This can be measured
at both the individual level as well as the population
level. At the individual level, F measures the proba-
bility that any two alleles at any locus are identical
by descent (i.e., they are both products of a gene
present in a common ancestor) At the population
level, F measures the percentage of all loci which
were heterozygous in the base population but have
now probably become homozygous due to the
effects of inbreeding. There are several methods
used for calculating F. The coefficient of inbreeding
(Fx) of an individual may be obtained by counting
the number of arrows (n) that connect the individ-
ual through one parent back to the common ances-
tor and back again to the other parent, and using
the mathematical expression:

Fx ¼
X

ð1 2Þnð1þFAÞ=

3.9.1 Consequences

The genetic consequences of inbreeding were alluded
to in a previous section. The tendency towards homo-
zygosity with inbreeding provides an opportunity for
recessive alleles to be homozygous and, hence,
expressed. Whereas inbreeding generally has little or
no adverse effect in inbred species, cross-bred species
suffer adverse consequences when the recessive alleles
are less favorable than the dominant alleles. Called
inbreeding depression, it is manifested as a reduc-
tion in performance, because of the expression of less
fit or deleterious alleles. The severity of inbreeding
depression varies among species, being extreme in
species such as alfalfa in which inbreeding produces
homozygous plants that fail to survive. Furthermore,
the effect of inbreeding is most significant in the first
5–8 generations and negligible after the eighth gener-
ation in many cases.
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C E
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D E D E

B C
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Figure 3.3 Pedigree diagrams can be drawn in the
standard form (a, b) or converted to into an arrow
diagram (c).
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the formula shown in the figure.
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heterozygosity by 50% of what existed at the previous generation. (b) The approach to homozygosity is most rapid
under self-fertilization.
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3.9.2 Applications

Inbreeding is desirable in some breeding programs.
Inbred cultivars of self-pollinated species retain their
genotype through years of production. In cross-
pollinated species, inbred lines are deliberately devel-
oped for use as parents in hybrid seed production.
Similarly, partially inbred lines are used as parents in
the breeding of synthetic cultivars and vegetatively
propagated species by reducing the genetic load.
Another advantage of inbreeding is that it increases
the genetic diversity among individuals in a popula-
tion, thereby facilitating the selection process in a
breeding program.

3.9.3 Mating systems that promote inbreeding

Mating is a way by which plant breeders impact
the gene frequencies in a population. Four mating
systems are commonly used to effect inbreeding –
self-fertilization, full-sib mating, half-sib mating, and
backcrossing. Self-fertilization is the union of male
and female gametes; full-sib mating involves the
crossing of pairs of plants from a population. In half-
sib mating the pollen source is random from the pop-
ulation, but the female plants are identifiable. In a
backcross the F1 is repeatedly crossed to one of the
parents. Self-fertilization and backcrossing are the
most extreme forms of inbreeding attaining a
coefficient of inbreeding (F) of 15/16 after four gen-
erations of mating. Autopolyploids have multiple
alleles and hence can accumulate more deleterious
alleles that remain masked. Inbreeding depression is
usually more severe in autopolyploids than diploid
species. However, the progression to homozygosity is
much slower in autopolyploids than in diploids.

3.10 Concept of population improvement

The general goal of improving open or cross-
pollinated species is to change the gene frequencies in
the population towards fixation of favorable alleles
while maintaining a high degree of heterozygosity.
Unlike self-pollinated species, in which individuals are
the focus and homozygosity and homogeneity are
desired outcomes of breeding, population improve-
ment focuses on the whole group, not individual
plants. Consequently, open-pollinated populations
are not homogeneous.

3.11 Types

The population can be changed by one of two general
strategies (i.e., there are two basic types of open-
pollinated populations in plant breeding) – by popu-
lation improvement and by development of
synthetic cultivars. To develop cultivars by popula-
tion improvement entails changing the population en
masse by implementing a specific selection tactic. A
cultivar developed this way is sustainable in a sense,
maintaining its identity indefinitely through random
mating within itself in isolation. The terminology
“synthetic” is used to denote an open-pollinated cul-
tivar developed from combining inbred or clonal
parental lines. However, the cultivar is not sustain-
able and must be reconstituted from parental stock.
Other usage of the term occurs in the literature.

3.11.1 Methods of population improvement

Some form of evaluation precedes selection. A breed-
ing material is selected after evaluating the variability
available. Similarly, advancing plants from one gener-
ation to the next is preceded by an evaluation to
determine individuals to select. In self-pollinated spe-
cies, individuals are homozygous and when used in a
cross their genotype is precisely reproduced in their
progeny. Hence, a progeny test is adequate for evalu-
ating an individual’s performance. However, open-
pollinated species are heterozygous plants and are
further pollinated by other heterozygous plants grow-
ing with them in the field. Progeny testing is thus not
adequately evaluative of the performance of individual
plants of such species. A more accurate evaluation of
performance may be achieved by using pollen (prefer-
ably from a homozygous source – inbred line) to pol-
linate the plants. As previously described, the method
of evaluating the performance of different mother
plants in a comparative way using a common pollen
source (tester line) is called a test cross. The objective
of such a test is to evaluate the performance of a par-
ent in a cross, a concept called combining ability.

The methods used by plant breeders in popula-
tion improvement may be categorized into two
groups, based on the process for evaluating per-
formance. One group of methods is based solely on
phenotypic selection and the other on progeny test-
ing (genotypic selection). The specific methods
include mass selection, half-sib, full-sib, recurrent
selection, and synthetics.
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Industry highlights

Introgression breeding on tomatoes for resistance
to powdery mildew

Yuling Bai

Wageningen UR Plant Breeding, Droevendaalsesteeg 1, 6708 PB Wageningen, The Netherlands

Tomato and its wild relatives

Tomato (Solanum lycopersicum) is a very important vegetable both for the fresh market and for the processed food indus-

try. Although cultivated as an annual, tomato grows as a perennial in its original habitat in Peru (Picken et al., 1985). The

original site of domestication of tomato is likely in Mexico (Taylor, 1986).

According the recent classification, tomato belongs to section Lycopersicon and has 12 wild relatives (Table B3.1). Of

these 12 relatives, nine (numbers 1 to 9 in Table B3.1) are previously defined in the genus of Lycopersicon (referred to as

Table B3.1 Old and new names of tomato and its wild relatives.

No.
New Solanum
name

Lycopersicon
equivalent

Fruit
color

Self-
compatibility

Ability to be crossed with
other Solanum species

Section
name within
Solanum

1 Solanum
lycopersicum

Lycopersicon
esculentum

Red Self-

compatible

Old “esculentum” group,

crossable among these

species, although it is

sometimes only possible

to make crosses in one

direction.

Section

Lycopersicon

2 S. pimpinellifolium L. pimpinellifolium Red

3 S. cheesmaniae L. cheesmaniae Yellow

4 S. chmielewskii L. chmeilewskii Green

5 S. neorickii L. parviflorum Green

6 S. habrochaites L. hirsutum Green Self-

incompatible

7 S. pennellii L. pennellii Green

8 S. chilense L. chilense Green Old “peruvianum” group,

crossable between these

two species, but difficult

to cross them with

cultivated tomato and

embryo rescue is often

needed.

9 S. peruvianum L. peruvianum Green

10 S. lycopersicoides L. lycopersicoides Green-

black

Most closely related to

old Lycopersicon species

and crossable to

S. lycopersicum,
S. cheesmaniae,
S. pimpinellifolium and

S. pennellii.
11 S. sitiens L. sitiens Green Also known as S. rickii,

crossable with

S. lycopersicoides
12 S. ochranthum L. ochranthum Green Unknown crossability with

other Solanum species.

Section

Juglandifolium
13 S. juglandifolium L. juglandifolium Green Unknown crossability with

other Solanum species.
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old Lycopersicon species). Accessions of nearly all these nine species have been successfully used to introduce valuable

traits for crop improvement, especially monogenic sources conferring resistance to fungal, nematode, bacterial

and viral diseases. The phelogenic relation of these old Lycopersicon species with cultivated tomato has been

extensively studied, based on comparative analysis of morphology, self-compatibility, crossability, and molecular

markers. The classical taxonomic traits which have been used to divide old Lycopersicon species are fruit color

and self-compatibility. In the phylogeny generated with molecular markers, different patterns of species relation-

ships have been obtained, some are congruent with results of classical taxonomy and others add resolution

to new divisions that are not always in agreement. In general, we could conclude the following (i) species

(S. lycopersicum, S. lycopersicum var cerasiforme, S. cheesmaniae, S. pimpinellifolium) with self-compatibility

and red fruits are most closely related, (ii) S. peruvianum and S. chilense (green fruits and self-incompatible) are

closely related species, and (iii) species with green fruits, including S. chmielewskii, S. neorikii, S. habrochaites

and S. pennellii, have varied relationships with the rest depending on markers used for phylogeny.

Introgression breeding

Wild tomatoes have large genetic diversity, especially within the self-incompatible species like S. chilense and

S. peruvianum (Rick, 1986). Tremendous variation has been revealed by molecular markers and it is striking

that more genetic variation was observed within a single accession of the self-incompatible species than in all

accessions of any of the self-compatible species (Egashira et al., 2000). Compared to the rich reservoir in wild

species, the cultivated tomato is genetically poor due to the inbreeding during tomato domestication. It is

estimated that the genomes of tomato cultivars contain less than 5% of the genetic variation of their wild

relatives (Miller and Tanksley, 1990). The lack of diversity in the cultivated tomato can be visualized using

DNA technologies. Very few polymorphisms within the cultivated tomato gene pool are identified. Tomato

domestication experienced severe genetic bottleneck as the crop was carried from the Andes to Central Amer-

ica and from there to Europe. The initial domestication process was, in part, reached by selecting preferred

genotypes in the existing germplasm. In a predominantly inbreeding species, genetic variation tends to

decrease, even without selection. As a consequence, genetic drift is a major process that reduces genetic

variation.

It is most likely that no exchange of genetic information with the wild germplasm took place until the 1940. By then,

the renowned geneticist and plant breeder Charlie Rick (University of California, Davis) observed that crosses between

wild and cultivated species generated a wild array of novel genetic variation in the offspring. Since then, breeding from

wild species via interspecific crosses followed by many backcrosses to cultivated tomatoes (so called introgression breed-

ing) has led to the transfer of many favorable attributes in the cultivated tomato. Breeding barriers are sometimes expected

in interspecific crosses, which include unilateral incompatibility, hybrid inviability, sterility, reduced recombination and

linkage drag.

An example of introgression breeding

One of the common breeding objectives in tomato is breeding for resistance to the most destructive pests and patho-

gens. Tomato hosts more than 200 species of a wide variety of pests and pathogens that can cause significant eco-

nomic losses. Tomato powdery mildew caused by Oidium neolycopersici occurred for the first time in 1986 in The

Netherlands (Paternotte, 1988). It has since then spread within 10 years to all European countries and is nowadays a

worldwide disease on tomato, except for Australia where another species (O. lycopersici) occurs (Kiss et al., 2001).

Upon the outbreak of O. neolycopersici, all tomato cultivars were susceptible and this fungus was the only one to be

controlled by fungicides in greenhouse tomato production in Northwest Europe (Huang et al., 2000). By 1996, our

group was invited by Dutch vegetable seed companies to search for resistance genes against O. neolycopersici.

Here, our practice on breeding tomatoes with resistance to powdery mildew is used as an example for introgression

breeding.

1. Search for resistance in wild relatives of tomato. As the consequence of inbreeding during tomato domestication, the

genetic diversity in cultivated tomato is now very narrow. However, large variation is present and exploitable in

the wild Solanum species. Thus, the first step is to find wild tomato accessions with resistance to tomato pow-

dery mildew.
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In the Tomato Genetics Resource Center (TGRC) in Davis, California (http://tgrc.ucdavis.edu/) and the Botani-

cal and Experimental Garden (http://www.bgard.science.ru.nl/) in the Netherlands, thousands of accessions of

the wild Solanum species have been collected and maintained. From these collections, we selected and tested

some Solanum species with tomato powdery mildew. As expected, many wild accessions showed resistance

(Figure B3.1).

2. Inheritance of resistance.Monogenic resistance is most exploited in tomato breeding programs. Modern tomato

cultivars may harbor resistance to more than 10 pathogens. Thus, the second step is to study the inheritance

of the resistance identified in the wild tomato species. For this purpose, resistant plants were selected

and crossed to a susceptible cultivar, S. lycopersicum cv. Moneymaker to produce populations (usually F2
populations) for inheritance study. Crosses between S. lycopersicum and wild tomato species can be easy but

sometimes require strategies such as embryo rescue, especially for the self-incompatible species like

S. peruvianum.

By using F2 populations, inheritance of resistance identified in several wild species was characterized.

Monogenic resistance to O. neolycopersici was found in S. peruvianum LA2172, S. habrochaites G1.1560 and

G1.1290, and polygenic resistance in S. neorikii G.16101. Furthermore, by screening these F2 plants with

molecular markers, such as RAPD, AFLP and CAPS, the resistance in these species was mapped onto specific

chromosomes. The resistance loci in S. peruvianum LA2172, S. habrochaites G1.1560 and G1.1290, named

Ol-4, Ol-1 and Ol-3, respectively, are all located on tomato chromosome 6. The Ol-4 locus is on the short

arm, while, Ol-1 and Ol-3 are on the long arm and closely linked if not allelic (Figure B3.2). In addition to

these monogenic Ol-genes, three quantitative trait loci (QTLs) were identified governing the resistance in

S. neorickii G1.1601. The Ol-qtl1 interval overlaps with Ol-1 and Ol-3, while the other two linked Ol-qtls are

located on chromosome 12 in the vicinity of the Lv locus that confers resistance to another powdery mildew

species, Leveillula taurica. Markers with close linkage to these loci were generated and can be applied in

marker assisted selection in breeding programs.

3. Generation of near isogenic lines. Near-isogenic lines (NILs) that carry small introgressed chromosome frag-

ments from related wild species in a cultivated tomato background are most useful pre-bred in a breeding

program. To develop NILs that only differ in Ol genes for resistance to O. neolycopersici, resistant donor

accessions were crossed with susceptible S. lycopersicum cv. Moneymaker (MM). BC crosses were made

starting from crossing F1 plants back to MM (Figure B3.3). During the backcrossing, selection of resistant

Figure B3.1 Tomato plants inocluated with tomato powdery mildew (Oidium neolycopersici). (a) The
plant on the left is from tomato wild species Solanum pervianum LA2172, showing no powdery midew
infection; the plant on the right is from S. lycoerpsicum cv. Moneymaker, showing fungal clonies growing
on infected leaves. (b) A closer look at the colonization of tomato powdery mildew growing on the
upper side of the leaf. Pictures were taken 15 days post inoculation. Figure courtesy of Yuling Bai.
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BC plants can be performed in two ways. One is by testing BC plants with powdery mildew and the other is

to genotype them with markers linked to individual resistant loci. Since we have markers linked to each

Ol-genes, we could apply marker assisted selection (MAS). We carried out the disease test because (i) it is a

relatively easy disease assay which can be carried out at seedling stage and (ii) the resistance phenotype is

clear to be scored. In the case that the disease assay is not easy to perform, for example due to (i) quarantine
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Figure B3.2 The chromosome locations of tomato loci for resistance to tomato powdery mildew
caused by Oidium neolycopersici. On the left, genetic distance in cM is shown. On the right, map
positions of markers and resistance loci are shown on tomato chromosome 6 and 12, respectively.
The donors for Ol-1, Ol-3, Ol-5 are Solanum habrochaites G1. 1560, G1. 1290, PI247087,
respectively; for Ol-4 is S. peruvianum LA2172 and for Ol-qtls are S. neorickii G1.1601. Ol-6 is
identified from an advanced breeding line with unknown source. As to Ol-qtls, bars indicate the
QTL interval for which the inner bar shows a one-LOD support and the outer one shows a two-
LOD support interval. Figure courtesy of Yuling Bai.
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pathogens or (ii) if the disease test has to be performed at the late developmental stage, MAS would be a convenient

way to select resistant plants (Figure B3.4).

After several backcrossing generations, homozygous BCnS1 resistant plants of these crosses were selected

(Figure B3.3). Since we have facilities for genome-wide analysis, we genotyped all selected plants with an AFLP

marker to compare their genetic background with the recurrent parent MM. BCnS1 resistant plants that were geneti-

cally most similar to MM were maintained as NILs.

4. Releasing NILs to companies for producing of resistant cultivars. The NILs harboring dominantOl genes are valuable

advanced breeding lines and have been used by seed companies for breeding tomato cultivars with resistance to

tomato powdery mildew; they are nowadays available in the market. The NILs for the Ol-qtls are still being devel-

oped via marker assisted selection.

Figure B3.3 Illustration of marker assisted selection (MAS). On the left, a genetic linkage
map of tomato chromosome 6 showing that the Ol-1 and Ol-3 genes, conferring
resistance to tomato powdery mildew, are located at the same locus and are flanked by
Markers 3 and 4. On the right, electrophoretic patterns of PCR markers showing marker
genotypes of six plants; the upper panel for Marker 3 and the lower panel for Marker 4.
Plants 1–4 are either BC3 plants (for Marker 3) and BC3S1 plants (for Marker 4). Plants
5 and 6 are parental plants that are susceptible and resistant to tomato powdery mildew,
respectively. M indicates DNA size marker of 1kb ladder. For MAS, marker flanking the
target gene is often used. For Marker 3, BC3 plants 1 and 3 are selected and expected to
be resistant to powdery mildew since they have the marker allele of the resistant parent
(plant 6). For Marker 4, plants 1–3 are selected and expected to be resistant since they
have the resistant marker allele as the resistant parental plant 6 (plant 1 is homozygous
and plants 2 and 3 are heterozygous). Figure courtesy of Yuling Bai.
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*, ** Usually it takes many generations to remove the deleterious genes that go along with the introduced 

genes due to linkage drag. Therefore, it is useful to start with advanced breeding lines having introgression from 

the wild species in order to shorten the backcrossing procedure. In our practice, we used advanced breeding 

lines derived from S. habrochaites G1.1560 (donor of the Ol-1 gene) to produce the F1. We checked BC3S1

plants for the uniformity of their genetic background by genotyping these plants with 12 AFLP primer 

combinations that produce genome-wide markers. Of the 30 AFLP marker alleles specific for S. habrochaites

G1.1560, there are only present in the BC3S1 plants two that are fully cosegregating with the Ol-1 gene, 

suggesting that the genetic background of these BC3S1 plants is genetically similar to MM. For the Ol-4 genes 

derived from S. peruvianum LA2172, we started with the wild accession. With 12 AFLP primer combinations, 

48 AFLP marker alleles were identified from S. peruvianum LA2172 and 11 of these alleles still segregated in 

the tested BC3S1 plants. Thus, when the backcross is started from wild accessions, more backcross generations 

are needed to make NILs.

Solanum  lycopersicum cv. x Wild species (*, donor of resistance genes)  

Moneymaker (MM)      

MM   x        F1

MM      x   BC1  (10 to 20 plants were tested for resistance, N = 10–20) 

MM   x   BC2 (N = 10–20) 

MM   x        BC3 (N = 10–20) 

BC3S1

(N = 15–20)        

BC3S2 lines homozygous for resistance 

are referred as NILs **

⊗
⊗

       BCnS1 

   (N = 15–20)        

  BCnS2 lines homozygous for resistance are 

referred to as NILs **

⊗

BCn

Figure B3.4 Cross-pollinating scheme on the generation of near-isogenic lines (NIL) harbouring
dominant resistance genes to tomato powdery mildew. Via backcrosses, new traits are introduced from
wild tomato relatives. During the backcrosses, selection of resistant plants can be performed via (i) disease
test and/or (ii) marker assisted selection (MAS, Figure B3.4). In addition, selected plants should have a
similar morphology to the recurrent parent. Figure courtesy of Yuling Bai.
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Outcomes assessment

Part A

Please answer these questions true or false.

1 Inbreeding promotes heterozygosity.
2 Naturally cross-breeding species are more susceptible to inbreeding than naturally self-pollinated species.
3 In the Hardy–Weinberg equilibrium gene frequencies add up to unity.
4 Open-pollinated species can be improved by mass selection.

Part B

Please answer the following questions.

1 Define the terms (i) population and (ii) gene pool.
2 Give three major factors that influence the genetic structure of a population during the processes of transmission of

genes from one generation to another.
3 Explain the phenomenon of inbreeding depression.
4 Distinguish between assortative and disassortative matings.
5 Discuss the main types of mating systems used by plant breeders to effect inbreeding.
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Part C

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

1 Discuss the Hardy–Weinberg equilibrium and its importance in breeding cross-pollinated species.
2 Discuss the consequences of inbreeding.
3 Discuss the concept of combining ability.
4 Discuss the application of inbreeding in plant breeding.
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