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Introduction to
quantitative genetics

Purpose and expected outcomes

Most of the traits that plant breeders are interested in are quantitatively inherited. It is important to understand
the genetics that underlie the behavior of these traits in order to develop effective approaches for manipulating them.
After studying this chapter, the student should be able to:

1 Define quantitative genetics and distinguish it from population genetics.
2 Distinguish between qualitative traits and quantitative traits.
3 Discuss polygenic inheritance.
4 Discuss gene action.
5 Discuss the variance components of quantitative traits.
6 Discuss the concept of heritability of traits.
7 Discuss selection and define the “breeders’ equation”.
8 Discuss the concept of general worth of a plant.
9 Discuss combining ability

4.1 What is quantitative genetics?

Population genetics and quantitative genetics are
closely related fields, both dealing with the genetic
basis of phenotypic variation among the individuals in
a population. Population genetics traditionally
focuses on frequencies of alleles and genotypes,
whereas quantitative genetics focuses on linking phe-
notypic variation of complex traits to its underlying
genetic basis to enable researchers better understand

and predict genetic architecture and long term change
in populations (to predict the response to selection
given data on the phenotype and relationships of indi-
viduals in the population). Historically, quantitative
genetics has its roots in statistical abstractions of
genetic effects, first described by Karl Pearson and
Ronald Fisher in the early 1900s. The foregoing rep-
resents the classical view of quantitative genetics.

The modern molecular view of quantitative genetics
focuses on the use of molecular genetics tools
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(genomics, bioinformatics, computational biology,
etc.) to reveal links between genes and complex pheno-
types (quantitative traits). Genes that control quantita-
tive traits are called quantitative trait loci (QTLs).
Molecular-based QTL analyses are being used to evalu-
ate the coupling associations of the polymorphic DNA
sites with phenotypic variations of quantitative and
complex traits and analyzing their genetic architecture.
There is evidence of a paradigm shift in the field of
quantitative genetics. In this chapter, both classical and
molecular quantitative genetics are discussed.

4.2 Classical quantitative genetics

Discussion in this section includes genetic and envi-
ronmental variances, relationships and genetic diver-
sity, linkage and epistatic issues in populations.

4.2.1 Quantitative trait

Most traits encountered in plant breeding are quanti-
tatively inherited. Many genes control such traits,
each contributing a small effect to the overall pheno-
typic expression of a trait. Variation in quantitative
trait expression is without natural discontinuities (i.e.,
the variation is continuous). The traits that exhibit
continuous variations are also called metric traits.
Any attempt to classify such traits into distinct groups
is only arbitrary. For example, height is a quantitative
trait. If plants are grouped into tall versus short plants,
relatively tall plants could be found in the short group
and, similarly, short plants could be found in the tall
group.

4.2.2 Qualitative genetics versus quantitative
genetics

The major way in which qualitative genetics and
quantitative genetics differ may be summarized as
follows:

� Nature of traits. Qualitative genetics is concerned
with traits that have Mendelian inheritance and can
be described according to kind and, as previously
discussed, can be unambiguously categorized.
Quantitative genetic traits are described in terms of
the degree of expression of the trait, rather than the
kind.

� Scale of variability. Qualitative genetic traits pro-
vide discrete (discontinuous) phenotypic variation,

whereas quantitative genetic traits produce pheno-
typic variation that spans the full spectrum
(continuous).

� Number of genes. In qualitative genetics, the
effects of single genes are readily detectable, while in
quantitative genetics single gene effects are not dis-
cernible. Rather, traits are under polygenic control
(genes with small indistinguishable effects).

� Mating pattern. Qualitative genetics is concerned
with individual matings and their progenies. Quan-
titative genetics is concerned with a population of
individuals that may comprise of a diversity of mat-
ing kinds.

� Statistical analysis. Qualitative genetic analysis is
quite straight forward; it is based on counts and
ratios. On the other hand, quantitative analysis pro-
vides estimates of population parameters (attributes
of the population from which the sample was
obtained).

4.2.3 The environment and quantitative variation

All genes are expressed in an environment (pheno-
type¼ genotypeþ environmental effect). However,
quantitative traits tend to be influenced to a greater
degree than qualitative traits. Under significantly
large environmental effects, qualitative traits (con-
trolled by one or a few major genes) can exhibit
quantitative trait inheritance pattern. A strong envi-
ronmental influence causes the otherwise distinct
classes to overlap (Figure 4.1).

4.2.4 Polygenes and polygenic inheritance

Quantitative traits are controlled by multiple genes or
polygenes.

What are polygenes?

Polygenes are genes with effects that are too small to
be individually distinguished. They are sometimes
called minor genes. In polygenic inheritance, segre-
gation occurs at a large number of loci affecting a
trait. The phenotypic expression of polygenic traits is
susceptible to significant modification by the variation
in environmental factors to which plants in the popu-
lation are subjected. Polygenic variation cannot be
classified into discrete groups (i.e., variation is contin-
uous). This is because of the large number of segre-
gating loci, each with effects so small that it is not
possible to identify individual gene effects in the
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segregating population or meaningfully describe indi-
vidual genotypes. Instead, biometrics is used to
describe the population in terms of means and vari-
ances. Continuous variation is caused by environmen-
tal variation and genetic variation due to the
simultaneous segregation of many genes affecting the
trait. These effects convert the intrinsically discrete
variation to a continuous one. Biometrical genetics is
used to distinguish between the two factors that cause
continuous variability to occur.

Another aspect of polygenic inheritance is that
different combinations of polygenes can produce a
particular phenotypic expression. Furthermore, it is
difficult to measure the role of environment on trait
expression because it is very difficult to measure the
environmental effect on a plant basis. Consequently, a
breeder attempting to breed a polygenic trait should
evaluate the cultivar in an environment that is similar
to that prevailing in the production region. It is bene-
ficial to plant breeding if a tight linkage of polygenes
(called polygenic block; linkage block) that has
favorable effects on traits of interest to the breeder
is discovered.

In 1910, a Swedish geneticist, Nilsson-Ehle, pro-
vided a classic demonstration of polygenic inheritance.

In the process he helped to bridge the gap between
our understanding of the essence of quantitative and
qualitative traits. Polygenic inheritance may be
explained by making three basic assumptions:

1 that many genes determine the quantitative trait;
2 these genes lack dominance;
3 the action of the genes are additive.

Nilsson-Ehle crossed two varieties of wheat, one
with deep red grain of genotype R1R1R2R2, and
the other white grain of genotype r1r1r2r2. The
results are summarized in Table 4.1. He observed
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Figure 4.1 Environmental effect on gene expression. The phenotype¼ genotypeþ environment. Some traits are
influenced a lot more than others by the environment. In cross (a) the environmental influence is small, such that the
phenotypes are distinguishable in the F2; in cross (b) the environmental influence is strong, resulting in more blurring
of the differences among phenotypes in the segregating population.

Table 4.1 Transgressive segregation.

P1 R1R1R2R2 � r1r1r2r2
(dark red) (white)

F1 R1r1R2r2
F2 1/16 ¼ R1R1R2R2

4/16 ¼ R1R1R2r2, R1r1R2R2

6/16 ¼ R1R1r2r2, R1r1R2r2, r1r1R2R2

4/16 ¼ R1r1r2r2, r1r1R2r2
1/16 ¼ r1r1r2r2
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that all the seed of the F1 was medium red. The F2

showed about 1/16 dark red and 1/16 white seed,
the remainder being intermediate. The intermedi-
ates could be classified into 6/16 medium red (like
the F1), 4/16 red, and 4/16 light red. The F2 dis-
tribution of phenotypes may be obtained as an
expansion of the bionomial (aþ b)4, where a¼ b
¼ 1/2 (a binomial coefficient is the number of com-
binations of r items that can be selected from a set
of n items).

His interpretation was that the two genes each
had a pair of alleles that exhibited cumulative
effects. In other words, the genes lacked dominance
and their action was additive. Each allele R1 or R2

added some red to the phenotype, so that the gen-
otypes of white contained neither of these alleles,
while the dark red genotype contained only R1 and
R2. The phenotypic frequency ratio resulting from
the F2 was 1 : 4 : 6 : 4 : 1 (i.e., 9 genotypes and five
classes) (Figure 4.2).

The study involved only two loci. However, most
polygenic traits are conditioned by genes at many
loci. The number of genotypes that may be
observed in the F2 is calculated as 3n, where n¼
number of loci (each with two alleles). Hence, for
three loci the number of genotypes¼ 27, and for

10 loci it will be 310¼ 59 049. Many different gen-
otypes can have the same phenotype. Consequently,
there is no strict one-to-one relationship between
genotype. For n loci, there are 3n genotypes and
2nþ 1 phenotypes. Many complex traits such as
yield may have dozens and conceivably even hun-
dreds of loci.

Other difficulties associated with studying the
genetics of quantitative traits are dominance, envi-
ronmental variation, and epistasis. Not only can
dominance obscure the true genotype, but both the
amount and direction can vary from one gene to
another. For example, allele A may be dominant to
a, but b may be dominant to B. It has previously
been mentioned that environmental effects can sig-
nificantly obscure genetic effects. Non-allelic inter-
action is a clear possibility when many genes are
acting together.

Number of genes controlling a quantitative trait

Polygenic inheritance is characterized by segregation
at a large number of loci, affecting a trait as previously
discussed. Biometrical procedures have been pro-
posed to estimate the number of genes involved in a
quantitative trait expression. However, such

Dark red
Red
Medium red
Light red
White

6 4 141

×

AA             AA                A A

Genotype

1                2                  3

1              >1 <3             3 Partial dominance
1                3                  3 Dominance: A′ > A
1                1                  3 Dominance: A > A′

No dominance

1             > 3                  3 Overdominance

Units of contribution
to trait phenotype

Gene action′ ′ ′

(b)(a)

Figure 4.2 (a) Nilsson-Ehle’s classic work involving wheat color provided the first formal evidence of genes with
cumulative effect. (b) An illustration of gene action using numeric values.
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estimates, apart from not being reliable, have limited
practical use. Genes may differ in the magnitude of
their effects on traits, not to mention the possibility
of modifying gene effects on certain genes.

Modifying genes

One gene may have a major effect on one trait and a
minor effect on another. There are many genes in
plants without any known effects besides the fact
that they modify the expression of a major gene by
either enhancing or diminishing it. The effect of
modifier genes may be subtle, such as slight varia-
tions in traits like shape and shades of color of flow-
ers or, in fruits, variation in aroma and taste. Those
trait modifications are of concern to plant breeders
as they conduct breeding programs to improve
quantitative traits involving many major traits of
interest.

4.2.5 Decision making in breeding based on
biometrical genetics

Biometrical genetics is concerned with the inheri-
tance of quantitative traits. As previously stated, most
of the genes of interest to plant breeders are con-
trolled by many genes. In order to effectively manipu-
late quantitative traits, the breeder needs to
understand the nature and extent of their genetic and
environmental control. M.J. Kearsey summarized the
salient questions that need to be answered by a
breeder who is focusing on improving quantitative
(and also qualitative) traits, into four:

1 Is the trait inherited?
2 How much variation in the germplasm is genetic?
3 What is the nature of the genetic variation?
4 How is the genetic variation organized?

By having answers to these basic genetic questions,
the breeder will be in apposition to apply the knowl-
edge to address certain fundamental questions in
plant breeding.

What is the best cultivar to breed?

As is discussed later in the book, there are several
distinct types of cultivars that plant breeders develop –
pure lines, hybrids, synthetics, multilines, composites,
and so on. The type of cultivar is closely related to the

breeding system of the species (self- or cross-polli-
nated) but more importantly on the genetic control
of the traits targeted for manipulation. As breeders
have more understanding of and control over plant
reproduction, the traditional grouping between
types of cultivars to breed and the methods used
along the lines of the breeding system have dimin-
ished. The fact is that the breeding system can be
artificially altered (i.e., self-pollinated species can be
forced to outbreed, and vice versa). However, the
genetic control of the trait of interest cannot be
changed. The action and interaction of polygenes
are difficult to alter. As Kearsey noted, breeders
should make decisions of the type of cultivar to breed
based on the genetic architecture of the trait, espe-
cially, the nature and extent of dominance and gene
interaction (Section 4.2.6), more so than the breeding
system of the species.

Generally, where additive variance and additive �
additive interaction predominate, it is appropriate to
develop pure lines and inbred cultivars. However,
where dominance variance and dominance � domi-
nance interaction suggest overdominance pre-
dominates, hybrids would be successful cultivars.
Open-pollinated cultivars are suitable where a mixture
of the above genetic architecture occurs.

What selection method would be most effective for
improvement of the trait?

The kinds of selection methods used in plant breed-
ing are discussed in Chapters 15–18. The genetic
control of the trait of interest determines the most
effective selection method to use. The breeder
should pay attention to the relative contribution of
the components of genetic variance (additive, domi-
nance, epistasis) and environmental variance in
choosing the best selection method. Additive
genetic variance can be exploited for long term
genetic gains by concentrating desirable genes in
the homozygous state in a genotype. The breeder
can make rapid progress where heritability is high
by using selection methods that are dependent
solely on phenotype (e.g., mass selection). How-
ever, where heritability is low, the methods of selec-
tion based on families and progeny testing are more
effective and efficient. When overdominance pre-
dominates, the breeder can exploit short term
genetic gain very quickly by developing hybrid cul-
tivars for the crop.
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It should be pointed out that as self-fertilizing
species attain homozygosity following a cross, they
become less responsive to selection. However, addi-
tive genetic variance can be exploited for a longer
time in open-pollinated populations because relatively
more genetic variation is regularly being generated
through the ongoing intermating.

Should selection be on single traits or multiple
traits?

Plant breeders are often interested in more than one
trait in a breeding program, which they seek to
improve simultaneously. The breeder is not interested
in achieving disease resistance only but, in addition,
high yield and other agronomic traits. The problem
with simultaneous trait selection is that the traits
could be correlated such that modifying one affects
the other. The concept of correlated traits is discussed
next. Biometrical procedures have been developed to
provide a statistical tool for the breeder to use.
These tools are also discussed in this section.

4.2.6 Gene action

Additional information on gene action can be found
in the supplementary chapters at the end of the
book. There are four types of gene action: additive,
dominance, epistasis, and overdominance. Because
gene effects do not always fall into clear-cut catego-
ries, and quantitative traits are governed by genes
with small individual effects, they are often
described by their gene action rather than by the
number of genes by which they are encoded. It
should be pointed out that gene action is concep-
tually the same for major genes as well as minor
genes, the essential difference being that the action
of a minor gene is small and significantly influenced
by the environment. A general way of distinguishing
between these types of gene action based on interac-
tion among alleles is as follows:

No allelic
interaction

Allelic
interaction

Within locus
interaction

Additive action Dominance
action

Between loci
interaction

Additive action Epistatsis

Additive gene action

The effect of a gene is said to be additive when each
additional gene enhances the expression of the trait
by equal increments. Consequently, if one gene adds
one unit to a trait, the effect of aabb¼ 0, Aabb¼ 1,
AABb¼ 3, and AABB¼ 4. In the case of a single
locus (A, a) the heterozygote would be exactly inter-
mediate between the parents (i.e., AA¼ 2, Aa¼ 1,
aa¼ 0). That is, the performance of an allele is the
same irrespective of other alleles at the same locus.
This means that the phenotype reflects the genotype
in additive action, assuming the absence of environ-
mental effect. Additive effects apply to the allelic rela-
tionship at the same locus. Furthermore, a superior
phenotype will breed true in the next generation,
making selection for the trait more effective to con-
duct. Selection is most effective for additive variance;
it can be fixed in plant breeding (i.e., develop a culti-
var that is homozygous).

� Additive effect. Consider a gene with two alleles
(A, a). Whenever A replaces a, it adds a constant
value to the genotype:

AA  m Aa aa

I-----------------------------------------*-------------------------------------------I 

I< ……d…..>I 

I-----------------------------------------I--------------------------------------------I 

–a +a 

Replacing a by A in the genotype aa causes a
change of a units. When both aa are replaced, the
genotype is 2a units away from aa. The midparent
value (the average score) between the two homozy-
gous parents is given by m (representing a com-
bined effect of both genes for which the parents
have similar alleles and environmental factors). This
also serves as the reference point for measuring
deviations of genotypes. Consequently, AA¼mþ
aA, aa¼m� a, and Aa¼mþ dA, where aA is the
additive effect of allele A. This effect remains the
same regardless of the allele with which it is
combined.

� Average effect. In a random mating population, the
term average effect of alleles is used because there
are no homozygous lines. Instead, alleles of one
plant combine with alleles from pollen from a ran-
dom mating source in the population through
hybridization to generate progenies. In effect, the
allele of interest replaces its alternative form in a
number of randomly selected individuals in the
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population. The change in the population as a
result of this replacement constitutes the average
effect of the allele. In other words, the average
effect of a gene is the mean deviation from
the population mean of individuals that received a
gene from one parent, the gene from the other
parent having come at random from the
population.

� Breeding value. The average effects of genes of the
parents determine the mean genotypic value of the
progeny. Furthermore, the value of an individual
judged by the mean value of its progeny is called the
breeding value of the individual. This is the value
that is transferred from an individual to its progeny.
This is a measurable effect, unlike the average effect
of a gene. However, the breeding value must always
be with reference to the population to which an
individual is to be mated. From a practical breeding
point of view, the additive gene effect is of most
interest to breeders because its exploitation is pre-
dictable, producing improvements that increase lin-
early with the number of favorable alleles in the
population.

Dominance gene action

Dominance action describes the relationship of alleles
at the same locus. Dominance variance has two
components – variance due to homozygous alleles
(which is additive) and variance due to heterozygous
genotypic values. Dominance effects are deviations
from additivity that make the heterozygote resemble
one parent more than the other. When dominance is
complete, the heterozygote is equal to the homo-
zygote in effects (i.e., Aa¼AA). The breeding impli-
cation is that the breeder cannot distinguish between
the heterozygous and homozygous phenotypes.
Consequently, both kinds of plants will be selected,
the homozygotes breeding true while the heterozy-
gotes will not breed true in the next generation (i.e.,
fixing superior genes will be less effective with domi-
nance gene action).

� Dominance effect. Using the previous figure for
additive effect, the extent of dominance (dA) is cal-
culated as the deviation of the heterozygote, Aa,
from the mean of the two homozygotes (AA, aa).
Also, dA¼0 when there is no dominance while d
is positive if A is dominant and negative if aA is
dominant. Furthermore, if dominance is complete
dA¼ aA, whereas dA< aA for incomplete (partial)

dominance and dA> aA for overdominace. For a sin-
gle locus, m¼ 1/2 (AAþ aa), aA¼ 1/2 (AA� aa),
while dA¼Aa� 1/2 (AAþ aa).

Overdominance gene action

Overdominance gene action exists when each allele
at a locus produces a separate effect on the phenotype
and their combined effect exceeds the independent
effect of the alleles. From the breeding standpoint,
the breeder can fix overdominance effects only in the
first generation (i.e., F1 hybrid cultivars) through
apomixis.

Epistatic gene action

Epistasis is the interaction of alleles at different loci.
It complicates gene action in that the value of a
genotype or allele at one locus depends on the geno-
type at other epistatically interacting loci. In other
words, the allelic effects at one locus depend on the
genotype at a second locus. An effect of epistasis is
that an allele may be deemed “favorable” at one locus
and then deemed “unfavorable” under a different
genetic background. In the absence of epistasis, the
total genetic value of an individual is simply the sum
total of the individual genotype values, because the
loci are independent. Epistasis is sometimes described
as the masking effect of the expression of one gene by
another at a different locus.

Estimation of gene action or genetic variance
requires the use of large populations and a mating
design. The effect of the environment on polygenes
makes estimations more challenging. As N.W. Sim-
monds observed, at the end of the day, what qualita-
tive genetic analysis allows the breeder to conclude
from partitioning variance in an experiment is to say
that a portion of the variance behaves as though it
could be attributed to additive gene action or domi-
nance effect, and so forth.

4.2.7 Gene action and plant breeding

Understanding gene action is critical to the success
of plant breeding. It is used by breeders several
ways:

� in the selection of parents used in crosses to create
segregating populations in which selection is
practiced;
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� in the choice of the method of breeding used in crop
improvement;

� in research applications to gain understanding of
the breeding material by estimating genetic
parameters.

Gene action and methods of breeding

Breeding methods are discussed in detail in Chapters
15–18. The methods are grouped according to modes
of pollination – self-pollinated or cross-pollinated.

Self-pollinated species. When additive gene action
predominates in a self-pollinated species, breeders
should consider using selection methods such as
pure line selection, mass selection, progeny selec-
tion and hybridization. However, when non-addi-
tive gene action predominates, effective methods of
breeding are the exploitation of heterosis in breed-
ing hybrid cultivars.

Cross-pollinated species. When additive gene action
predominates in a cross-pollinated species,
recurrent selection may be used to achieve gen-
eral combining ability (GCA). Specific breeding
products to pursue include synthetic varieties
and composites. In the case of non-additive
gene action, heterosis breeding, just like in self-
pollinated species, is recommended for breeding
hybrid cultivars. Alternatively, breeders may
consider recurrent selection for specific combin-
ing ability (SCA) for population improvement.
Where both additive and non-additive gene
action occur together, reciprocal recurrent selec-
tion may be used for population improvement.

Impact of breeding method on genetic variance

Additive genetic variance is known to decrease pro-
portionally to the improvement following selection.
In pure line selection, genetic variance is completely
depleted with time, until further improvement is
impossible. However, mutational events as well as
genetic recombination can replenish some of the
lost additive genetic variance. On the contrary,
additive genetic variance cannot be depleted in
intermating populations because auto conversion
(self conversion) of non-additive genetic variance to
additive genetic variance occurs. This conversion
occurs because heterozygotes become fixed into
homozygotes.

Estimating gene action

Gene action may be estimated by creating various
crosses (e.g., diallele, partial diallele, line x tester
cross, biparental cross, etc.) and applying various bio-
metrical analyses to estimate components of genetic
variance. Additive genetic variance is very important
to breeders because it is the only genetic variance that
responds to selection. In addition to the components
of genetic variance, combining ability variances may
also be used to measure gene action.

Factors affecting gene action

Gene action is affected by several factors, the key ones
being the type of genetic material, mode of pollina-
tion, mode of inheritance, presence of linkage, as well
as biometrical parameters (e.g., sample size, sampling
method, and method of calculation). Alleles with a
dominant, additive, or deleterious phenotypic effect
affect heritability differently depending on whether
they are in homozygous or heterozygous condition.
Knowledge of the way genes act and interact will
determine which breeding system optimizes gene
action more efficiently and will elucidate the role of
breeding systems in the evolution of crop plants.

Self-pollinated materials (e.g., mass selected culti-
var, multiline, varietal blends) express additive and
additive epistasis. A pure line cultivar will have addi-
tive gene action but without genetic variation. On the
other hand, products derived from cross-pollinated
species (e.g., composite variety, synthetic variety) will
display additive, dominance and epistatic gene action.
F1 hybrid material will have no additive gene action
and no genetic variation.

In terms of pollination, self-pollinated species
exhibit additive gene action because this gene action
is associated with homozygosity. On the contrary,
non-additive gene action is associated with heterozy-
gosity, and hence is more prevalent in cross-pollinated
species than self-pollinated ones. Simply inherited
(qualitative, oligogenic) traits predominantly exhibit
non-additive and epistatic gene action, while poly-
genic traits are governed predominantly by additive
gene action.

Gene action estimates are affected by the presence
of genetic linkage. Estimates of additive gene action
and dominance gene action can be biased up when
the genes of interest are in the coupling phase
(AB/ab). In the repulsion phase (Ab/aB), genes can
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cause estimates of dominance gene action to be biased
upwards and additive action downwards.

4.2.8 Variance components of a quantitative trait

The genetics of a quantitative trait centers on the
study of its variation. As D.S Falconer stated, it is in
terms of variation that the primary genetic questions
are formulated. Furthermore, the researcher is inter-
ested in partitioning variance into its components
that are attributed to different causes or sources. The
genetic properties of a population are determined by
the relative magnitudes of the components of vari-
ance. In addition, by knowing the components of
variance, the relative importance of the various deter-
minants of phenotype may be estimated.

K. Mather expressed the phenotypic value of quan-
titative traits in this commonly used expression:

PðphenotypeÞ ¼ GðgenotypeÞ þ EðenvironmentÞ

Individuals differ in phenotypic value. When the phe-
notypes of a quantitative trait are measured, the
observed value represents the phenotypic value of
the individual. The phenotypic value is variable
because it depends on genetic differences among indi-
viduals, as well as environmental factors and the inter-
action between genotypes and the environment
(called G�E interaction). A third factor (GE) is
therefore added to the previous conceptual equation,
so that the total variance of a quantitative trait may be
mathematically expressed as follows:

V P ¼ VG þ V E þ VGE

where VP¼ total phenotypic variance of the segre-
gating population; VG¼ genetic variance; VE¼ envi-
ronmental variance; and VGE¼ variance associated
with the genetic and environmental interaction.

The genetic component of variance may be further
partitioned into three components as follows:

VG ¼ VA þ VD þ V I

where VA¼ additive variance (variance from additive
gene effects), VD¼dominance variance (variance
from dominance gene action), and VI¼ interaction
(variance from interaction between genes). Additive
genetic variance (or simply additive variance) is the
variance of breeding values and is the primary cause of

resemblance between relatives. Hence VA is the pri-
mary determinant of the observable genetic properties
of the population, and of the response to the popula-
tion to selection. Further, VA is the only component
that the researcher can most readily estimate from
observations made on the population. Consequently,
it is common to partition genetic variance into two –
additive versus all other kinds of variance. This ratio,
VA/VP gives what is called the heritability of a trait,
an estimate that is of practical importance in plant
breeding (Section 4.2.9).

The total phenotypic variance may then be rewrit-
ten as follows:

V P ¼ VA þ VD þ V I þ V E þ VGE

To estimate these variance components, the
researcher uses carefully designed experiments and
analytical methods. To obtain environmental vari-
ance, individuals from the same genotype or replicates
are used.

An inbred line (essentially homozygous) consists
of individuals with the same genotype. An F1 gener-
ation from a cross of two inbred lines will be heter-
ozygous but genetically uniform. The variance from
the parents and the F1 may be used as a measure of
environmental variance (VE). K. Mather provided
procedures for obtaining genotypic variance from
F2 and backcross data. In sum, variances from addi-
tive, dominant and environmental effects may be
obtained as follows:

VP1 ¼ E; VP2 ¼ E; VF1 ¼ E

VF2 ¼ 1=2 A þ 1=4 Dþ E

VB1 ¼ 1=4 A þ 1=4 Dþ E

VB2 ¼ 1=4 A þ 1=4 Dþ E

VB1 þ VB2 ¼ 1=2 A þ1=2 Dþ 2E

where VP1 and VP2 are variances for the parents in a
cross; VF1 is the variance of the resulting hybrid; F2
is the variance of the F2 population; A and D are
additive and dominant effects, respectively; E is
the environmental effect; VB1 and VB2 are backcross
variances. This represents the most basic procedure
for obtaining components of genetic variance
because it omits the variances due to epistasis, which
are common with quantitative traits. More rigorous
biometric procedures are needed to consider the
effects of interlocular interaction.
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It should be pointed out that additive variance and
dominance variance are statistical abstractions rather
than genetical estimates of these effects. Conse-
quently, the concept of additive variance does not
connote perfect additivity of dominance or epistasis.
To exclude the presence of dominance or epistasis, all
the genotypic variance must be additive.

4.2.9 The concept of heritability

Genes are not expressed in a vacuum but in an envi-
ronment. A phenotype observed is an interaction
between genes that encode it and the environment in
which the genes are being expressed. Plant breeders
typically select plants based on the phenotype of the
desired trait, according to the breeding objective.
Sometimes, a genetically inferior plant may appear
superior to other plants only because it is located in a
more favorable region of the soil. This may mislead
the breeder. In other words, the selected phenotype
will not give rise to the same progeny. If the genetic
variance is high and the environmental variance is
low, the progeny will be like the selected phenotype.
The converse is also true. If such a plant is selected
for advancing the breeding program, the expected
genetic gain will not materialize. Quantitative traits
are more difficult to select in a breeding program
because they are influenced to a greater degree by
the environment than are qualitative traits. If two
plants are selected randomly from a mixed popula-
tion, the observed difference in a specific trait may
be due to the average effects of genes (hereditary dif-
ferences), or differences in the environments in
which the plants grew up, or both. The average
effects of genes is what determines the degree of
resemblance between relatives (parents and off-
spring), and hence is what is transmitted to the
progenies of the selected plants.

Definition

The concept of the reliability of the phenotypic value
of a plant as a guide to the breeding value (additive
genotype) is called the heritability of the metrical
trait. As previously indicated, plant breeders are
able to measure phenotypic values directly but it is
the breeding value of individuals that determines
their influence on the progeny. Heritability is the
proportion of the observed variation in a progeny
that is inherited. The bottom line is that if a plant

breeder selects plants on the basis of phenotypic
values to be used as parents in a cross, the success
of such an action in changing the traits in a desired
direction is predictable only by knowing the degree
of correspondence (genetic determination) between
phenotypic values and breeding values. Heritability
measures this degree of correspondence. It does
not measure genetic control but rather how this
control can vary.

Genetic determination is a matter of what causes a
characteristic or trait; heritability, by contrast, is a sci-
entific concept of what causes differences in a charac-
teristic or trait. Heritability is, therefore, defined as a
fraction: it is the ratio of genetically caused variation
to total variation (including both environmental and
genetic variation). Genetic determination, by con-
trast, is an informal and intuitive notion. It lacks
quantitative definition and depends on the idea of a
normal environment. A trait may be described as
genetically determined if it is coded in and caused by
the genes, and bound to develop in a normal environ-
ment. It makes sense to talk about genetic determina-
tion in a single individual but heritability makes sense
only relative to a population in which individuals dif-
fer from one another.

Types of heritability

Heritability is a property of the trait, the population,
and the environment. Changing any of these factors
will result in a different estimate of heritability. There
are two different estimates of heritability.

1 Broad sense heritability. Heritability estimated
using the total genetic variance (VG) is called
broad sense heritability. It is expressed mathe-
matically as:

H ¼ VG=V P

It tends to yield a high value (Table 4.2). Some
use the symbolH2 instead ofH.

2 Narrow sense heritability. Because the additive
component of genetic variance determines
the response to selection, the narrow sense heri-
tability estimate is more useful to plant breeders
than the broad sense estimate. It is estimated as
follows:

h2 ¼ VA=V P
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However, when breeding clonally propagated spe-
cies (e.g., sugarcane, banana), in which both additive
and non-additive gene action are fixed and transferred
from parent to offspring, broad sense heritability is
also useful. The magnitude of narrow sense heritabil-
ity cannot exceed, and is usually less than, the corre-
sponding broad sense heritability estimate.

Heritabilities are seldom precise estimates because
of large standard errors. Traits that are closely related
to reproductive fitness tend to have low heritability
estimates. The estimates are expressed as a fraction,
but may also be reported as a percentage by multi-
plying by 100. A heritability estimate may be unity
(1) or less.

Factors affecting heritability estimates

The magnitude of heritability estimates depends on
the genetic population used, sample size, and the
method of estimation.

� Genetic population. When heritability is defined as
h2¼VA/VP (i.e., in the narrow sense), the variances
are those of individuals in the population. How-
ever, in plant breeding, certain traits such as yield
are usually measured on a plot basis (not on indi-
vidual plants). The amount of genotypic variance
present for a trait in a population influences esti-
mates of heritability. Parents are responsible for
the genetic structure of populations they produce.
More divergent parents yield a population that is
more genetically variable. Inbreeding tends to

increase the magnitude of genetic variance among
individuals in the population. This means that
estimates derived from F2 will differ from, say,
those from F6.

� Sample size. Because it is impractical to measure all
individuals in a large population, heritabilities are
estimated from sample data. To obtain the true
genetic variance for a valid estimate of the true heri-
tability of the trait, the sampling should be random.
A weakness in heritability estimates stems from bias
and lack of statistical precision.

� Methods of computation. Heritabilities are esti-
mated by several methods that use different genetic
populations and produce estimates that may vary.
Common methods include parent–offspring regres-
sion and variance component method. Mating
schemes are carefully designed to enable the total
genetic variance to be partitioned.

Methods of computation

The methods of estimating heritabilities have stren-
gths and weaknesses.

� Variance components. The variance component
method of estimating heritability uses the statisti-
cal procedure of analysis of variance. Variance
estimates depends on the types of populations in
the experiment. Estimating genetic components
suffer from certain statistical weaknesses. Vari-
ances are less accurately estimated than means.
Also, variances are not robust and are sensitive to
departure from normality. An example of herita-
bility estimate using F2, and backcross populations
is as follows:

V F2 ¼ VA þ VD þ V E

V B1 þ V B2 ¼ VA þ 2VD þ 2V E

V E ¼ ½V P1 þ V P2 þ V F1�=3
H ¼ ðVA þ VDÞ=ðVA þ VD þ V EÞ ¼ V G=V P

h2 ¼ ðVAÞ=ðVA þ VD þ V EÞ ¼ VA=V P

Example
Using the data in the following table:

P1 P2 F1 F2 BC1 BC2

Mean 20.5 40.2 28.9 32.1 25.2 35.4
Variance 10.1 13.2 7.0 52.3 35.1 56.5

Table 4.2 Heritability estimates of some plant
architectural traits.

Trait Heritability

Plant height 45
Hypocotyl diameter 38
Number of branches/plant 56
Nodes in lower third 36
Nodes in mid section 45
Nodes in upper third 46
Pods in lower third 62
Pods in mid section 85
Pods in upper third 80
Pod width 81
Pod length 67
Seed number per pod 30
100 seed weight 77
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V E ¼ ½V P1 þ V P2 þ V F1�=3
¼ ½10:1þ 13:2þ 7�
¼ 30:3=3

¼ 10:1

VA ¼ 2V F2 � ðV B1 þ V B2Þ
¼ 2ð52:3Þ � ð35:1þ 56:5Þ
¼ 104:6� 91:6

¼ 13:0

VD ¼ ½ðV B1 þ V B2Þ � F 2 � ðV P1 þ V P2 þ F 1Þ�=3
¼ ½ð35:1þ 56:5Þ � 52:3� ð10:1þ 13:2þ 7:0Þ�=3
¼ ½91:6� 52:3� 30:3�=3
¼ 3:0

Broad sense heritability

H ¼ ½13:0þ 3:0�=½13:0þ 3:0þ 10:1�
¼ 16:0=26:1

¼ 0:6130

¼ 61:30%

Narrow sense heritability

h2 ¼ 13:0=½13:0þ 3:0þ 10:1�
¼ 13:0=26:1

¼ 0:4980

¼ 49:80%

Other methods of estimation

H ¼ ½V F2 � 1=2ðV P1 þ V P2Þ�=V F2

¼ ½52:3� 1=2ð10:1þ 13:2Þ�=52:3
¼ 40:65=52:3

¼ 0:7772

¼ 77:72%

(The estimate is very close to that obtained by
using the previous formula.)

� Parent–offspring regression. The type of offspring
determines if the estimate would be broad sense or
narrow sense. This method is based on several
assumptions: the trait of interest has diploid Mende-
lian inheritance; the population from which the par-
ents originated is randomly mated; the population is
in linkage equilibrium (or no linkage among loci
controlling the trait); parents are non-inbred; no
environmental correlation between the performance
of parents and offspring.

The parent–offspring method of heritability is
relatively straightforward. Firstly, the parent and
offspring means are obtained. Cross products of the
paired values are used to compute the covariance.
A regression of offspring on mid-parent is then

calculated. Heritability in the narrow sense is
obtained as follows:

h2 ¼ bop ¼ VA=V P

where bop is the regression of offspring on mid-
parent, and VA and VP¼ additive variance and
phenotypic variance, respectively.
However, if only one parent is known or relevant

(e.g., a polycross):

b ¼ 1=2ðVA=V P Þ

and

h2 ¼ 2bop

Applications of heritability

Heritability estimates are useful for breeding quanti-
tative traits. The major applications of heritability are:

1 To determine whether a trait would benefit from
breeding. If especially the narrow sense heritability
for a trait is high, it indicates that the use of plant
breeding methods will likely be successful in
improving the trait of interest.

2 To determine the most effective selection strategy
to use in a breeding program. Breeding methods
that use selection based on phenotype are effective
when heritability is high for the trait of interest.

3 To predict gain from selection. Response to selec-
tion depends on heritability. A high heritability
would likely result in high response to selection to
advance the population in the desired direction of
change.

Evaluating parental germplasm
A useful application of heritability is in evaluating the
germplasm assembled for a breeding project to deter-
mine if there is sufficient genetic variation for success-
ful improvement to be pursued. A replicated trial of
the available germplasm is conducted and analyzed by
ANOVA as follows:

Source df EMS

Replication r�1
Genotypes g�1 s2þ rs2g
Error (r�1)(g� 1) s2
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From the analysis, heritability may be calculated as:

H or h2 ¼ ½s2
g�=½s2

g þ s2
e �

Whether the estimate is heritability in the narrow or
broad sense depends on the nature of the genotypes.
Pure lines or inbred lines would yield additive type of
variance, making the estimate narrow sense. Segregat-
ing population would make the estimate broad sense.

4.2.10 Response to selection in breeding

The focus of this section is on the response to selec-
tion (genetic gain or genetic advance). After gener-
ating variability, the next task for the breeder is the
critical one of advancing the population through
selection.

Selection, in essence, entails discriminating among
genetic variation (heterogeneous population) to iden-
tify and choose a number of individuals to establish
the next generation. The consequence of this is differ-
ential reproduction of genotypes in the population
such that gene frequencies are altered and, subse-
quently, the genotypic and phenotypic values of the
targeted traits. Even though artificial selection is
essentially directional, the concept of “complete” or
“pure” artificial selection is an abstraction because,
invariably, before the breeder gets a chance to select
plants of interest, some amount of natural selection
would have already been imposed.

The breeder hopes, by selecting from a mixed pop-
ulation, that superior individuals (with high genetic
potential) will be advanced, and consequently change
the population mean of the trait in a positive way in
the next generation. The breeder needs to have a clear
objective. The trait to be improved needs to be clearly
defined. Traits controlled by major genes are usually
easy to select. However, polygenic traits, being genet-
ically and biologically complex, present a considerable
challenge to the breeder.

The response to selection (R) is the difference
between the mean phenotypic value of the offspring
of the selected parents and the whole of the paren-
tal generation before selection. The response to
selection is simply the change of population mean
between generations following selection. Similarly,
the selection differential (S) is the mean pheno-
typic value of the individuals selected as parents
expressed as a deviation from the population mean
(i.e., from the mean phenotypic value of all the

individuals in the parental generation before selec-
tion). Response to selection is related to heritability
by the following equation:

R ¼ h2S

Prediction of response in one generation – genetic
advance due to selection

The genetic advance achieved through selection
depends on three factors:

1 The total variation (phenotypic) in the population
in which selection will be conducted.

2 Heritability of the target trait.
3 Selection pressure to be imposed by the plant

breeder (i.e., the proportion of the population that
is selected for the next generation).

A large phenotypic variance would provide the
breeder with a wide range of variability from which to
select. Even when the heritability of the trait of
interest is very high, genetic advance would be small
without a large amount of phenotypic variation (Fig-
ure 4.3). When the heritability is high, selecting and
advancing only the top few performers is likely to pro-
duce a greater genetic advance than selecting many
moderate performers. However, such a high selection
pressure would occur at the expense of a rapid loss in
variation. When heritability is low, the breeder should
impose a lower selection pressure in order to advance
as many high potential genotypes as possible.

In principle, the prediction of response is valid for
only one generation of selection. This is because a
response to selection depends on the heritability of
the trait estimated in the generation from which par-
ents are selected. To predict the response in subse-
quent generations, heritabilities must be determined
in each generation. Heritabilities are expected to
change from one generation to the next because, if
there is a response, it must be accompanied by change
in gene frequencies on which heritability depends.
Also, selection of parents reduces the variance and the
heritability, especially in the early generations. It
should be pointed out that heritability changes are
not usually large.

If heritability is unity (VA¼VP; no environmental
variance), progress in a breeding program would be
perfect and the mean of offspring would equal the
mean of the selected parents. On the other hand, if
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heritability is zero, there would be no progress at all
(R¼ 0).

The response in one generation may be expressed
mathematically as

�Xo� �Xp ¼ R ¼ ih2sðor DG ¼ ih2sÞ

where �Xo is mean phenotype of the offspring of
selected parents, �Xp is the mean phenotype of the
whole parental generation, R is the advance in one
generation of selection, h2 is heritability, s is pheno-
typic standard deviation of the parental population, i
is intensity of selection, and DG is genetic gain or
genetic advance.

This equation has been suggested by some to be
one of the fundamental equations of plant breeding
that must be understood by all breeders, hence it is
called the breeders’ equation. The equation is
graphically illustrated in Figure 4.4. The factor “i”,
the intensity of selection (standardized selection dif-
ferential), is a statistical factor that depends on the
fraction of the current population retained for use as
parents for the next generation. If the entire popula-
tion is used, the selection intensity is zero. The
breeder may consult statistical tables for specific val-
ues (e.g., at 1% I¼ 2.668; at 5% i¼ 2.06; at 10%
i¼ 1.755). The breeder must decide the selection
intensity to impose to achieve a desired objective.

0 5 10 15 20 25 30 35 40

Advance = 2.5

(a) Small phenotypic variance (b) Large phenotypic variance

0 5 10 15 20 25 30 35 40

Advance = 10

Figure 4.3 The effect of phenotypic variance on genetic advance. If the phenotypic variance is too small, the genetic
variability from which to select will be limited, resulting in a smaller genetic gain. The reverse is true when the
phenotypic variance is large.
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The selection differential can be predicted if the phe-
notypic values of the trait of interest are normally
distributed and the selection is by truncation (i.e., the
individuals are selected solely in order of merit
according to their phenotypic value – no individual
being selected is less good than any of those rejected).

The response equation is effective in predicting
response to selection, provided that the heritability
estimate (h2) is fairly accurate. In terms of practical
breeding, the parameters for the response equation
are seldom available, and hence not widely used. It
is instructive to state that predicted response (theo-
retical estimate based on heritability and tabulated
selection intensity) is different from realized
response (what the breeder actually observes in the
next generation following selection). Over the long
haul, repeated selection tends to fix favorable
genes, resulting in a decline in both heritability
and phenotypic standard deviation. Once genes
have been fixed, there will be no further response
to selection.

Example
Using the data in the table below:

X sp VP VA VE

Parents 15 2 6 4 3
Offspring 20.2 15 4.3 2.5 3

R ¼ ih2s

Parents

h2 ¼ VA=VP

¼ 4=6

¼ 0:67

for i at p¼ 10%¼ 1.755 (read from tables and assum-
ing a very large population):

R ¼ 1:755� 0:67� 2

¼ 2:35

Offspring

h2 ¼ VA=Vp

¼ 2:5=4:3

¼ 0:58

R ¼ 1:755� 0:58� 1:5

¼ 1:53

Generally, as selection advances to higher genera-
tions, genetic variance and heritability decline.
Similarly, the advance from one generation to the
next declines, while the mean value of the trait being
improved increases.

4.2.11 Concept of correlated response

Correlation is a measure of the degree of association
between traits as previously discussed. This associa-
tion may be on the basis of genetics or may be non-
genetic. In terms of response to selection, genetic cor-
relation is what is useful. When it exists, selection for
one trait will cause a corresponding change in other
traits that are correlated. This response to change by
genetic association is called correlated response.
Correlated response may be caused by pleotropism or
linkage disequilibrium. Pleiotropism is the multiple

μsμ Phenotypic value

s = iσp
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b = proportion
selected

μsμ Phenotypic value

ΔG = h2s = ih2σp (genetic gain)

Figure 4.4 Genetic gain or genetic advance from
selection indicates the progress plant breeders make
from one generation to another based on the selection
decisions they make.
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effect of a single gene (i.e., a single simultaneously
affects several physiological pathways). In a random
mating population, the role of linkage disequilibrium
in correlated response is only important if the traits of
interest are closely linked.

In calculating correlated response, genetic correla-
tions should be used. However, the breeder often has
access to phenotypic correlation and can use them if
they were estimated from values averaged over sev-
eral environments. Such data tend to be in agree-
ment with genetic correlation. In a breeding
program the breeder, even while selecting simulta-
neously for multiple traits, has a primary trait of
interest and secondary traits. The correlated
response (CRy) to selection in the primary trait (y)
for a secondary trait (x) is given by

CRy ¼ ixhxhyrg
ffiffiffiffiffiffiffiffi
Vpy

p

where hx and hy are square roots of the heritabilities
of the two respective traits and rg is the genetic cor-
relation between traits. This relationship may be
reduced to:

CRy ¼ ixrghx

ffiffiffiffiffiffiffiffiffi
VGy

p

since hy ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðVGy=VpyÞ

p
.

It is clear that the effectiveness of indirect selection
depends on the magnitude of genetic correlation and
the heritability of the secondary traits being selected.
Furthermore, given the same selection intensity and a
high genetic correlation between the traits, indirect
selection for the primary trait will be more effective
than directional selection, if heritability of the second-
ary trait is high (rghx> hy). Such a scenario would
occur when the secondary trait is less sensitive to envi-
ronmental change (or can be measured under con-
trolled conditions). Also, when the secondary trait is
easier and less costly to measure, the breeder may
apply a higher selection pressure to it.

Correlated response has wider breeding applica-
tion in homozygous, self-fertilizing species and apo-
micts. Additive genetic correlation is important in
selection in plant breeding. As previously discussed,
the additive breeding value is what is transferred to
offspring and can be changed by selection. Hence,
where traits are additively genetically correlated,
selection for one trait will produce a correlated
response in another.

4.2.12 Selection for multiple traits

Plant breeders may use one of three basic strategies to
simultaneously select multiple traits – tandem selec-
tion, independent curling, and selection index.
Plant breeders often handle very large numbers of
plants in a segregating population using limited
resources (time, space, labor, money, etc.). Along
with the large number of individuals are the many
breeding traits often considered in a breeding pro-
gram. The sooner they can reduce the numbers of
plants to the barest minimum and, more importantly,
to the most desirable and promising individuals, the
better. Highly heritable and readily scorable traits are
easier to select for in the initial stages of a breeding
program.

Tandem selection

In this mode of selection, the breeder focuses on one
trait at a time (serial improvement). One trait is
selected for several generations, then another trait is
focused on for the next period. The questions of how
long each trait is selected before a switch and at what
selection intensity are major considerations for the
breeder. It is effective when genetic correlation does
not exist between the traits of interest or when the
relative importance of each trait changes throughout
the years.

Independent curling

Also called truncation selection, independent curling
entails selecting for multiple traits in one generation.
For example, for three traits, A, B and C, the breeder
may select 50% plants per family for A on phenotypic
basis, and from that select 40% plants per family based
on trait B; finally, from that subset, 50% of the plants
per family is selected for trait C, giving a total of 10%
selection intensity (0.5� 0.4� 0.5).

Index selection

A breeder has a specific objective for conducting a
breeding project. However, selection is seldom made
on the basis of one trait alone. For example, if
the breeding project is for disease resistance, the
objective will be to select a genotype that combines
disease resistance with the qualities of the elite
adapted cultivar. Invariably, breeders usually practice
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Industry highlights

Recurrent selection with soybean
Joseph W. Burton

USDA Plant Science Building, 3127 Ligon Street, Raleigh, NC 27607, USA

Selection using a restricted index

Two commodities, protein meal and oil, are produced from soybean (Glycine max (L.) merr.) and give the crop its value.

Soybean seeds are crushed, oil is extracted, and protein meal is what remains. On a dry-weight basis, soybeans are

approximately 20% oil and 40% protein. Concentration of protein in the meal is dependent on protein concentration

in soybean seeds. Protein meal is traded either as 44% protein or 48% protein. The 48% protein meal is more valu-

able, so increasing or maintaining protein concentration in soybean seeds has been a breeding objective. Protein is

negatively associated with oil in seeds and in many breeding populations it is negatively associated with seed yield

(Brim and Burton, 1979).

The negative association between yield and protein could be due to genetic linkage as well as physiological processes

(Carter et al., 1982). Thus, a breeding strategy is needed which permits simultaneous selection of both protein and yield.

Increased genetic recombination should also be helpful in breaking unfavorable linkages between genes that contribute

to the negative yield and protein relation. We devised a recurrent S1 family selection program to satisfy the second objec-

tive and applied a restricted index to family performance to achieve the first objective.

Selection procedure

A population designated RS 4

was developed using both high

yielding and high protein par-

ents. The high yielding parents

were the cultivars, “Bragg”,

“Ransom”, and “Davis” (Figure

B4.1). The high protein parents

were 10 F3 lines from cycle 7

of another recurrent selection

population designated IA (Brim

and Burton, 1979). In that pop-

ulation, selection had been

solely for protein. Average pro-

tein concentration of the 10

parental F3 lines was 48.0%.

The base or C0 population was

developed by making seven or

eight matings between each

high protein line and the three

cultivars, resulting in 234

hybrids. The So generation was

advanced at the USDA Winter

Soybean Nursery in Puerto

Rico, resulting in 234 S1 fami-

lies. These were tested in two

replications at two locations.

Both seed yield and protein

concentration were determined

for each family. Average pro-

tein concentration of the initial

population was 45.6%. As this

was an acceptable increase in

Year 1 Summer 10 High protein lines   x   3 Commercial cultivars

234 S0 plants

Winter Self 

234 S1 families 

Year 2  Summer Yield test at 2 locations

Apply the restricted index
Select 29 families

Year 3 Summer Inter mate S2 generation
Modified pedigree
Selection

Begin a new cycle Derive F6 lines
Evaluate yield and
seed composition

Cultivar selection

Figure B4.1 Recurrent S1 family for yield and protein using a restricted
index.
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protein, a restricted selection index was applied aimed at increasing yield and holding protein constant. This index

was the following:

I ¼ Yield� ðsGyp=s
2
GpÞ � protein

where sGp is the estimated genetic covariance between yield and protein and s2
Gp is the estimated genetic variance of

protein (Holbrook et al., 1989). Using this index, 29 families were selected.

The following summer, these 29 families (now in the S2 generation) were randomly intermated. To do this, the

following procedure was used. Each day of the week, flowers for pollen were collected from 24 of the families and

used to pollinate the remaining five families. A different set of 24 and 5 families were used as males and females,

respectively, each day. This process was followed until each family had at least seven successful pollinations on

seven different plants within each family. These were advanced in the winter nursery to generate the S1 families for

the next cycle of selection.

Development of “Prolina” soybean

Modified pedigree selection was applied to the S1 families chosen in the first restricted index selection cycle. F6 lines

were tested in replicated yield tests. One of those lines, N87-984, had good yielding ability and 45% seed protein con-

centration. Because of heterogeneity for plant height within the line, F9 lines were derived from N87-984 using single

seed descent. These were yield tested in multiple North Carolina locations. The two lines most desirable in terms of

uniformity, protein concentration, and seed yield were bulked for further testing and eventual release as the cultivar,

Prolina (Burton et al., 1999). At its release, Prolina had 45% protein compared with 42.7% for the check cultivar, Centen-

nial, and similar yielding ability.

Recurrent selection using male sterility

In the previous example, intermating the selections was done using hand pollination. Hand pollination with soybean is

time consuming and difficult. The average success rate in our program during the August pollinating season was 35%.

Thus, a more efficient method for recombination would be helpful in a recurrent selection program which depends on

good random mating among selected progeny for genetic recombination and reselection.

Genetic (nuclear) male sterility has been used for that purpose. Several nuclear male sterile alleles have been identified

(Palmer et al., 2004). The first male sterile allele to be discovered (ms1) is completely recessive (Brim and Young, 1971) to

male fertility (Ms1). Brim and Stuber (1973) described ways that it could be used in recurrent selection programs. Plants

which are homozygous for the ms1 allele are completely male sterile. All seeds produced on male sterile plants result

from pollen contributed by a male-fertile plant (Ms1Ms1 or Ms1ms1) via an insect pollen vector. The ms1ms1 male

sterile plants are also partially female sterile, so that seed set on male sterile plants is low, averaging about 35 seeds

per plant. In addition, most pods have only one seed and that seed is larger (30–40% larger) than seeds which would

develop on a fertile plant with similar genetic background. The ms1 allele is maintained in a line that is 50% ms1ms1
and 50% Ms1ms1. This line is planted in an isolation block. One-half of the pollen from male-fertile plants carries

the Ms1 fertile allele and one-half carries the ms1 sterile allele. Male sterile plants are pollinated by insect vectors,

usually various bee species. At maturity, only seeds of male sterile plants were harvested. These occur in the

expected genotypic ratio of 50% Ms1ms1 : 50% ms1ms1.

One of the phenotypic consequences of ms1 male sterility and low seed set is incomplete senescence. At maturity,

soybeans normally turn yellow, leaves abscise, and pods and seeds dry. Seed and pods on male sterile plants mature and

dry normally, but the plants remain green and leaves do not abscise. Thus, they are easily distinguished from male-fertile

plants.

To use nuclear male sterility in a recurrent selection experiment, a population is developed for improvement which

segregates for one of the recessive male sterile alleles. This can be accomplished in a number of ways depending on

breeding objectives. Usually, a group of parents with desirable genes are mated to male sterile genotypes. This can be

followed by one or more backcrosses. Eventually, an F2 generation which segregates for male sterility is allowed to ran-

domly intermate. Seeds are harvested from male sterile plants. Then several different selection units are possible. These

include the male sterile plant itself (Tinius, et al., 1991); the seeds (plants) from a single male sterile plant (a half-sib

family) (Burton and Carver, 1993); and selfed seeds (plants) of an individual from a male sterile plant (S1 family) (Burton

et al., 1990). Selection can be among and/or within the families (Carver et al., 1986). If appropriate markers are

employed, half-sib selection using a tester is also possible (Feng et al., 2004). As with all recurrent selection schemes

selected individuals are intermated. These can be either remnant seed of the selection unit or progeny of the selection

unit. The male sterile alleles segregate in both because both were derived in some manner from a single male sterile plant.
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Recurrent mass selection for seed size

Because seed set on male sterile plants is generally low, we hypothesized that the size of the seed was not limited by

source (photosynthate) inputs. Thus, selecting male sterile plants with the largest seeds would be selecting plants with the

most genetic potential for producing large seeds. If so, this would mean that male-fertile plants derived from those selec-

tions would also produce larger seeds and perhaps have increased potential for overall seed yield.

To test this hypothesis, we conducted recurrent mass selection for seed size (mg/seed) in a population, N80-1500, that

segregated for the ms1 male sterile allele and had been derived from adapted high yielding cultivar and breeding lines

(Burton and Brim, 1981). The population was planted in an isolation block. Intermating between male sterile and male-

fertile plants occurred at random. In North Carolina, there are numerous wild insect pollen vectors so introduction of

domestic bees was not needed. If needed, bee hives can be placed in or near the isolation block. At maturity, seeds were

harvested from approximately 200 male-sterile plants. To make sure that the entire population was sampled, the block

was divided into sections

and equal numbers of plants

were sampled from each sec-

tion. Seeds from each plant

were counted and weighed.

The twenty plants with larg-

est seeds (greatest mass)

were selected. These 20

selections were grown in a

winter nursery and bulk

selfed to increase seed num-

bers. Equal numbers of seeds

from the 20 selfed selections

were combined and planted

in another isolation block the

following summer to begin

another selection cycle (Fig-

ure B4.2).

With this method, one

cycle of selection is com-

pleted each year. This is

mass selection where only

the female parent is selected.

Additionally, the female par-

ents all have an inbreeding

coefficient of 0.5 because of

the selfing seed increase dur-

ing the winter. Thus, the

expected genetic gain (DG)

for this selection scheme is:

DG ¼ Sð0:75Þs2
Aðs2

PÞ�1

where S is the selection dif-

ferential, s2
A is the additive

genetic variance and s2
P is

the phenotypic variance.

This method was also used to

increase oleic acid concen-

tration in seed lipids (Carver

et al., 1986).

At the end of cycle 4 and

cycle 7, selected materials

from each cycle were

evaluated in replicated field

N79-1500

A genetically diverse population that segregates for ms1 male sterility

Year 1 Summer Planting:  Plant in a field isolation block. Space the plants 10 to 20
inches apart to permit larger plant growth.

Random-mating:  When the plants flower, insect pollen vectors
transfer pollen from flowers of male-fertile (Ms1__) to flowers of
male-sterile (ms1ms1) plants. 

Fall Seed harvest:  When pods are mature on male-sterile plants,
harvest 10 – 20 pods from 200 plants. Pick plants using some
system (such as a grid) so that plants are sampled from all portions
of the block.   

Selection:  Determine the seed size (average weight per seed) for
each of the 200 plants. Select the 20 plants which have the largest
seeds. 

Winter Seed increase:  Grow the 20 selections in 20 separate rows in a
winter nursery. At maturity, harvest fertile plants from each row.

Year 2 Summer Intermate selections:
Bulk equal numbers of seeds
from each of the 20 winter
nursery rows. Plant in an isolation
block for random mating.

Bulk-self selections:
Grow remnant winter
nursery seeds of 20
selected lines.  

Inbreed by bulk selfing
or single seed descent.The next cycle begins

Pure lines that are male-
fertile (Ms1Ms1), can be
derived in the F4 or later
generation for further
evaluation.

Figure B4.2 Recurrent mass selection for seed size in soybean using nuclear
male sterility to inter mate selections.
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trials. Results of those trials showed that the method had successfully increased both seed size and yield in the population.

In seven cycles of selection, seed size of the male sterile plants increased linearly from 196mg/seed to 235mg/seed.

Male-fertile seed size also increased linearly from 138 to 177mg/seed (Figure B4.3). Not only did the mass increase, but

the physical size of the seeds increased as well. The range in seed diameter initially was 4.8–7.1mm. After four cycles of

selection, diameter range had shifted and was 5.2–7.5mm (Figure B4.4). Yield increased at an average rate of 63.5 kg/ha

each cycle (Figure B4.5), about 15% overall. There was some indication that after cycle 5 changes in yield were leveling

off as yields of selections from cycle 5 and cycle 7 were very similar.

This method is relatively

inexpensive. Little field space is

required and only a balance is needed

to determine which individual should

be selected. The ability to complete

one cycle each year also makes it effi-

cient. The largest expense is probably

that needed to increase the seeds from

selected male sterile plants in a winter

greenhouse or nursery. The method

may be quite useful for introgressing

unadapted germplasm into an

adapted breeding population, fol-

lowed by rapid improvement of pro-

ductivity. The population could be

sampled in any cycle using single

seed descent. Pure lines developed

from these populations would be

handled exactly as those developed

from single crosses in typical modified

pedigree selection programs.
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selection on several traits simultaneously. The prob-
lem with this approach is that as more traits are
selected for, the less the selection pressure that can be
exerted on any one trait. Therefore, the breeder
should select on the basis of two or three traits of the
highest economic value. It is conceivable that a trait of
high merit may be associated with other traits of less
economic value. Hence, using the concept of selec-
tion on total merit, the breeder would make certain
compromises, selecting individuals that may not have
been selected were it based on a single trait.

In selecting on a multivariate phenotype, the
breeder explicitly or implicitly assigns a weighting
scheme to each trait, resulting in the creation of a
univariate trait (an index) that is then selected. The
index is the best linear prediction of an individual’s
breeding value. It takes the form of a multiple regres-
sion of breeding values on all the sources of informa-
tion available for the population.

The methods used for constructing an index usually
include heritability estimates, relative economic
importance of each trait, and genetic and phenotypic
correlation between the traits. The most common
index is a linear combination that is mathematically
expressed as:

I ¼
Xm

i¼1

bjzj ¼ bIz

where z is the vector of phenotypic values in an indi-
vidual and b is a vector of weights. For three traits, the
form may be:

I ¼ aA1 þ bB1 þ cC1

where a, b, and c are coefficients correcting for rela-
tive heritability and the relative economic importance
of traits A, B, and C, respectively, and A1, B1, and C1

are the numerical values of traits A, B, and C
expressed in standardized form. A standardized varia-
ble (X1) is calculated as:

X1 ¼ ðX � �XÞ=sx

where, X is the record of performance made by an
individual; �X is the average performance of the
population; and sx is the standard deviation of
the trait.

The classical selection index has the following form:

I ¼ b1x1 þ b2x2 þ b3x3 þ . . .þ bmxn

where x1, x2, x3, xn are the phenotypic performance of
the traits of interest, and b1, b2, and b3 are the relative
weights attached to the respective traits. The weights
could be simply the respective relative economic
importance of each trait; the resulting index is called
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the basic index and may be used in cultivar assess-
ment in official registration trials.

An index by itself is meaningless, unless it is used in
comparing several individuals on a relative basis.
Furthermore, in comparing different traits, the
breeder is faced with the fact that the mean and varia-
bility of each trait is different and, frequently, the
traits are measured in different units. Standardization
of variables resolves this problem.

4.2.13 Concept of intuitive index

Plant breeding was described in Chapter 2 as both a
science and an art. Experience (with the crop, the
methods of breeding, breeding issues concerning the
crop) is advantageous in having success in solving
plant breeding problems. Plant breeders, as previously
indicated, often must evaluate many plant traits in a
breeding program. Whereas one or a few would be
identified as key traits and focused on in a breeding
program, breeders are concerned about the overall
performance of the cultivar. During selection, breed-
ers formulate a mental picture of the product desired
from the project and balance good qualities against
moderate defects as they make final judgments in the
selection process.

Explicit indices are laborious, requiring the breeder
to commit to extensive record keeping and statistical
analysis. Most breeders use a combination of trunca-
tion selection and intuitive selection index in their
programs.

4.2.14 The concept of general worth

For each crop, there is a number of traits which,
considered together, define the overall desirability of
the cultivar from the combined perspectives of the
producer and the consumer. These traits may range
between about a dozen to several dozens, depending
on the crop, and constitute the primary pool of traits
that the breeder may target for improvement. These
traits differ in importance (economic and agronomic)
as well as ease with which they can be manipulated
through breeding. Plant breeders typically target one
or few of these traits for direct improvement in a
breeding program. That is, the breeder draws up a
working list of traits to address the needs embodied
in the stated objectives. Yield of the economic prod-
uct is almost universally the top priority in a plant
breeding program. Disease resistance is more of a

local issue because what may be economically impor-
tant in one region may not be important in another
area. Even though a plant breeder may focus on one
or a few traits at a time, the ultimate objective is the
improvement of the totality of the key traits that
impact the overall desirability or general worth of the
crop. In other words, breeders ultimately have a holis-
tic approach to selection in a breeding program.
The final judgments are made on a balanced view of
the essential trait of the crop.

4.2.15 Nature of breeding traits and their levels of
expression

Apart from relative importance, the traits the plant
breeder targets vary in other ways. Some are readily
evaluated by visual examination (e.g., shape color,
size), whereas others require a laboratory assay (e.g.,
oil content) or mechanical measurement (e.g., fiber
traits of cotton). Special provisions (e.g., greenhouse,
isolation block) may be required in disease breeding,
whereas yield evaluations are most reliable when con-
ducted over seasons and locations in the field.

In addition to choosing the target traits, the
breeder will have to decide on the level of expression
of each one, below which a plant material would be
declared worthless. The acceptability level of expres-
sion of a trait may be narrowly defined (stringent
selection) or broadly defined (loose selection). In
industrial crops (e.g., cotton), the product quality
may be strictly defined (e.g., a certain specific gravity,
optimum length). In disease resistance breeding,
there may not be a significant advantage in selecting
for extreme resistance over selecting for less than
complete resistance. On the other hand, in breeding
nutritional quality, there may be legal guidelines as to
threshold expression for toxic substances.

4.2.16 Early generation testing

Early generation testing is a selection procedure in
which the breeder initiates testing of genetically het-
erogeneous lines or families in an earlier than normal
generation. For example, recurrent selection with
testers can be used to evaluate materials in early gen-
erations (Chapter 15). A major consideration of the
breeder in selecting a particular breeding method is
to maximize genetic gain per year. Testing early, if
effective, helps to identify and select potential culti-
vars from superior families in the early phase of the
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breeding program. The early generation selection
method has been favorably compared with other
methods, such as pedigree selection, single seed
descent, and bulk breeding. The question of how
early the test is implemented often arises. Should it
be in the F1-, F2- or F3-derived families? Factors to
consider in deciding on the generation in which
selection is done include the trait being improved
and the availability of off-season nurseries to use in
producing additional generations per year (in lieu of
selecting early).

4.2.17 Concept of combining ability

Over the years, plant breeders have sought ways of
facilitating plant breeding through efficient selection
of parents for a cross, effective and efficient selection
within a segregating population, prediction of
response to selection, amongst other needs. Quantita-
tive assessment of the role of genetics in plant breed-
ing entails the use of statistical genetics approaches to
estimate variances and partition them into compo-
nents. Because variance estimates are neither robust
nor accurate, the direct benefits of statistical genetics
to the breeder have been limited.

In 1942, Sprague and Tatum proposed a method
of evaluating inbred lines to be used in corn hybrid
production that was free of the genetic assumptions
that accompany variance estimates. Called combin-
ing ability, the procedure entails the evaluation of a
set of crosses among selected parents to ascertain
the extent to which variances among crosses are
attributable to statistically additive characteristics of
the parents, and what could be considered the effect
of residual interactions. Crossing each line with sev-
eral other lines produces an additional measure in
the mean performance of each line in all crosses.
This mean performance of a line, when expressed as
a deviation from the mean of all crosses, gives what
Sprague and Tatum called the general combining
ability (GCA) of the lines.

The GCA is calculated as the average of all F1s hav-
ing this particular line as one parent, the value being
expressed as a deviation from the overall mean of
crosses. Each cross has an expected value (the sum of
GCAs of its two parental lines). However, each cross
may deviate from the expected value to a greater or
lesser extent, the deviation being the specific com-
bining ability (SCA) of the two lines in combina-
tion. The differences of GCA are due to the additive

and additive x additive interactions in the base popu-
lation. The differences in SCA are attributable to non-
additive genetic variance. Furthermore, the SCA
is expected to increase in variance more rapidly as
inbreeding in the population reaches high levels.
GCA is the average performance of a plant in a cross
with different tester lines, while SCA measures the
performance of a plant in a specific combination in
comparison with other cross combinations.

The mathematical representation of this relation-
ship for each cross is as:

XAB ¼ �X þGA þGB þ SAB

where �X is the general mean, GA and GB are the gen-
eral combining ability estimates of the parents, and
SAB is the statistically unaccounted for residual or
specific combining ability (SCA). The types of inter-
actions that can be obtained depend upon the mating
scheme used to produce the crosses, the most com-
mon being the diallel mating design (full or partial
diallel).

Plant breeders may use a variety of methods for
estimating combining abilities, including the poly-
cross and top-crossing methods. However, the diallel
cross (each line is mated with every other line) devel-
oped by B. Griffing in 1956 is perhaps the most
commonly used method. The GCA of each line is cal-
culated as follows:

Gx ¼ ½Tx=ðn� 2Þ� � ST=nðn� 2Þ½ �

where x represents a specific line. Using the data in
Table 4.3. GA can be calculated as:

GA ¼ ½TA=n� 2� � ST=nðn� 2Þ½ �
¼ ½226=8� � ½2024=10ð10� 2Þ�
¼ 28:25� 25:3

¼ 2:95

The others may be calculated as for line A. The next
step is to calculate the expected value of each cross.
Using the cross CD as an example, the expected value
is calculated as follows:

EðXCDÞ ¼ �4:18þ 5:33þ 22:49 ¼ 23:64

SCA is calculated as follows:

SCACD ¼ 26� 23:64
¼ 2:36
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This is done for each combination and a plot of
observed values versus expected values plotted.
Because the values of SCA are subject to sampling
error, the points on the plot do not lie on the diago-
nal. The distance from each point to the diagonal rep-
resents the SCA plus sampling error of the cross.
Additional error would occur if the lines used in the
cross are not highly inbred (error due to the sampling
of genotypes from the lines).

Combining ability calculations are statistically
robust, being based on first degree statistics (totals,
means). No genetic assumptions are made about
individuals. The concept is applicable to both self-
pollinated and cross-pollinated species, for identifying
desirable cross combinations of inbred lines to include
in a hybrid program or for developing synthetic
cultivars. It is used to predict the performance of
hybrid populations of cross-pollinated species, usually
via a test cross or polycross. It should be pointed out
that combining ability calculations are properly
applied only in the context in which they were calcu-
lated. This is because GCA values are relative and
depend upon the mean of the chosen parent materials
in the crosses.

A typical ANOVA for combining ability analysis is
as follows:

Source df SS MS EMS

GCA p�1 SG MG s2
E þ s2

SCA þ s2
GCA

SCA p(p� 1)/2 SS MS s2
E þ s2

SCA

Error m SE ME s2
E

The method used of a combining ability analysis
depends on available data: The method depends on
available data:

� ParentsþF1 or F2 and reciprocal crosses (i.e., p2

combination).
� ParentsþF1 or F2, without reciprocals (i.e., 1/2 p
(pþ 1 combinations).

� F1þF2þ reciprocals, without parents and recipro-
cals (i.e., 1/2 p(p�1) combination.

� Only F1 generations without parents, reciprocals
(i.e., 1/2 p(p� 1) combinations.

4.2.18 Mating designs

Artificial crossing or mating is a common activity in
plant breeding programs for generating various levels
of relatedness among the progenies that are pro-
duced. Mating in breeding has two primary purposes:

1 To generate information for the breeder to under-
stand the genetic control or behavior of the trait of
interest.

2 To generate a base population to initiate a breeding
program.

The breeder influences the outcome of a mating by
the choice of parents, the control over the frequency
each parent is involved in mating, and the number of
offspring per mating, amongst other ways. A mating
may be as simple as a cross between two parents, to
the more complex diallel mating.

Table 4.3 Calculating general and specific combining abilities.

B C D E F G H I J Total GCA

A 26 24 29 28 22 21 27 21 28 226 2.98
B 21 35 30 26 22 29 14 19 222 2.45
C 26 21 10 14 13 17 23 169 �4.18
D 25 31 32 28 21 18 245 5.33
E 13 23 15 15 14 184 �2.3
F 20 31 17 15 185 �2.18
G 32 14 12 190 �1.55
H 35 38 248 5.7
I 17 171 �3.93
J 184 �2.3

2024 0
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Hybrid crosses

These are reviewed here to give the student a basis for
comparison with the random mating schemes to be
presented.

� Single cross ¼ A�B!F1 (AB)
� Three-way cross ¼ (A�B)!F1�C! (ABC)
� Backcross ¼ (A�B)!F1�A! (BC1)
� Double cross ¼ (A�B)!FAB; (C�D)!FCD;

FAB�FCD! (ABCD)

These crosses are relatively easy to genetically analyze.
The breeder exercises significant control over the
mating structure.

Mating designs for random mating populations

The termmating design is usually applied to schemes
used by breeders and geneticists to impose random
mating for a specific purpose. To use these designs,
certain assumptions are made by the breeder:

� The materials in the population have diploid behav-
ior. However, polyploids that can exhibit disomic
inheritance (alloploids) can be studied.

� The genes controlling the trait of interest are inde-
pendently distributed among the parents (i.e.,
uncorrelated gene distribution).

� The absence of: non-allelic interactions, reciprocal
differences, multiple alleles at the loci controlling
the trait, and G � E interactions.

Biparental mating (or pair crosses) In this design,
the breeder selects a large number of plants (n) at
random and crosses them in pairs to produce 1/2n
full-sib families. The biparental (BIP) is the simplest
of the mating designs. If r plants per progeny family
are evaluated, the variation within and between fami-
lies may be analyzed as follows:

Source df MS EMS

Between families (1/2n)� 1 MS1 s2wþ rs2b
Within families 1/2n(r� 1) MS2 s2w

where s2b is the covariance of full-sibs (¼ 1/2VAþ 1/4
VDþVEC¼ 1/r (MS1�MS2) and s2w¼ 1/2VAþ 3/4
VDþVEW¼MS2)

The limitation of this otherwise simple to imple-
ment design is its inability to provide the needed
information to estimate all the parameters required

by the model. The progeny from the design
comprise full-sibs or unrelated individuals. There is
no further relatedness among individuals in the
progeny. The breeder must make unjustifiable
assumptions in order to estimate the genetic and
environmental variance.

Polycross This design is for intermating a group of
cultivars by natural crossing in an isolated block. It is
most suited to species that are obligate cross-
pollinated (e.g., forage grasses and legumes, sugar-
cane, sweet potato), but especially those that can be
vegetatively propagated. It provides an equal oppor-
tunity for each entry to be crossed with every other
entry. It is critical that the entries be equally repre-
sented and randomly arranged in the crossing block.
If 10 or less genotypes are involved, the Latin square
design may be used. For a large number of entries,
the completely randomized block design may be
used. In both cases, about 20–30 replications are
included in the crossing block. The ideal require-
ments are hard to meet in practice because of several
problems, placing the system in jeopardy of deviating
from random mating. If all the entries do not flower
together, mating will not be random. To avoid this,
the breeder may plant late flowering entries earlier.

Pollen may not be dispersed randomly, resulting in
concentrations of common pollen in the crossing
block. Half-sibs are generated in a polycross because
progeny from each entry has a common parent. The
design is used in breeding to produce synthetic culti-
vars, recombining selected entries of families in recur-
rent selection breeding programs, or for evaluating
the GCA of entries.

North carolina design I Design I is a very popular
multipurpose design for both theoretical and practi-
cal plant breeding applications (Figure 4.5). It is
commonly used to estimate additive and dominance
variances as well as for evaluation of full- and half-
sib recurrent selection. It requires sufficient seed for
replicated evaluation trials, and hence is not of prac-
tical application in breeding species that are not
capable of producing large amounts of seed. It is
applicable to both self- and cross-pollinated species
that meet this criterion. As a nested design, each
member of a group of parents used as males is
mated to a different group of parents. NC design I
is a hierarchical design with non-common parents
nested in common parents.
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The total variance is partitioned as follows:

Source df MS EMS

Males n�1 MS1 s2w þ rs2
mf þ rfs2

m

Females n1(n2� 1) MS2 s2w þ rs2
mf

Within
progenies

n1n2(r�1) MS3 s2w

s2
m ¼ ½MS1 �MS2�=rn2 ¼ 1=4VA

rs2
flm ¼ ½MS2 �MS3�=r ¼ ð1=4ÞVA þ ð1=4ÞVD

s2w ¼ MS3 ¼ ð1=2ÞVA þ ð3=4ÞVD þ E

This design is most widely used in animal studies.
In plants, it has been extensively used in maize breed-
ing for estimating genetic variances.

North carolina design II In this design, each mem-
ber of a group of parents used as males is mated to
each member of another group of parents used as
females.Design II is a factorial mating scheme similar
to Design I (Figure 4.6). It is used to evaluate inbred
lines for combining ability. The design is most
adapted to plants that have multiple flowers, so that
each plant can be used repeatedly as both male and

female. Blocking is used in this design to allow all
the mating involving a single group of males to a
single group of females to be kept intact as a unit.
The design is essentially a two-way ANOVA in
which the variation may be partitioned into differ-
ence between males and females and their inter-
action. The ANOVA is as follows:

Source df MS EMS

Males n1� 1 MS1 s2w þ rs2
mf þ rns2

m

Females n2� 1 MS2 s2w þ rs2
mf þ rn1s

2
f

Males �
females

(n1�1)(n2� 1) MS3 s2w þ rs2
mf

Within
progenies

n1n2(r�1) MS4 s2w

s2
m ¼ ½MS1 �MS3�=rn2 ¼ ð1=4ÞVA

rs2
f ¼ ½MS2 �MS3�=rn1 ¼ ð1=4ÞVA

rs2
mf ¼ ½MS3 �MS4�=r ¼ ð1=4ÞVD

s2w ¼ MS4 ¼ ð1=2ÞVA þ ð3=4ÞVD þ E

The design also allows the breeder to measure not
only GCA but also SCA.

A

Design I (nested)

A

D

ADD

AEE

AFF

B

BGG

BHH

BII

C

CJJ

CKK

CLL
ProgenyFemalesMales

(a) Conceptual (b) Practical (basic)

B C

E

F

G

H

I

J

K Female

L

Male

Figure 4.5 North Carolina Design I. (a) This design is a nested arrangement of genotypes for crossing in which no
male is involved in more than one cross. (b) A practical layout in the field.
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North carolina design III In this design, a ran-
dom sample of F2 plants is backcrossed to the two
inbred lines from which the F2 was descended. It is
considered the most powerful of all the three North
Carolina designs. However, it was made more pow-
erful by the modifications made by Kearsey and

Jinks that add a third tester (not just the two
inbreds) (Figure 4.7). The modification is called
the triple test cross and is capable of testing for
non-allelic (epistatic) interactions that the other
designs cannot, and also estimate additive and dom-
inance variance.
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Figure 4.6 North Carolina Design II. (a) This is a factorial design. (b) Paired rows may be used in the nursery for
factorial mating of plants.
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Figure 4.7 North Carolina Design III. The conventional form (a), the practical layout (b), and the modification
(c) are shown.
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Diallel cross A complete diallel mating design is
one that allows the parents to be crossed in all possi-
ble combinations, including selfs and reciprocals. This
is the kind of mating scheme required to achieve
Hardy–Weinberg equilibrium in a population. How-
ever, in practice, a diallel with selfs and reciprocals is
neither practical nor useful for several reasons. Selfing
does not contribute to recombination of genes
between parents. Furthermore, recombination is
achieved by crossing in one direction making recipro-
cals unnecessary. Because of the extensive mating pat-
terns, the number of parents that can be mated this
way is limited. For p entries, a complete diallel will
generate p2 crosses. Without selfs and reciprocals, the
number is p(p� 1)/2 crosses.

When the number of entries is large, a partial
diallel mating design, which allows all parents to be
mated to some but not all other parents in the set, is
used. A diallel design is most commonly used to esti-
mate combining abilities (both general and specific).
It is also widely used for developing breeding popula-
tions for recurrent selection.

Nursery arrangements for application of com-
plete and partial diallel are varied. Because a large
number of crosses are made, diallel mating takes
a large amount of space, seed, labor, and time to
conduct. Because all possible pairs are contained
in one half of a symmetric Latin square, this
design may be used to address some of the space
needs.

There are four basic methods developed by Griffing
that vary in either the omission of parents or the
omission of reciprocals in the crosses. The number
of progeny families (pf) for methods 1 through 4 are:
pf¼ n2, pf¼ 1/2 n(nþ 1), pf¼ n(n� 1), and pf¼ 1/2n
(n� 1), respectively. The ANOVA for method 4, for
example, is:

Source df EMS

GCA n1 – 1 s2eþ rs2
g

þrðn� 2Þs2

SCA [n(n – 3)]/2 s2eþ rs2g
Reps x

Crosses
(r�1){[n(n�1)/2]�1} s2e

Comparative evaluation of mating designs Hill,
Becker and Tigerstedt roughly summarized these
mating designs in two ways:

1 In terms of coverage of the population: BIPs >
NCM-I > Polycross>NCM-III >NCM-II > dial-
lel, in that order of decreasing effectiveness.

2 In terms of amount of information: Diallel >
NCM-II >NCM-II >NCM-I > BIPs.

The diallel mating design is the most important for
GCA and SCA. These researchers emphasized that it
is not the mating design per se, but rather the breeder
who breeds a new cultivar. The implication is that the
proper choice and use of a mating design will provide
the most valuable information for breeding.

4.3 Molecular quantitative genetics

Molecular quantitative genetics mainly focuses on
evaluating the coupling association of the polymor-
phic DNA sites with the phenotypic variations of
quantitative and complex traits. In addition,
whereas classical quantitative genetics deals with the
holistic status of all genes, molecular quantitative
genetics dissects the genetic architectures of quanti-
tative genes (concerned with the analytical status of
the major genes and holistic status of the minor
genes).

4.3.1 The genetic architecture of quantitative traits

The genetic architecture of quantitative traits
entails the number of QTLs that influence a quanti-
tative trait, the number of alleles that each QTL
possesses, the frequencies of the alleles in the popu-
lation, and the influence of each QTL and its alleles
on the quantitative trait. Identifying and character-
izing QTLs will provide a basis for selecting and
improving plant species. The summation of QTL
studies indicates that QTL alleles with large effects
are rare; most quantitative traits are controlled by
many loci with small effects.

Researchers commonly use one of two fundamen-
tal approaches to design and study quantitative
traits. In what is called the top-down approach,
they start with the trait of interest and then attempt
to draw inferences about the underlying genetics
from examining the degree of trait resemblance
among related subjects. It is usually the first step
taken to determine if there is any evidence for a
genetic component. It is also described as the
unmeasured genotype approach because it focuses
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on the inheritance pattern without measuring any
genetic variations. Typical statistical analyses
employed in this approach are heritability and seg-
regational analysis.

In the second approach, the bottom-up (measured
approach), researchers actually measure QTLs and use
the information to draw inferences about which genes
might have a role in the genetic architecture of a
quantitative trait. Typical statistical analyses employed
in this approach are linkage analysis and association
analysis. The second approach is becoming more
assessable with the advent of newer, more efficient
and less expensive technologies to measure QTLs.
These technologies include DNA microarrays and
protein mass spectrometry. They allow researchers to
quantitatively measure the expression levels of thou-
sands of gene simultaneously, and thereby study gene
expression at the both the RNA and protein levels as a
quantitative trait.

4.3.2 Effects of QTL on phenotype

QTLs influence quantitative trait phenotype in vari-
ous ways. They can influence quantitative trait levels
(quantitative trait means can be different among dif-
ferent genotypes). Most of the statistical methods
used for studying quantitative traits are based on
genotypic means. The variation in phenotypic values
may also vary among genotypes. Furthermore, QTLs
also may affect the correlation among quantitative
traits as well as the dynamics of traits (the change in
phenotype over a period may be due to variations in
a QTL).

QTL alleles have context-dependent effects.
Their effects may differ in magnitude or direction
in different genetic backgrounds, different environ-
ments or between male and females (i.e., genotype
x genotype interaction – epistasis; genotype x envi-
ronment interactions; genotype x sex interaction).
These context-dependent effects are very common
and play a significant role in genetic architecture,
but they are very difficult to detect and character-
ize. In addition to meaning the masking of geno-
typic effects at one locus by genotypes of another
locus, epistasis in quantitative genetics also refers
to any statistical interaction between the genotypes
at two or more loci. It is common between muta-
tions that affect the same quantitative trait. Epis-
tatic effects can be as large as main QTL effects;
they can also occur in opposite directions between

different pairs of interacting loci and between loci
with having significant main effects on the trait of
interest. Epistasis has been found between closely
linked QTLs and also polymorphisms at a single
locus.

Pleiotropy, the effect of a gene on more than one
phenotype, is important in the genetics of QTLs. In a
narrow sense, pleiotropy can mean the effect of a par-
ticular allele on more than one phenotype and is the
reason for the stable genetic correlations between
quantitative traits, if the effects at multiple loci
affecting the same trait are in the same direction.
Understanding of pleiotropic connections between
quantitative traits helps in predicting the correlated
responses to artificial selection and assessing the con-
tribution of new mutations to standing variation for
quantitative traits. Pleiotropy is known to occur even
between traits that are not functionally related.
Consequently, the pleiotropic effects of different
genes that affect pairs of traits are usually not in the
same direction and do not result in significant genetic
correlations between traits.

4.3.3 Molecular basis of quantitative variation

The causal molecular variants that affect quantita-
tive trait loci are called quantitative trait nucleo-
tides(QTNs). The distribution of QTN allele
frequencies can indicate the nature of the selective
forces operating on the trait. Inference of QTN
allele frequencies is limited to association mapping
(Chapter 20) designs in which all the variants in a can-
didate gene or gene region have been identified.
QTNs allow researchers to map phenotype to geno-
type in the absence of biological context. QTNs con-
sist of two components – eQTLs (expression
quantitative trait loci) and QTT (quantitative trait
transcripts) (Figure 4.8).

The eQTL is a region of the genome containing
one or more genes that affect variation in gene expres-
sion, which is identified by linkage to polymorphic
marker loci. It is technically a marriage of high-
throughput expression profiling technology and QTL
analysis. QTT is a transcript for which variation in its
expression is correlated with variation in an organis-
mal level quantitative trait phenotype. Numerous
(even several hundreds) of QTT are believed to be
associated with any single quantitative trait pheno-
type. Furthermore, these QTT are genetically
correlated.
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4.4 Systems genetics

Systems genetics (also called genetical genomics) is
considered to be the third in the developmental stages
of quantitative genetics, after classical and molecular
quantitative genetics in that order of development.
This new paradigm is instigated by the fact that
associating DNA sequence variation with variation of
the phenotype of an organism skips all of the interme-
diate steps (e.g., the intermediate molecular pheno-
types such as transcript abundance which are
quantitative traits and vary genetically in populations)
in the chain of the causation from genetic perturba-
tion to phenotypic variation. Systems genetics detects
variation in phenotypic traits and integrates them with
underlying genetic variation. According to Mackay
and colleagues, this approach to QTL analysis inte-
grates DNA sequence variation, variation in transcript
abundance and other molecular phenotypes, and var-
iation in the phenotypes of the organism in linkage
or association mapping, thereby allowing the
researcher to interpret quantitative genetic variation
in terms of biologically meaningful causal networks
of correlated transcripts. In other words, it can be
used to define biological networks and to predict
molecular interactions by analyzing transcripts with
expressions that co-vary within genetic populations.
The approach can be used to analyze effects of
genome-wide genetic variants on transcriptome-wide
variation in gene expression.

4.5 Predicting breeding value

Breeding value (or genetic merit) of an individual as
a genetic parent is the sum of gene effects of the indi-
vidual as measured by the performance of its progeny.
Statistically, it is measured as twice the deviation of
the offspring from the population mean (since the
individual only contributes half of the alleles to its off-
spring). This estimate measures the ability of an indi-
vidual to produce superior offspring. This is the part
of an individual’s genotypic value that is due to inde-
pendent gene effects, and hence can be transmitted.
The mean breeding value becomes zero with random
mating. This estimate is of importance to breeders
because it assists them in selecting the best parents to
use in their programs.

The Best Linear Unbiased Prediction(BLUP) is
a common statistical method for estimating breeding
values. It is unbiased because as more data are accu-
mulated, the predicted breeding values approach the
true values. BLUP is a method of estimating random
effects. The context of this statistical method is the
linear model:

y ¼ XB þ Zu þ e

where y is is a vector of n observable random variables;
B is vector of p unknown parameters with fixed value
or effects; X and Z are known matrices; u and e are
vectors of q and n, respectively, unobservable random
variables (random effects).

To apply this technique, numerical scores are
assigned to traits and compiled as predictions of the
future. Simple traits can be most accurately and objec-
tively measured and possibly predicted. Only one trait
may be predicted in a model. This trait has to be
objectively measurable with high accuracy.
Furthermore, it has to be heritable.

4.6 Genomic selection (genome-wide
selection)

Selection in conventional plant breeding generally
relies on breeding values estimated from pedigree-
based mixed models that cannot account for
Mendelian segregation and, in the absence of
inbreeding, can only explain one half of the genetic
variability (individual contributes only half of their
alleles to the next generation). Molecular markers

Molecular variant Organismal trait
QTL

Expression trait

QTTeQTL

Figure 4.8 Systems genetics of complex traits. An
integrative framework showing the relationship
between DNA sequence variation and quantitative
variation for gene expression and an organismal
phenotype. QTLs allow researchers to map phenotype
to genotype in the absence of biological context. To
gain this context, they need to describe the flow of
information from DNA to the organismal phenotype
through RNA intermediates, proteins and other
molecular endophenotypes.

92 CHAPTER 4



have the capacity to track Mendelian segregation as
several positions of the genome of the organism,
thereby increasing the accuracy of estimates of genetic
values (and the genetic progress achievable when
the predictions are used for selection in breeding).
Even though marker-assisted selection (MAS) (Chap-
ter 22) has achieved some success, its application to
improving quantitative traits is hampered by various
factors. The biparental mating designs used for detec-
tion of loci affecting quantitative traits and statistical
methods used are not well suited to traits that are
under polygenic control (MAS uses molecular mark-
ers in linkage disequilibrium with QTL).

Genomic selection (or genome-wide selection) is
proposed as a more effective approach to improving
quantitative traits. It uses all the available molecular
markers across the entire genome (there are thou-
sands of genome-wide molecular markers) to estimate
genetic or breeding values. Using high-density
marker scores in the prediction model and high
throughput genotyping, genomic selection avoids
biased marker effect estimates and captures more of
the variation due to the small-effect QTL.

Genomic selection method uses two types of data
set – a training set and a validation set. It is applied in
a population that differs from the reference popula-
tion in which the marker effects were estimated.

The training set is the reference population and has
three components – (i) phenotypic information
from the relevant breeding germplasm evaluated over
a range of environmental conditions, (ii) molecular
marker scores, and (iii) pedigree or kinship informa-
tion. Marker effects are estimated on the training set,
and the breeding values of new genotypes
are predicted based solely on the marker effect. The
validation set contains the selection candidates that
have been genotyped but not phenotyped and
selected on the basis of marker effects estimated in
the training set.

Genomic selection has advantages. It can accelerate
the selection cycles and increase the selection gains
per unit time. This potential notwithstanding, the
method needs to empirically validated in plant appli-
cations. It needs to go beyond computer simulations
and become incorporated into breeding schemes. As
the cost of marker technology continues to decrease,
genotyping would continue to become more cost
effective than phenotyping in a breeding program.

4.7 Mapping quantitative traits

The subject of mapping is treated in detail in
Chapter 21.
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Outcomes assessment

Part A

Please answer the following questions true or false.

1 Heritability is a population phenomenon.
2 Specific combining ability of a trait depends on additive gene action.
3 Polygenes have distinct and distinguishable effects.
4 Quantitative variation deals with discrete phenotypic variation.
5 Quantitative traits are also called metrical traits.
6 Quantitative traits are more influenced by the environment than qualitative traits.
7 Quantitative traits are controlled by polygenes.

Part B
Please answer the following questions.

1 What is quantitative genetics and how does it differ from qualitative genetics?
2 Give two specific assumptions of quantitative genetic analysis.
3 Describe additive gene action.
4 What is heritability of a trait?
5 What is the breeders’ equation?

Part C

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

1 Discuss the role of the environment in quantitative trait expression.
2 Discuss the concept of general worth of a plant.
3 Discuss the concept of intuitive selection.
4 Discuss the application of combining ability analysis in plant breeding.
5 Discuss a method of estimating heritability of a trait.
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