Chapter 2
Means and Variances

2.1 Genetically Narrow- vs. Broad-Based Reference Populations

Choice of germplasm as source of elite inbred lines is the most important decision
the breeder takes. No tool or breeding methodology will be successful if a poor
choice is made on source populations.

A population of maize can be characterized by the following properties: diploid
(2n = 20), panmictic (random mating with more than 95% of cross-pollination),
monoecious (both sexes in the same individual but in different inflorescences), a
tendency for protandry, and general assumptions for no maternal effects, linkage
equilibrium, normal fertilization (non-competing gametes), normal meiosis, and
normal segregation.

Both means and genetic variances are important factors to consider when choos-
ing populations to be used as sources of inbred lines and hybrids. Choosing breeding
populations with a high mean performance is straightforward. However, the study
of genetic variation of plant populations includes different approaches for different
types of populations. The reference population of genotypes may result from genet-
ically narrow-based populations derived from a cross between two homozygous
inbred lines or from genetically broad-based populations derived from improved
and/or unimproved populations. Broad-based populations can be a result of crosses
among a set of homozygous inbred lines (synthetic varieties), an open-pollinated
variety, or a mixture of varieties and races (composites). General theories, however,
make no distinction about the origin of the population unless it does not fill some of
the basic requirements.

Populations derived from crosses of two elite pure lines are commonly used in
plant breeding. Consequently, we can determine the genetic composition of different
generations derived from crossing two pure lines, including backcross populations.
The introduction to the estimation of genetic variances in these generations has the
advantages that, assuming two alleles per locus, expected gene frequencies (p and g)
are known and have the same value (p = g = 0.5) for segregating loci, which makes
their derivations easy to interpret unlike genetically broad-based populations. The
estimation of genetic variation within genetically broad-based populations in which
the allele frequencies are not known is based on mating designs to develop progenies
for evaluation. These progenies are based on the genetic composition for covariance
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34 2 Means and Variances

of relatives (see Chapter 3). Analyses of variance of the progenies derived from
mating designs are used to evaluate additive and dominance genetic effects, average
level of dominance, epistasis, and relative heritability as well as expected genetic
gain. Public breeding programs allow growing progenies for not only estimating
genetic variances but also for selection without relying on just the coefficient of co-
ancestry. Estimating genetic variances is useful for designing breeding programs,
predicting response to selection, constructing selection indices, predicting hybrid
performance, and allocating breeding resources more efficiently (Bernardo, 2002).

The concepts of population means and variances in current quantitative genetics
theory are based on gene effects and frequencies or, in other words, on the genetic
structure of the population under study. The population structure, however, depends
on several other factors such as ploidy level, linkage, mating system, and a number
of environmental and genetic factors. Therefore, either some of these factors must
be known or restrictions must be imposed about their effects to be able to establish
a theoretical model for study.

Estimated parameters refer to a specific population from which the experimen-
tal material is a sample for a specific set of environmental conditions (Cockerham,
1963). Thus one must specify the reference population for both genotypes and envi-
ronments because inferences cannot generally be translated from one population to
another especially after selection. In genome-wide selection, for instance, molecu-
lar markers need to be ‘re-trained’” (Hammond, personal communication) after each
time selection is conducted even within populations (e.g., across recurrent selec-
tion cycles). More detailed descriptions of the population means and variances were
given by Kempthorne (1957) and Falconer (1960).

2.2 Hardy—Weinberg Equilibrium

Assume the reference population is in Hardy—Weinberg equilibrium. In 1908 Hardy
and Weinberg independently demonstrated that in a large random mating population
both gene frequencies and genotypic frequencies remain constant from generation
to generation in the absence of mutation, migration, and selection. Such a population
is said to be in Hardy—Weinberg equilibrium and remains so unless any disturbing
force changes its gene or genotypic frequency.

This concept can be translated to a single locus as any population will attain its
equilibrium after one generation of random mating. The Hardy—Weinberg equilib-
rium law can be demonstrated by taking one locus with two alleles (Aj and Aj) in
a diploid organism such as maize. Let us consider a population whose genotypic
frequencies are as follows:

Genotypes A1A A1Ay ArAy
Number of individuals ny ny n3 ny+ny+n3=N
Frequency P =n/N Q =mIN R =n3/N P+QO+R=1
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The total number of genes relative to locus A in this population is 2N, i.e., two genes
in each diploid individual. Thus the numbers of A| and A, genes are 2n| + n and
2n3 + no, respectively, and their frequencies are

[/
p(A]) — 2}’12141\';’12 — n1+5\,2)n2 — P+ %Q

2
C](A2) — 2113-;\-/112 _ n3+5v2)n2 —R+ %Q

Because gametes unite at random in a population under random mating, the
genotypic array and its frequency in the next generation will be

Male gametes Male gametes

Genotypes Ay Ar Frequencies p q
Female gametes Ay A1A AjAy Female gametes P p2 Pq
Ay AlA AdA qa pq 7

So the genotypic frequencies are p?(A1A1) : 2pq(A1Az) : ¢*(A2Ay), and this popu-
lation is said to be in Hardy—Weinberg equilibrium since genotypic frequencies are
expected to be unchanged in the next generation. Figure 2.1 shows the variation of
genotypic frequencies for gene frequencies in the range from O to 1.

The Hardy—Weinberg law can also be extended to multiple alleles. In general, if
pi s the frequency of the ith allele at a given locus, the genotypic frequency array is
given by
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With two alleles per locus the gene frequency that gives the maximum frequency
of heterozygotes (Q = 2pgq) is found when p = 0.5. Therefore, in F, popula-
tions derived from elite x elite pure line crosses we expect maximum frequency
of heterozygotes.

2.3 Means of Non-inbred Populations and Derived Families

A population of phenotypes (Fig. 2.2) can be characterized in terms of not only
its gene and genotypic frequencies but also its mean and variance for a quanti-
tative trait. Environmental factors largely influence the expression of these traits.
These traits are studied by measures of central tendency and dispersion instead of
phenotypic ratios. Genomic tools may provide additional information on gene infor-
mation and the genetic architecture of quantitative traits as long as sample sizes are
representative and a random set of populations is involved.

Base
Pairs>Genes>Chromosomes>Genotype>Environment>PHENOTYPE>POPULATION

Fig. 2.2 A population of phenotypes is made up of genotype and environment

A phenotypic value is an observed measure of its effect on the quantitative trait
and can be measured. The values associated with genotypes are measured indirectly
from the corresponding phenotypic values.

The phenotypic value can be divided into genotypic value and its environmental
deviation as follows:

P (phenotypic value) = G (genotypic value) 4+ E (environmental deviation)

Therefore, phenotypic values are due to genetic and non-genetic circumstances.
It is still challenging to accurately measure the genotypic value of an individual.
However, it can be measured if we use a simple genetic model (one locus and two
alleles) where the genotypes are distinguishable in their phenotype (e.g., inbred
lines). So if we assign arbitrary values to the genotypes we can build a scale of
genotypic values:

AsA, 0 AA, AA,

—a T d a

Mid-parent value T
It depends on d/a or degree of
dominance shown by the
locus

where d and d/a are related to the level of dominance

The degree of dominance for genes affecting plant height in maize is different
from the level of dominance, if any, for genes affecting plant height in a self-
pollinating crop like wheat. Hybrid vigor in maize is important and the difference
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Ifd=0 dla=0 No dominance
Ifd>0but<a O<dla<1 Partial dominance
Ifd =a (or —a) dla=1 Complete dominance
Ifd>a dla>1 Overdominance

between inbred lines and hybrids for plant height is significant and so is the
dominance level for genes affecting these types of traits.

How do gene frequencies affect the mean of a trait in a population?

Considering one locus with two alleles, A; and Ay, it is assumed that each locus
has a particular effect on the total individual phenotype. Arbitrarily assuming A; to
be the allele that increases the value, we can denote by +a, —a, and d the effects of
genotypes A1A1, ApAs, and A1 As, respectively. Such effects are taken as deviations
from the mean of the two homozygotes, as shown on the linear scale earlier.

The population mean is thus calculated considering both the genotypic fre-
quencies and genotypic effects (coded values), as shown in Table 2.1. Let gene
frequencies for ‘A1’ and ‘Ay’ be p and g, respectively.

Table 2.1 Genotypic values and frequencies in a population in Hardy—Weinberg equilibrium for
one locus with two alleles

Genotypes Frequency (F;) #of ‘A1’ alleles Genotypic values® (X;)

ArA P’ 2 a d u z
A1Ar 2pq 1 d h au h
ArAs q* 0 —a —d —u 0

The first two columns show the three genotypes and their frequencies in a random mating
population
4Different symbols across literature. We will use a, d, and —a

The mean value of a population is obtained by multiplying the values of each geno-
type (X; or genotypic effect) by their frequencies (f;). Then we sum over the three
genotypes.

X =Y (X;F)) or Y. Xi/n

Since the sum of frequencies is 1 (p + g = 1) the sum of values multiplied by
frequencies is the mean value:

X= pla+2pgd - qa
(™~ q*)a+2pqd
P+ (p-q)a + 2pgd  sincep +q =1

(p-q)a + 2pqd

X= Z (p-q)a + 22 pqd

After the contribution of several loci
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As seen above, the mean will vary according to the level of dominance, the gene
frequencies, and/or if genes become fixed. You could ask what would happen to
the mean if d = 0, if A; was fixed, if d = a, or if the population had frequencies
in equilibrium. The contribution of any locus to the population mean has one term
for homozygotes and another term for heterozygotes. The formula assumes that the
combination of loci produces a joint additive effect on the trait. The ‘additive action’
is, therefore, associated not only with alleles at one locus but also with alleles at
different loci. Alleles at a locus have additive action in the absence of dominance
and across loci if epistatic deviations are not present. Since environmental effects
are taken as deviations from the general mean over the whole population, they add
to zero, and then also expresses the mean phenotypic value.

2.3.1 Half-Sib Family Means

A half-sib family is obtained from seeds produced by one plant (female common
parent) that was pollinated by a random sample of pollen from the population
(Table 2.2).

Table 2.2 Genotypic values and frequencies of half-sib families from a population in Hardy—
Weinberg equilibrium for one locus with two alleles

Family genotypes?®

Female parent Frequency A1A AlAr ArAr Coded half-sib family values

AlA P’ p q — pa+qd
AlA 2pq (op (g (BD(p—ga + di
ArA; 7 — p q pd — qa

#Produced after pollination by p(A}) and g(A,) male gametes.
The mean of the population of half-sib families is

Xus = p* (pa — qd) + 2pq ('h) [(p — @) a + (h) d] + ¢* (pq — qa)
= —q@a+2pqd

This is equal to the original population mean.

2.3.2 Full-Sib Families

A full-sib family is obtained by crossing a random pair of plants (both parents in
common) from the population. The probability of each cross is obtained by the
product of genotypic frequencies, as shown in Table 2.3.
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Table 2.3 Genotypic values and frequencies of full-sib families from a population in Hardy—
Weinberg equilibrium for one locus with two alleles

Female Male Probability Family Coded full-sib
parent parent of cross genotypes family values
ArAy ArAy ArAy
AlA| A1A p* 1 — — a
A1Ay 2pq P P — (h)a+ a)
ArAs P*¢? — 1 — d
A1Ay ALA; 2q P P — (h)a + d)
A1Ag 4P2 q2 1/4 1/2 1/4 (1/2)d
AAs 2pq° — h b (h)d - a)
ArAr A1A P — 1 — d
AiA 2q° — P h (h)d - a)
ArA; q* — — 1 —a

The mean of the population for full-sib families is

Xrs =p* (@) +2p%¢ (h) [a+ D) + - + ¢*] (—a)
=@ —qa+2pqd

Results so far obtained show that the expected value of half-sib families as well as
of full-sib families equals the mean of the reference population.

2.3.3 Inbred families

Selfing is the most common system of inbreeding used in practical maize breeding
for inbred line development during pedigree selection. Considering a non-inbred
parent population in Hardy—Weinberg equilibrium from which selfed lines will be
drawn, we have the family structure as shown in Table 2.4 for S; families, i.e.,
families developed by one generation of selfing. This assumes that the F» population
equals an Sg and we will follow this nomenclature throughout the book. (Note that
there are maize breeding programs assuming an F> population equals an S;.)

Table 2.4 Genotypic values and frequencies of inbred (S;) families from a non-inbred population
in Hardy—Weinberg equilibrium for one locus with two alleles

Parent genotypes  Frequency Family genotypes?® Coded S| family values
AlA A1A; AxAr

AjA p? 1 — _ a

AiA 2pq U h I (h)d

ArArn q2 — — 1 —a

4 After one generation of selfing
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The mean of the population for inbred families is

}_(Sl = pza + 2pq (1/2) d+ q2 (—a)
= (p —qa+2pqd
which equals the reference population mean when d = 0, i.e., when there are
no dominance effects. If dominance effects are present, the mean is reduced (see
below). If the gene frequencies are the same for the reference and S populations,
the mean of the S| population will be halfway between the mean of the Sp and S
generations.

Under a regular system of selfing the general mean decreases in each generation
due to decreases in the frequency of heterozygotes. The general formula for the nth
generation of inbreeding is

Xs, = (p—aya+ ()" pgd

which equals the non-inbred population mean for n = 0.
The above formula may also be expressed as a function of F},, the coefficient of
inbreeding, of progenies in the nth generation of selfing:

Xs, = (p — @a+2(1—Fy,) pqgd

which equals the non-inbred population mean when F = 0.

Most reference or base populations (first segregating population, Sg in maize) is
derived from elite (pure line) x elite (pure line) crosses. Therefore, average gene
frequency at all segregating loci is expected to be Y and, therefore, we may assume
that F> populations can be represented with loci having gene frequencies in equi-
librium (p = g = ). Linkage, however, could be a serious bias. For example,
most commercial breeding programs are represented within this scheme. However,
the maize-breeding program at NDSU also develops inbred lines from genetically
broad-based populations with arbitrary allele frequencies.

If we cross two inbred lines and consider one locus (two alleles A and a in this
case):

Parents AA X aa
F; Aa ®

The S population is considered to be the base population:

F, (Sp) (Ya) AA (Y2) Aa (Y%4) aa Base population or
l l l reference population
(alleles segregating),
® 50 ® 100 ® 50 e.g., 200 individuals

The S; population is considered to be the result of one generation of self-
fertilization:

F3(S1) (AA  (p) [(Ya) AA+ (1) Aa+ (1/s) aa] (Y/a) aa
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So, if we calculate the mean for each generation we obtain

Xs, = (1) AA + (1) Aa + (1/4) aa
=wa+(hd—(a)a
=(lp)d
Xs, = () AA + (1p) [(1a) AA + (1) Aa + (V/g) aa] + (V/a) aa
= (Ya+ () [(Ld] - (/a)a
= (I/nd

So, if we come back to our scale of genotypic values we see that the mean is
reduced in the presence of dominance effects when selfing:

aa 0 Aa AA
—a Myd (»)d d a
F3 F, F,

The examples of plant height and grain yield in maize seem to closely validate the
theory.

2.4 Means of Inbred Populations and Derived Families

The main difference between inbred and non-inbred populations is in genotypic
frequencies. Gene frequencies remain constant, but genotypic frequencies change
under inbreeding because inbreeding decreases the frequency of heterozygotes and
consequently increases the frequency of homozygous genotypes. Using Wright’s
coefficient F' as a measure of inbreeding, genotypic frequencies are distributed
according to the pattern shown in Table 2.5.

Table 2.5 Genotypic values and frequencies in inbred populations (inbreeding measured by F)
for one locus with two alleles

Genotypes Frequencies Coded genotypic values
AlA p2 + Fpq a
A1Ay 2pq(1—F) d
ArAj 7 + Fpq —a

Hence the mean of an inbred population is
Xo=@—qa+2pg(1—Fd

When F = 1 (completely homozygous population), then the inbred population
mean equals (p — g)a because there will be no dominance effects expressed.
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When F = Y, then the inbred population mean becomes (p — q)a + pgd, which
equals the S| family mean, as previously shown in Table 2.4.

Half-sib and full-sib families drawn from an inbred population result in non-
inbred progenies, and their mean equals that of a non-inbred population (p — q)a +
2pqd because one generation of random mating is involved.

Kempthorne (1957) gives a general formulation for the changes in population
mean under inbreeding, including epistatic effects. In his definition the lack of dom-
inance and dominance types of epistasis do not change the population mean with
inbreeding. If there are no dominance types of epistasis, the mean of the inbred
population is linearly related to F even in the presence of additive types of epistasis.

2.5 Mean of a Cross Between Two Populations

Let Py and P; be two populations in Hardy—Weinberg equilibrium. Denoting by p
and ¢ the frequencies of both alleles, A and Aj, in population P; and by r and s the
frequencies of the same alleles in population P, we have the following structure in
the crossed population (Table 2.6).

Table 2.6 Genotypic values and frequencies in a cross between two populations in Hardy—
Weinberg equilibrium for one locus with two alleles

Genotypes Frequency Coded genotypic values
A1A1 pr a
A1Ar ps + qr d
AsAy qs —a

The population cross mean for one locus is

X12 = (pr —gs)a + (ps + qnd

The cross between two populations also may be obtained according to a family
structure. If half-sib families are drawn with, for example, P; as female parents, we
have the family structure shown in Table 2.7.

The mean of half-sib families is then

Xus,, = p* (ra + sd) + 2pq [(1/2) (r — )a + (12)d] + ¢* (rd — sa)
= (pr —gs)a+ (ps+qr)d
which equals the randomly crossed population mean. Note that the mean will be the
same whatever population is used as the female parent.

If the crossed population is structured as full-sib families, we have the genotypes
and frequencies shown in Table 2.8.
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Table 2.7 Genotypic values and frequencies in a cross between two populations structured as
half-sib families for one locus with two alleles

Family genotypes?®
Female vE P Coded half-sib
parent, Py Frequencies Ar1A; A1Ar ArAr family values
A1A P2 r s — ra + sd
ArA; 2pq Chyr (er+9 (s (h)r = 91a+ (hyd
ArAr q2 — r K rd — sa

4 After pollination by (A1) and s(A;) male gametes (from P;)

Table 2.8 Genotypic values and frequencies in a cross between two populations structured as
full-sib families for one locus with two alleles

Family genotypes .

Female Male parent, Frequency of Coded full-sib
parent, Py P, crosses AlA| AlA, ArA> family values
ArA; ArA; P2 1 0 0 a

AA; 2p*rs A A 0 Ch)a + d)

ArAs ps? 0 1 0 d
A1Ay ArA 2pgr* P % 0 (h)a + d)

A] Az 4pqr B 1/4 1/2 1/4 (l/z)d

AsAs 2pgs® 0 h h (h)d — a)
ArAy AlA] ¢*r? 0 1 0 d

A1Ar 24°rs 0 A A (H)d - a)

AzAz ¢*s* 0 0 1 —a

The mean becomes

YFSIZ =p?rla+ 2p°rs (1/2) (a+d)+ -+ ¢*s* (—a)
=(pr—qs)a+ (ps+ gr)d

which again equals the randomly crossed population mean and has the same value
whatever parent is used as female.

2.6 Average Effect

It is a value not associated with genotypes but rather associated with the genes car-
ried by the individual and transmitted to its offspring. The average effect of an allele
is the mean deviation from the population mean of individuals (Table 2.9).

Table 2.9 Genotypic values, frequencies, and average effect of alleles in a one locus model

Genotypes Frequency (F;) Genotypic values (Y;) ‘A’ gametes ‘A’ gametes
AlA P’ a p 0
AAy 2pq d q P
ArAr s —a 0 q
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So, the average effect of ‘A’ alleles (o) is

oy =pa+qd —X
=pa+qd —[(p— q)a+2pqd]

ar =qla+(q—p)d]

and the average effect of ‘A’ alleles (a2) is

oar=pd+qga —X
=pd—qa — [(p — q)a+2pqd]

@ = —pla+ (g —p)d]

The concept of ‘average effect’ of a gene is basic to the understanding of breeding
value. The average effect of a gene is defined as the mean deviation from the popula-
tion mean of a group of individuals that received the gene from the same parent, the
other gene of such individuals being randomly sampled from the whole population
as shown in Table 2.10.

Table 2.10 Genotypes and average effects of progenies having a common parental gamete for one
locus (after Falconer, 1960)

Genotypes in progenies®

Progeny Average effect of a
Gamete A;1A; AjA2  ArAr effects Population mean ~ gene
Aj P q — patqgd  (p—qa+2pgd ap=qla+(g—pd
Az — P q pd—qa  (p—qa+2pqd ar=—pla+(q—p)]

4 After pollination with a random sample of gametes: p(A1) and g(A2)

If two alleles are present per locus we can define the average effect of gene
substitution («) as the difference between the average effects of the two alleles:

o =a] —a

=p+qla+(q—p)d]

@= a+(g—pd|

The ‘average effect of a gene substitution’ is the average deviation due to the
substitution of one gene by its allele in each genotype. Consider the A, gene being
substituted by its gene A at random in the population. Since the AjA1, AjA», and
AsA; genotypes have frequencies p?, 2pq, and g2, respectively, then genes that will
be substituted are found in genotypes AjAs and A A, with frequency pg + ¢* = q.
Proportionally, we have pg/g = p A1 A, genotypes: g°/q = g A2A; genotypes; i.e.,
Aj genes will be substituted in Aj Ay and A>Aj genotypes at frequencies p and ¢,



2.7 Breeding Value 45

respectively. When the substitution is in AjA; genotypes, the change in genotypic
value will be from d to a, and when substitution takes place in Ay A», the change is
from —a to d. The change in the population is

a=pla—d)+q(d+a)
=a+(q—p)d

This is the definition of the average effect of a gene substitution. It can be seen
that the average effect of a gene substitution « is the difference between the aver-
age effects of genes involved in the substitution; i.e., « = a1 — a3, as shown in
Table 2.10. Both the average effect of a gene and the average effect of a gene sub-
stitution depend on gene effects and gene frequency; therefore, both are a property
of the population and of the gene.

2.7 Breeding Value

When panmictic populations are under consideration, one must consider that the
genotypes of any offspring are not identical to their parents. The relationship
between any individual in the offspring and one of its parents is established by
the gamete received from that parent. It is known that gametes are haploid entities
and carry genes and not genotypes. So for the understanding of the inheritance of a
quantitative trait in a panmictic population it is valuable to have an individual mea-
sure associated with its genes and not its genotype. Such a value is designated by
Falconer (1960) as ‘breeding value,” which is ‘the value of an individual, judged by
the mean value of its progeny.’

The breeding value of an individual can, therefore, be measured. It is twice the
mean deviation of the progeny from the population mean since only one half of the
genes are passed to the progeny.

The breeding value of an individual is equal to the sum of average effects of the
genes it carries (Table 2.11). If all loci are taken into account, the breeding value
of a particular genotype is the sum of breeding values from each locus (‘additive
genotype’).

Extending the concept of average effect of genes to the individual genotype gives
the concept of breeding value of the individual. At the gene level the breeding value
is the sum of average effects of genes, summation being over all alleles and over
all loci. Similar to the average effect of a gene, breeding value is a property of the

Table 2.11 Genotypic values, frequencies, and breeding values in a one locus model

Genotypes Frequency Genotypic values Breeding value
AjA p2 a 2
AlAy 2pq d a+

ArAy q2 —a 2 ap
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individual as well as of the population but the breeding value can be measured exper-
imentally. The breeding value is, therefore, a measurable quantity and is of much
relevance in animal breeding where the individual value is an important criterion.
On the other hand, individual values are less important in crop species like maize,
since the whole population is concerned. In this case individuals are looked upon as
ephemeral representatives of the whole population and its gene pool. The average
effect of a gene and individual breeding value concepts, however, are closely related
to genotype evaluation procedures like topcross tests in maize.

2.8 Genetic Variance

Breeders choose not only populations with high phenotypic means but also popula-
tions having large and useful genetic variance.

The variation among phenotypic values (phenotypic variance) can be partitioned
into observational components of variance:

AD A2 A2 A2
p =0G T 0 +0Gg

Even though it is the goal of breeders to separate the genetic variance (&é) from
the environmental variance (6]%), the variance due to crossover (e.g., rank) and non-
crossover (e.g., magnitude) interactions between genotypes and environments (&éE)
is the most difficult to manage.

Fisher (1918) first demonstrated that the hereditary variance in a random mating
population can be partitioned into three parts: (1) an additive portion associated with
average effects of genes, (2) a dominance portion due to allelic interactions, and
(3) a portion due to non-allelic interactions or epistatic effects. Therefore, the
genetic proportion of variance has the following components:

A2 A A2
G = 0A T 0p + 0]

Epistatic interactions give rise to the component of variance 612, which is the
variance due to the interaction deviations involving more than one locus. This is
subdivided into components according to the number of loci involved (e.g., two-
factor interaction, three-factor interaction). Another subdivision can be done based
upon the type of interaction present. If the interaction involves breeding values then
the additive x additive interaction variance is present (@%A). If the interaction is
between the breeding value of one locus and the dominance deviation of the other
then the additive x dominance interaction variance is present (8§D). Finally, if the
interaction is between dominance deviations from two loci then the dominance x
dominance interaction variance is present (63p).

A general theory for the partition of hereditary variance was further developed
by Cockerham (1954) and Kempthorne (1954). Thus, in general, the total genetic

variance &é can be partitioned into the following components:
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5}2 additive variance due to the average effects of alleles (additive effects, same
locus)

63dominance variance due to interaction of average effects of alleles (domi-
nance effects, same locus)

A 2 A 2 _ . . . . . o,

Oan» OAAA> - = epistatic variances due to interaction of additive effects of
two or more loci

6305 6Bpps - - - = epistatic variances due to interaction of dominance effects
of two or more loci

62,62 52 = epistatic variances due to interaction of additive and

AD’ OAAD> 9ADD: -+ = ©P :

dominance effects involving two or more loci

Collecting all components together, the total genetic variance is

56, = G + 6B + GRa + OB + GAp + GAaa + GRan +
The interaction between loci (located within or between chromosomes) controlling
the expression of quantitative traits is assumed to be frequent. However, the estima-
tion of the amount of variance generated by interactions is challenging even at the
molecular level.

An additional source of genetic variance is the one due to disequilibrium. In this
case, genotypic frequencies at several loci cannot be predicted by allele frequencies.
If there is no epistasis between two loci we can estimate the total genotypic variance
caused by the two loci together as follows:

ATZG = &é (firstlocus) + &l% (second locus) + 2Cov (both loci)

The covariance term is the correlation between the genotypic values at the two loci
in different individuals. This correlation can be positive or negative. Therefore, link-
age disequilibrium can either decrease or increase the variance depending on the
linkage phase present. Coupling phase linkage will cause an upward bias for the
additive and dominance genetic variances. On the other hand, repulsion phase link-
age will only cause the dominance genetic variance to increase; the additive genetic
variance is expected to decrease. No covariance term is present if there is random
mating equilibrium.

Linkage of traits with molecular markers became a popular scientific research tar-
geted initially at improvement of quantitative traits. But quantitative traits are depen-
dent upon a large number of genes each having a relatively minor effect as compared
with environmental effects (Lonnquist, 1963). Based on this definition, quantitative
traits have been explained by polygenes (Mather, 1941) and quantitative trait loci
(QTL) (Geldermann, 1975) or chromosome segments affecting the quantitative trait
(Falconer and Mackay, 1996). Rather than QTL mapping in bi-parental populations
breeding plans that currently utilize molecular marker information for germplasm
(e.g., association mapping on relevant breeding germplasm, genome-wide selection)
could be assessed depending on the amount of linkage between markers and loci
and may generate useful information that is relevant to improving elite germplasm
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(Sorrells, 2008). All these approaches, however, rely on the maintenance of strong
applied breeding programs and need to be proven useful for developing cultivars in a
more efficient way. Alternative approaches such as ‘meta-QTL analysis’ focused on
major QTLs that are stable across numerous populations also have potential (Snape
et al., 2008).

2.8.1 Total Genetic Variance

Total genetic variance of a population in Hardy—Weinberg equilibrium is obtained
from a modified version of Table 2.1 as follows:

Genotypes  Frequency (F;)  Genotypic values (GV)  F; x GV

A1A pz a pza
A1A, 2pq d 2pqd
A2A; 7 —a q*(—a)

We could, therefore, estimate the variance statistically and use this information to
estimate the genetic variance of a population:

&é:ZFi X2 =D (F; X" or ) X,” - OrZ(Xi—W

In this case, the mean is the corrector factor in the working formula. Therefore,
N =2 =2
aé = [p2a2 + 2pqd® + ¢* (—a)z] —X and X = [(p —q)?d® +4pq (p — q)ad
+ 4’[72 q2 d2]
Then, the total genetic variance for one locus is
6% = PO+ 2pqd® +-47a% — pa7 + 2pqa® —q7a% — Apq (p—q) ad — 4 p*qPd?

6% = 2pqd® + 2pqa® — apq (p — q) ad — 4p*¢*d
62 =2pq[a® +b* — 2 (p — q) ad — 2pqd?]

Then, the total genetic variance for one locus is

6G = 2pqla® +2(q — pad + (1 = 2pg)d’]

And if we have a population with frequencies in equilibrium (p = % and ¢ = ')
then (e.g., F» populations)
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66 =(ha* + (I d*

The first term of the formula is the most important for breeders while the second
term is the one breeders are not able to fix.

2.8.2 Additive Genetic Variance

The additive genetic variance is obtained as follows:

Genotypes Frequency (F}) Breeding values
A1A p2 201 = 2qa

A1Ay 2pq a1 +ar= (g —p
ArAr q2 2ap = —2pa

The additive genetic variance (&i) is, therefore derived as follows:
" 2 2
63 =p* (290)* +2pq[(qg—p) ] +¢* [(=2pa)]
62 = 2pqa’ [2pq + ¢* + p?]

Then, the additive genetic variance for one locus is

A 2

Clearly, 8ﬁ depends on gene frequencies. Therefore, for segregating alleles in
equilibrium (e.g., p = ¢ = 0.5) then

N 2
6% =2pqla+(qg—p)d]
= 2pqa’

62 = (1) d?

This is the additive genetic variance for the special case of F; populations.
In the general case of arbitrary gene frequencies (e.g., genetically broad-based
populations) the following formula applies:

~2

05, = 53| Note the 63 has a level of dominance between alleles in the

additive portion of this segregating population
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2.8.3 Dominance Genetic Deviations

The dominance variance is the remainder from the total variance and is calculated
by subtraction as

‘}é — Ox

2 2 2
2pq|a* +2(q—p)ad + (1 —2pg)d*] — 2pgla+ (¢ —p)d]
pqd® (2pq)

Then, the dominance genetic variance for one locus is

A2
D

6'% also depends on gene frequencies. Therefore, for segregating alleles in equilib-
rium (e.g., p = g = 0.5) then

62 = 4(h)() d

65 = (1) d*

This is the dominance genetic variance for the special case of F, populations.
In the general case of arbitrary gene frequencies (e.g., genetically broad-based
populations) the following formula applies:

~2

52 =62 Note the &%does not have additive effects in the
So — O‘D

dominance portion of this segregating population

Both additive and dominance genetic variances (8/{ and &]%) can also be explained by
regression analyses (Falconer and Mackay, 1996). 612 is defined as the variance due
to linear regression of genotypic values on gene frequencies in individual genotypes
explained by the sum squares of the regression ANOVA while 6]% represents the
variance due to deviations from the regression. Hence the dominance variance is
the deviation from the regression of genotypic values on the gene content of the
genotypes.

Therefore, if we look at the example for the additive genetic variance we obtain

52 = [Cov]’ /Var

= {2pq[a+ (¢ —p)d]}*/2pq

A

2=2pgla+(g—-pd]
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Table 2.12 Gene frequency (p) at maximum values for &é, 6&, and &lg for no dominance and
complete dominance for one locus with two alleles

Gene action 68 62 63
No dominance I/2 I/2 —
Complete dominance 1— l/2 1/4 1/2

Gene frequencies, which give the maximum values for &é, &i, and 8]%, are found

by taking the first derivative of their respective expressions equal to zero. The
simplest cases are those for no dominance and complete dominance, as shown in
Table 2.12.

2.8.4 Variance Among Non-inbred Families

Genetic variance among half-sib families from a population in Hardy—Weinberg
equilibrium is obtained from Table 2.2 as follows:

5’1?15 = ZFlez — Xnus
= (1) pg[a+ (1 —2p)d]’

Since,
R 2
6x =2pqla+ (q—p)d]

then,

~2 2
o5 = ()64

Theoretically, the total genetic variance (among and within half-sib families) equals
the total genetic variance in the reference population, i.e., 8(% = 613 + 63. From this
total variance (Y,) &i is expressed among half-sib families.

The remainder, (¥;) &i + &]%, is expected to be present within half-sib families
over the entire population of families.

Genetic variance among full-sib families is obtained from Table 2.3 as

51:25 = ZFiXi2 — Xrs
2
=pqla+ (q—pyd] +p*¢*d
Since,

o5 =4p’q’d’
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then,

625 = (&2 + (16

Relative to the total genetic variance of a population it is seen that &1:28 = (%) &i +
€A &]%. This is the portion of the total genetic variance expressed among families.
Thus the remainder of the total genetic variance, (',) c}ﬁ + Gl c}]%, is expected to be
present within families over the whole population.

If epistasis is considered, the approximation to the real genetic variance is 62 =
613 + 51% + 6§A + 6§D + 8§D + 6§AA + &iAD + - -+, where all components were
defined previously.

In the same way, 6755 = (1) 63 + (Y1) 63, + (Ys)G24p + -, o simply 67 =
€A &i + - -+, indicating a bias due to epistatic components of variance. The vari-
ance among full-sib families is 655 = (%) 63 + () 65+ (1) 63, + (o) 63+ -
or simply 6% = ()62 + ()63 + -+, indicating a bias due to epistatic
components.

The relation between the variance among families and the covariance between
relatives within families are presented in Chapter 3.

2.8.5 Variance Among Inbred Families

Variance among S; families from a non-inbred reference population is obtained
from Table 2.4 as

&ZSI = ZF,'Xi2 — )_(Sl
2
=2pq[a+ () (q—p)d] +p*q*d®
A problem that arises with inbreeding is that genetic variance among inbred

families is not linearly related to genetic components of variance of the reference
population. From the above expression it can be seen that &Sz] can be translated into

6% and/or 63 only in the following situations:

No dominance (d; = 0 for all loci): 62s; = 5§
Gene frequency ' forall loci: ~ 6%s; = 6% + (Y) 633

If the restriction of no dominance is imposed, it can also be demonstrated that the

genetic variance among S, families (after two generations of selfing) is 6522

(%)&K. In the same way, if gene frequencies are assumed to be 1, then 6522
(63 + (he)dp.

An alternative way to understand what was explained above is by emphasizing
there are two types of variances: among and within progenies. The one among pro-
genies does not generate additive values from heterozygote plants since the variation
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among S; plants within progenies is not included. In addition, the variance within
parenthesis resembles to the variance among F; individuals.
If the genetic variance for an F, generation is

58, =Y8 - (%)’
= [y a® + (pyd® - (wa?] - [ d])
=(pa + (p)d> — () d*
=(p)a*+ (a)d?

6152 =62+ 64| Variance among individuals (individual

plant basis)

The variance among St families follows:

6251 = [y d® + (1) (0 + (/) d* + 0) + (V) 2] — [(V/a) d]*
= [(1p)a® + (1) (Va) d*] — (Yr6) d*
= (p)a® + (16) d*

6751 = 63 + (/063

While the variance within S; families is

& 1w = [0+ ()@ + (o) d® + 0]

= (1) a® + (1g) d*

2

T siw = ()63 + ()63

More details can be found in Section 4.12.

2.8.5.1 Distribution of Genetic Variances Among and Within Lines

If we continue selfing from the F3(S;) generation to the Fg(Sg) generation of
inbreeding the distribution of variances among and within lines changes depending
on the inbreeding coefficient [F = 1 — ('5)"* ] being ‘n’ the number of generations
of continuous selfing (Table 2.13).

Assuming p = q = Y, then at the Sg level of inbreeding (F ~ 1) &é = 267 among
lines which have important breeding implications. As the inbreeding coefficient
approaches unity the additive genetic variance among lines approaches twice the
additive genetic variance of the reference population without inbreeding. Therefore,
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Table 2.13 Distribution of variances among and within lines under continuous selfing assuming
p=g=05and F=1- ()"

Among lines Within lines Total
Generation F &ﬁ &]% &ﬁ &I% &ﬁ &]%
¢ 1 b b %
> ;/4 7/2 7/ o 1/4 1/4 1% 1/16
> 1/§ 1% 1/24 1/8 1/ s 31/ s 3?/64
S4 X 1/16 X 1/8 hs6 1/16 1/16 ) 3/16 hs6
Ss ‘63/32 ;3 3/16 ) 3/1024 1/32 1/32 | 2/%2 1*2/%024
S6 (2 Y) 14096 T4 Toa Toa 11096
00 1 2 0 0 0 2 0

differences among lines increases and breeders will be more effective in identifying
the best lines than to identify the best parents among plants that are not inbred.

A summary of the distribution of &i and 6]% among and within lines for succes-
sive generations of inbreeding is given in Table 2.13. Two important features are that
(1) the genetic variance among inbred families increases and within inbred families
decreases with increased inbreeding and (2) the total genetic variance doubles from
F=0to F=1, and all the genetic variance at F' = 1 is additive. General limitations
when inbreeding is involved are discussed in Chapter 3.

2.8.6 Variance in Inbred Populations

The effect of inbreeding is to increase total genetic variance in the population, and
such an increase depends on the level of inbreeding. Being ug an alternative symbol
for the mean of the inbred population the total genetic variance is calculated from
Table 2.5 as follows:

68, = (* + Fpg)a® + 2pq(1 — F)d* + (¢* + Fpg)a® — u§
2
= 2pq(1 + F) [a+ 155G — p)d| +4pa {550 + Fa)a + Fp)d?

which equals the genetic variance of a non-inbred population when F = 0. The
additive genetic variance is

> 1-F 2
Ops =2pq(1 +F) |a+ H—F(q—p)d

and the dominance variance is again calculated as 6(2}5 - 8%3:

62 = dpg—L (b + Fg) (q + Fp)d?
Ds 1+ F
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When F =0, 8138 and 61%8 = 6/% and 6]%, respectively. For F > 0, 6/%\5 and 61%5 can-
not be expressed by 67 & and 8D nor be translated from one generation of inbreeding
to another. If gene frequency is assumed to be %, then 62 As = =(+F)oy 2 and 6[2)5 =
(1 — F%) 62 0p. The first expression is also valid when only addltlve effects are
considered and 6(%5 =(1+F63

When half-sib and full-sib families are drawn from an inbred population, the
families are themselves non-inbreds and the variance among families is expr-
essed by

3t = 015 + 0261 + 07535 + 036D + 016263, + 07K an + -

where 01 = (1 + F)/4 and 6, = 0 for half-sib families and 61 = (1 + F)/2 and
0, = (1 + F)2/4 for full-sib families, according to adaptation from Cockerham
(1963). In Chapter 3 these covariance terms are expressed in terms of covariance
between relatives.

Under continuous selfing, assuming only additive effects, the total genetic
variance is partitioned into among lines and within lines as follows:

Among lines 2F 6%
Within lines (1 - F)6
Total 1+ F)6

where &é is the total genetic variance in a random mating non-inbred population.
Thus when inbreeding is complete (F = 1), the genetic variance among lines is
twice the genetic variance of the reference population (non-inbred) and no genetic
variation is expected within lines. At complete inbreeding (F = 1), the additive
model is completely valid (since there is no dominance) and is a good approximation
for F slightly less than 1 (highly inbred lines).

2.8.7 Variance in a Cross Between Two Populations

The first cross between two distinct populations is not in equilibrium, and its total
genetic variance is not linearly related to any of the parent populations. However,
total genetic variance can be partitioned into additive and dominance components
as follows:

Aguz) = pgla+ (s — rd> + rsla + (¢ — p)d]* = 1/2(UA12 + UA21)
0p, =4p(l —p)r(l — rd* = 4 pqrsd®

according to the notation used in Table 2.6 (Compton et al., 1965).
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The two components may be called homologues of additive and dominance vari-
ances as defined for one population, i.e., 53 and 63. In fact, they equal 63 and 63
when p = r; i.e., both populations have exactly the same gene frequency. In the
above notation we used &lim) to denote the total additive genetic variance and either

Ailz or 8/%21 to denote the subcomponents when either Py or P», respectively, is used

as the female parent.
When the crossed population is in a half-sib family structure, the variance among
families is obtained from Table 2.7 as follows:

Biis,, =P (ra+sd)’ + -+ q*(rd — sa)® — uyg , = (h)pgla+ (s — nd]®
— (a2
= (/4)0A12
and uygs represents the mean of the half-sib population.
If population P; is used as the female parent

Siisy, = (Wrsla+ (g — p)dl* = ()6,

If both types of families are drawn, their mean variance is (1/4)&2‘12 + (1/4)8A221; for
p = rthis equals ()[(1)62+(Y)631 = (Y,)6%, which s the variance among half-sib
families for one population.

In the same way, genetic variance among full-sib families is obtained from
Table 2.8 as follows:

A2 _2.2.2 .. 222 2
GFSM) =p°rea- + +q°sca uFS(m

=(hpgla + (1 — 2rd)> + (hyrsla + (1 — 2p)d)? + pqrsd?
=(sz,, + ()55,
and upgs represents the mean of the full-sib population.
Note that this result will be the same whatever parental population is used as

female parent. When p = r, then 67 = (1/2)6/{ + (1/4)&]% the variance among full-sib
families as previously demonstrated for one population.

2.9 Means and Variances in Backcross Populations

The same principles apply to backcross populations (see Section 4.12 for more
details). Assuming gene frequencies in equilibrium we can describe these popu-
lations as follows (two alleles, A and a):

PARENTS AA X aa

AA X Aa X aa

| l

(BC)) (Y2) AA+ (Y2) Aa (Y2) Aa+(Y2) aa (BC,)
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Then,

(a+(p)d

63c, = (pa+(pd — (R a+(p)d)’
= (p)a* + (p)d* — [(Va) a® + 2(1)( Vo) ad + (Va) d?]
= (ma*+ () d*> — () ad

X,

6]§C1 = (1/2) a‘i + &]% - (1/2) @AD lf p = q = 1/2

And then the second backcross population (Note this refers to backcross 1 with a
different parent and it is not the result of two backcrosses):

Xge, = (1p)d — (p)a

63, = U d> + (pa® — ((pd - (p)a)’
= (L d* + (pya* —[(pa* —2(14) (14) ad + (1) d*]
= () a®+ (/) d* + () ad

8¢, = (1) 63 + 65+ () CovAD | if p=q=1p

Therefore, the sum of BC; +BC;, = 6}% + 261% allows us to eliminate the covariance
term. A similar procedure can be done for estimating the variance among and within
selfed backcross generations (see Chapter 4).

2.10 Heritability, Genetic Gain, and Usefulness Concepts

Heritability is the degree of correspondence between the phenotype and the breeding
value of an individual for a particular trait. The best way to determine the breeding
value of a plant is to grow and examine its progeny. If the correlation between the
breeding value and the phenotype is high then heritability is high (e.g., qualitative,
less complex inherited traits). If dominance, epistatic, and environmental effects
are large then heritability is low (e.g., quantitative traits). Also, the results of the
estimation depend strictly on the population you are working with.

Estimates can be narrow or broad sense depending on which genetic variance is
considered. Also, we can determine the heritability on an individual plant basis or
on a progeny mean basis depending on the generation used.

Narrow-sense heritability can be defined as the ratio of the additive genetic
variance to the phenotypic variance:

~

W = &[i /62| Narrow-sense heritability
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Warner (1952) developed a clear estimate of 613 by applying simple algebra on
the generations studied above (for more details see Section 4.12). He showed the
following:

Therefore,

is a narrow-sense heritability estimate on an individual plant basis.

In maize, heritability estimates for grain yield vary from less than 0.1 (10%) when
it is based on individual plants grown in one location (e.g., mass selection) to >0.8
(80%) when it is based on inbred progenies grown across locations with full-sibs
and half-sibs having intermediate values.

There are several methods to estimate heritability on an individual plant basis.
Different estimates can be obtained using the same populations:

(a) Burton (1951)

5 .
h® = UF2 chl /on broad sense

(b) Warner (1952)

= [2&]:22 - (61%(:] + 6§C2)] /6}%2 narrow sense

(¢) Mahmud and Kramer (1951)

h? = [61%2 - (6131 X &132)] /&Fz2 broad sense

(d) Weber and Moorthy (1952)

'
W = |:61:22 - (&31 X 652 X 6}%1) j| /&2, | broad sense
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Going back to our generations:

72 &Pg &\%Ve
hi, = =5 Usually less than 0.1
F2 Heritability in broad sense/individual plant basis
It is common to use only one location
62, environmental effects (can be estimated)
52
72 _ F3
hF3 = 52l Can. be .0:75.
3 Heritability in broad sense
It is common to use several observations per line
Based on S; progeny means
~2
. o=
o=t Can be 0.87 (50% more additive variance)

Heritability in broad sense
It is common to use several observations per line
Based on S, progeny means

If progenies (g) are evaluated in replicated (r) trials in different environments (e),
heritability in the broad sense based on progeny means is:

52 Heritability in broad sense
Py g
= 62/re + 62 /e + 62 )
© 8¢ g Progeny mean basis

As expected heritability contributes to genetic gain (AG) as follows:

AG = h*S| and S = selection differential = X —X)

being X = Mean of progeny selected and X = Mean of the overall population

Table 2.14 shows an example of an intra-population recurrent selection program
on NDSAB genetically broad-based population improved by 12 cycles of modified
ear-to-row selection plus two cycles of full-sib recurrent selection. A heritability
index was utilized for selecting the top progenies based on grain yield (YIELD),
grain moisture at harvest (MOIST), test weight (TWT), and stalk lodging resistance
(SL). TRT refers to treatment number and PI to a performance index including grain
yield and grain moisture at harvest.

Breeders want to identify populations with high mean and large genetic vari-
ance. A function was created to combine information on the mean performance and
genetic variance of a population and is called usefulness criterion (U):

U=X+ AG
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Table 2.14 Recurrent selection program including 200 full-sib progenies grown across three ND
locations arranged in an augmented unreplicated experimental design. Only the top 16 full-sib
progenies that were included to form cycle 14 are included

Pedigree TRT  Yield PI MSTR SL TWT  Index

NDSAB(MER-FS)C13 SYN1-142 145 81.3 1185 245 4.5 53.5 7.42
NDSAB(MER-FS)C13 SYNI-3 12 705 1202 213 2.7 53.6 6.85
NDSAB(MER-FS)C13 SYN1-106 54 740 1253 21.0 12.5 56.3 4.73
NDSAB(MER-FS)C13 SYN1-76 95 719 1094 23.6 6.9 52.4 4.54

NDSAB(MER-FS)C13 SYN1-112 43 66.5 107.2 22.1 6.2 55.4 4.06
NDSAB(MER-FS)C13 SYN1-73 80 639 113.8 20.0 8.1 56.8 3.99
NDSAB(MER-FS)C13 SYN1-119 55 643 1025 223 43 57.1 3.97
NDSAB(MER-FS)C13 SYN1-4 3 67.2 1082 21.8 9.1 55.1 3.52

NDSAB(MER-FS)C13 SYNI-17 18 68.0 1149 20.8 11.5 57.7 3.52
NDSAB(MER-FS)C13 SYN1-24 129 740 121.7 21.7 15.1 52.8 3.50
NDSAB(MER-FS)C13 SYNI-14 5 554 100.8 19.7 2.9 58.1 3.47
NDSAB(MER-FS)C13 SYN1-97 64 67.4 99.7 24.0 5.6 52.6 3.46
NDSAB(MER-FS)C13 SYN1-61 84 59.0 989 21.6 3.1 56.7 3.35
NDSAB(MER-FS)C13 SYN1-36 122 792 1121 253 13.8 51.1 3.32
NDSAB(MER-FS)C13 SYN1-94 58 68.4 107.0 23.0 9.3 54.5 3.07
NDSAB(MER-FS)C13 SYN1-92 70 61.7 943 234 3.0 53.4 3.04

57.9 91.0 23.0 15.1 539  —1.78
68.3  109.7 222 7.4 54.8 4.11
1037 18.65 0.75 7.69 0.88 5.89

@ 3 |

Index = [(0.30 x Yield) + (0.69 x TWT) — (0.58 x MSTR) — (0.33 x SL)]

2.11 Generation Mean Analysis

We will now introduce our first genetic analysis with development of progenies.
This is a type of genetic analysis that can be useful for preliminary studies. Several
models have been developed for the analysis of generation means. It is important
to note that these models estimate the relative importance of genetic effects based
upon the means of different generations and not based on their variances. Genetic
variances are determined from the summation of squared effects for each locus.
This type of genetic analysis does not involve development of progenies that have
a family structure of sib-ships as in Chapter 4, but it includes genetic populations
(or generations) that are similar to those characterized by the special case of p =
q = 0.5 (e.g., F» populations). Instead of estimating genetic variation within gen-
erations, we will concern ourselves with relative genetic effects estimated from the
means of different generations. Mather (1949) presented several generation com-
parisons to test for additiveness of genetic effects for estimation of &Ii and 8]%.
If the scale of measurement deviated from additivity, he suggested a transforma-
tion to make the effects additive. The generation models were extended to include
estimation of epistatic effects. Several models have been developed for analysis of
generation means (Anderson and Kempthorne, 1954; Hayman, 1958, 1960; Van der
Veen, 1959; Gardner and Eberhart, 1966). Because of similarity in nomenclature we
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will use the Hayman (1958, 1960) model to illustrate the type of genetic information
obtained from generation mean analyses. As an example, consider the generations
produced from the cross of two inbred lines (e.g., special case of p = g = 0.5). For
estimation of genetic effects we will use the means of each generation rather than
develop progenies within the segregating generations.

Hayman (1958) defined his base population as the F, population resulting from a
cross of two inbred lines. If they differ by any number of unlinked loci, expectations
of parents and their descendant generations in terms of genetic effects relative to the
F, generation are as follows:

Pi=m+a— (h)d+ aa — ad + (1,)dd

Py =m—a— (h)d + aa + ad + (Y)dd

Fi =m+ (h)d + (Y)dd

Fo=m

F3 =m — (N)d + (¢)dd

Fs = m — (%)d + (Jgy)dd

Fs = m — (he)d + (*hse)dd

Fo = m — ("h)d + (**hoas)dd

BC] =m-+ (1/2)(1 + (]/4)061

BCr =m — (h)a + (Yaa

BC? = m+ (Ypa + (e)aa

BC3 = m — (Ypa+ (haa

BS] =m-+ (1/2)61 — (1/4)d + (1/4)6161 — (1/4)le + (l/lé)dd
BS; = m — (h)a — (d + (Upaa — (Nad + (Vy¢)dd

or in general the observed mean = m + aa + Bd + o’aa + 2afad + B>dd, where
a and B are the coefficients of a and d. Because the F, mean is (%)d and the F;
mean is equal to d, the F; mean relative to the F» mean has an added increment
of ('h)d. Terms a and d are the same as those illustrated in the special case of
p = g = 0.5, where a indicates additive effects and d indicates dominance effects.
Hayman (1958) used lowercase letters to indicate summation over all loci by
which the two inbred lines differ. Thus a measures the pooled additive effects;
d the pooled dominance effects; and aa, ad, and dd the pooled digenic epistatic
effects.

The different generations listed can be produced rather easily for cross- and self-
pollinated species. Hand pollinations are necessary for all generations in maize,
but selfing generations can be obtained naturally in self-pollinated species. Bulks
of progenies of each generation are evaluated in replicated experiments repeated
over environments, and generation means can be determined for traits under
study. In growing different generations, one should be cognizant of two important
considerations in order to have valid estimates of the generation means:

(1) Sufficient sampling of segregating generations is necessary to have a repre-
sentative sample of genotypes. In parental and F; generations no sampling is
involved, but F», F3, Fq, . . ., and backcross generations will be segregating and
sample size has to be considered.
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(2) In maize it is necessary to consider the level of inbreeding of each generation,
and it becomes necessary to have sufficient border rows in experimental plots
to minimize competition effects of adjacent plots.

Several different possibilities exist for the type and number of generations that
can be included in a generation mean experiment. If the two parents and the Fy, F»,
and F3 generations are evaluated, we have five means for comparison. Expectations
of each generation can be determined and a least-squares analysis made to estimate
m, a, and d with a fair degree of precision. For this simple experiment we can also
make a goodness-of-fit test (observed means compared with predicted means) to
determine the sufficiency of the model for m, a, and d to explain the differences
among the generation means.

Letting m = general mean, a = sum of signed additive effects, and d =
signed dominance effects, we have the following expressions with F, as the base
population:

Pi=m+a Fr=m+ (h)d
Po=m—a Fr=m
Fs=m— (Y)d
By use of the technique suggested by Mather (1949), the five equations can be
reduced to the following normal equations:

5m+ (%)d =01 (P1 + P2+ F| + F, + F3)
2a =Qs (P — P2)
(%) m+ (he) d = Q3 (F1 + F2)

In matrix form the set of equations is equal to

50 1m]o
020 ||allo
% 0 Y6 d 03

Solving for parameters m, a, and d, we get the following estimates:

= (%) 01 — (%) O3
a=(%) 0
d=—(%) 01+ ("%) 03

The estimates of m, a, and d can be inserted in the predicted values and can be
compared with the observed values for each generation. If the squares of deviations
of the expected from the observed are significant, the three estimated parameters



2.11 Generation Mean Analysis 63

are not sufficient to explain differences among the generation means; this is a
goodness-of-fit test for epistasis and/or linkage to determine if the three parameters
included are sufficient or if more are needed. The best procedure would be to
sequentially fit the successive models starting with the mean and add one term with
each successive fit. Tests of residual mean squares can be made for each model to
determine how much of the total variation among generations is explained by dif-
ferent parameters in the model. High-speed computers facilitate such computations,
and a weighed least-squares analysis can be done rather easily.

The similarity of genetic populations included for this simple generation mean
experiment and genetic populations used for estimation of genetic variances for
the special case of p = g = 0.5 is obvious. If necessary measurements have been
made for the different genetic populations, we can also obtain the following sets of
equations:

Variance among F, individuals = 6—1_{ + 5]% +E;
Variance among F3 progeny means =62+ (165 +Ea
Variance within F3 progenies = (1/2)&1 + (h)63 + Ey
Covariance between F, individuals and F3 progeny means = 6& + ('/2)&]%
Variance among parents and F; individuals =FE

Experimental error =FE

Six equations are available for estimation of two heritable and two non-heritable
sources of variation. Direct estimates of £ and E» are available, but an unweighted
(or preferably a weighted) least-squares analysis can be used to estimate the four
parameters (&i, 6]%, E1, and E») from the six equations. If one estimates the genetic
effects a and d (by use of generation mean analysis) and the genetic variances 612
and 6]%, there probably will be little relation in the magnitude of the two sets of
estimates. This should be expected because in the first instance we are estimating the
sum of the signed genetic effects, whereas in the second instance we are estimating
variances that are the squares of the genetic effects. For maize it seems that estimates
of the d effects are usually greater, especially if the F; generation is included. On
the other hand, estimation of genetic variances in maize usually shows that estimates
of 6% are similar to or greater than estimates of &]%. The expression of heterosis in
F1 crosses of two inbred lines of maize probably has a much greater effect on the
estimate of d for maize than for many other crop species.

Limitations of the generation mean analysis if the model includes epistatic effects
were discussed by Hayman (1960). Briefly, if the residuals are not significantly dif-
ferent from zero after m, a, and d are fitted, we have unique estimates for a and
d. However, if it is necessary to include epistatic effects in the model, estimates
of digenic epistatic effects are unique but estimates of a and d are confounded
with some of the epistatic effects. Hence if epistatic effects are not present, esti-
mates of a and d effects are meaningful and unbiased by linkage disequilibrium;
if epistatic effects are present, estimates of a and d effects are biased by epistatic
effects and linkage disequilibrium (if present). Estimation of digenic epistatic effects
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is unbiased if linkage of interacting loci and higher order epistatic effects are absent.
Because of the bias in the estimates of a and d effects, when a model that includes
epistatic effects is used, the relative importance of a and d effects vs. epistatic
effects cannot be directly assessed. Some indication of their relative importance may
be gained by comparing residual sums of squares after fitting the three-parameter
(m, a, and d) and the six-parameter (m, a, d, aa, ad, and dd) models.

It seems that the primary function of generation mean analysis is to obtain some
specific information about a specific pair of lines. How useful the information
obtained from generation mean analysis is to the maize breeder is not obvious. For
quantitative traits the estimates of genetic effects would be quite different for differ-
ent pairs of lines, depending on the relative frequency of opposing and reinforcing
effects for the specific pair of lines studied. The cancellation of opposing effects may
confound interpretations, but a complete diallel of interested lines could be used to
determine which have opposing and reinforcing effects. Generation mean analysis
is amenable for use in self-pollinated species because limited hand pollinations are
required to produce the different generations; hence generation mean analysis may
provide some information on the relative importance of non-additive genetic effects
for the justification of a hybrid breeding program. The relative importance of domi-
nance effects could be determined by comparing different generations derived from
the F; generation, which would involve only the cross of the two parents to produce
the F; generation. For maize, however, controlled pollinations would be necessary
for all generations.

Generation mean analysis has some advantages and disadvantages in compar-
ison with mating designs used for estimation of genetic components of variance
(see Chapter 4). Because we are working with means (first-order statistics) rather
than variances (second-order statistics), the errors are inherently smaller. We can
rather easily extend generation mean analysis to more complex models that include
epistasis, but the main effects (¢ and d) are not unique when epistatic effects
are present. Generation mean analysis is equally applicable to cross- and self-
pollinating species. Smaller experiments are required for generation mean analysis
to obtain the same degree of precision. However, an estimate of heritability cannot
be obtained and one cannot predict genetic advance because estimates of genetic
variances are not available. Cancellation of effects may be a significant disadvan-
tage because, say, dominance effects may be present but opposing at various loci
in the two parents and cancel each other. Generation mean analysis does not reveal
opposing effects, but this may be overcome to some extent by a balanced set of
diallel crosses.

This discussion for generation mean analysis is restricted to the use of parents
being either inbred or pure lines, i.e., relatively homozygous and homogeneous.
Generation mean analysis has been extended to populations generated from parents
that are not homozygous. Robinson and Cockerham (1961) presented an analy-
sis for two varieties and n alleles at each locus. Gardner and Eberhart (1966)
included n varieties with only two alleles at a locus. The analysis by Robinson and
Cockerham (1961) is orthogonal in the partitioning of sums of squares, and tests can
be made to determine the presence of non-additive effects. All the generation mean
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analyses provide information on the relative importance of genetic effects, but the
information in most instances may not be useful to applied breeders, particularly
those that are conducting long-term selection programs.

In summary, if we consider the generations produced from the cross of two inbred
lines, Hayman (1958) defines the F, generation as his base or reference population.
Therefore, if inbred lines differ by any number of unlinked loci, expectations of
parents and their descendant generations in terms of genetic effects relative to the
F, generation are based on the following model:

Yjju (observed mean) = m + «; + B + oc,f + 20y + p? or

Y=m+o,+ Bs+ )/aza + 2aBad + B*dd| following notation of Gamble (1962a, b)

‘a’ indicates pooled additive effects across loci
‘d’ indicates pooled dominance effects across loci
‘aa,’ ‘ad,” and ‘dd’ indicate pooled digenic epistatic effects

Considering the means for each generation as follows:

Generation Mean Expectations

P, a m+a—(b)d+aa—ad+ (V) dd
P, —a m—a— (%) d+aa+ad+ (W) dd
F d m+ (B d+ () dd

F (hya m

BC, (a+nd m+pya+dyaa

BC, ~(a+Chd m—pa+yaa

More generations can be included. The more generations we include the better the
estimates (e.g., less error, more precision) but more experiments might be needed.

Therefore, we can estimate gene effects when epistasis is present with informa-
tion of generation means:

‘> =BC; — BC,

‘d’ =F — 4F, + 2BC + 2BC, — ()P — P,
‘aa’ = 2BC; + 2BC, — 4F,

‘ad’ = ()P, — (h)P| + BC| — BCy

‘dd’ =Py + P, + 2F| + 4F, — 4BC; — 4BC,

In this case we do not expect deviations since the number of unknown estimates
equals the number of generations used in the model.
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2.11.1 Assumptions for Analysis

1) Two alleles per locus.

2) Most positive alleles in P and most negative alleles in Ps.

3) No linkage of interacting loci.

4) No trigenic or higher order epistasis.

5) F, is the reference population.

6) Sufficient sampling of segregating generations (representative sample of geno-
types).

7) No competition effects among generations at different levels of inbreeding.

2.11.2 Limitations of This Analysis

1) Unlike variances, means can estimate neither heritability nor genetic gain for
prediction.

2) Genetic effects are always summing or subtracting. Therefore, there is a
cancellation of effects that are not detected.

2.11.3 Advantages of This Analysis

1) Useful for preliminary studies, i.e., is there enough dominance to have good
hybrids? Allows to study a new or unknown population.

2) Means are estimated with greater precision than variances.

3) Can be extended to more complex models.
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