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ABSTRACT 

A SIMULATION STUDY TO EVALUATE OPTIMAL 

STRATEGIES FOR SELECTION ON A QUANTITATIVE 

TRAIT USING MAJOR GENE INFORMATION 

Massoud Llalek 

University of Guelph, 1998 

Advisor: 

Professor: 1. Mchlillan 

Professor: J.  C. M. Dekkers 

Previous studies have shown that Marker--4ssisted Selection (MAS) based on a 

h o w n  major gene and genotypic selection can increase response to selection in the 

short term but reduce longer-term response to selection. The criterion for genotypic 

selection is: 

I = g + h 2 ( ~ - ~ )  

were g is the breeding value for the major gene and h2(P - G) is the animal's 

polygenic EBV based on phenot-vpe (p) adjusted for major genotype (G). Recently: 

Dekkers and van Arendonk (1998) developed methods to optimize the use of a 

known major gene in selection to maximize response over a planning horizon. 

The objective of this study was to use stochastic simulation to  evaluate the 

optimal strategies developed by Dekkers and van Arendonk (1998) under a mode1 in 

which genetic variance declined as a result of selection (Bulmer effect ) . -4 population 

with discrete generations, fixed size and equal selection arnong males and femdes 



was considered. 

Result ing st rat egies mavimized cumulative response t O select ion for a pre-specified 

planning horizon. Results show that optimal strategîes that are derived under a 

mode1 with constant genetic variance may not resuit in greater responses to se- 

lection for al1 situations. Furt her irnprovements in optimal strategies are under 

development . 
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Chapter 1 

Introduction 

Although animal breeders c m  not ignore natural selection. the type of selection 

of primary interest to them is artificial selection, which is under human control 

(Bourdon, 1997). Genetic improvement of livestock for economic performance is 

based on selection on estimates of breeding values based on performance of the 

animal itself and its relatives. This type of selection is also known as mass selection. 

Selection met hods based on phenot-ypic data rely on accurate estimates of breeding 

values of individuals or groups of animals. Breeding values cm be estimated on 

phenotypic information of the animal itself and its relatives' using Best Linear 

Unbiased Prediction (BLUP) procedures (Henderson, 1988). 

Advances in the technologies of molecular genetics have great ly increased the 

information available on individual genes for quantitative traits. Molecular tech- 

niques have enabled researchers to identi& genetic markers that can be used to 

evaluate animals more precisely for selection and thus increase efficiency of produc- 

tion. Breeders can benefit from results produced by molecular geneticists on aspects 



such as the location, effect and frequency of a major gene, a gene with large effect, 

for genetic improvement in their breeding programs. Breeders can also improve the 

accuracy of their selection by using information that is obtained from molecular 

genetic markers that are closely linked to a quantitative trait locus (QTL). This 

approach has been named Marker Assisted Selection (MAS). 

Genetic marker information may be used to detect a &TL having a large effect 

on phenotype (Clarke et al., 1998). As more genes with major effects are being 

discovered, it is possible to incorporate them into selection prograrns by directly 

selecting on their genotypic values. This would be an improvement in the accuracy 

of selection over traditional selection programmes (Kennedy et al., 1990). Hence? 

by integrating marker information into artificial select ion for quantitative traits, 

the efficiency of selection can be increased substantially, as shown by Lande and 

Thornpson (1989). 

There are a number of selection strategies that use information from molecular 

genetics that can be used to increase the efficiency of selection, such as major gene 

select ion and MAS. Major gene selection depends on the availability of informat ion 

on genes with major effects on traits of interest. MAS depends on the linkage 

between markers and loci, including QTLs, affecting relevant traits, and requires 

linkage disequilibrium (Muir, 1994; Fairfull, 19%). 

Candidate gene and comparative gene mapping approaches have been success- 

fully applied in identifjring major genes affecthg vaxious traits. To date, several 
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important major genes have been found using the candidate gene approach. Com- 

parative gene mapping is used to find "positional candidate genes" in the regions 

associated with possible QTL. For the improvement of dairy cattle, it is common 

to use a progeny test of sires to estimate their breeding values more accuratelu. 

The data records from progeny tests and the genotypic information on markers are 

useful for detection of major genes (Roy et al.. 1989). 

There are several methods for finding a QTL based on genetic markers or for 

estimating the effects of a QTL. such as mked  model methodology for analysis of 

data on multiple genetic markers (Goddard. 1992). a siniple regression method for 

rnapping QTL in line crosses (Haley and Knott, 1992), the maximum likelihood 

met hodology (Bovenhuis and Weller, l994), a random model approach to interval 

mapping of QTL (Shizhong and Atchley, 1995), or in outbred populations (Liu and 

Dekkers 1996)0 and rnived inheritance analysis methods (Hoeschele et al.. 1993: 

Hoeschele. 1994; Cimari et al.. l996a). Mchlillan and Robertson (1974) studied the 

power of methods for the detection of major genes afFecting quantitative characters. 

Bovenhuis et al. (1997) gave an overview of the main characteristics and differ- 

ences between methods in this area. 

Soller (1978) combined marker information and phenotypic information based on 

selection index principles, to obtain genetic evaluations for selection. Fernando and 

Grossman (1989) presented methodology for the application of BLUP to  estimation 

of breeding values based on molecular and phenotypic data. The authors showed 
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that there is additional genetic progress evpected from M A S  by using BLUP to 

estimate the breeding value. 

To assess the relative advantage of directly incorpora ting major gene informa- 

tion into a breeding program as compared to conventional phenotypic selection, it is 

important to examine how successful a selection program could be, using informa- 

tion from a major gene. Ruane and Colleau (1995) used Monte Car10 simulation to 

evaluate the benefits of .CIAS in a small population with one marker for a bi-allelic 

QTL. They concluded that .*I.L\S resulted in substantially higher QTL responses 

(454%), especially for low heritability traits, t han conventional select ion based on 

BLUP for breeding values, but lower polygenic responses (up to 4%), so that the 

overall effect on the total genet ic response was relatively small. 

Gibson (1994) simulated selection on a known major gene using an additive 

infinitesimal model, which is based on the assumption of a n  infinite number of loci 

with very small effects on the quantitative trait, plus a single bi-allelic QTL. The 

results of this simulation showed that use of information on a QTL in selection gives 

more rapid short-term response but l e s  long-term response than if the QTL were 

ignored. This study showed that  current strategies for MAS may not mavimize 

response to  selection in the longer t e m .  

Dekkers and Van Arendonk (1998) tried to optimize selection for a quantitative 

trait over multiple generations with information on a major gene. This was based 

on a deterministic simulation. Their results agreed with those of Gibson (l994), i-e. 
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t hat mass selection, which is selection based on phenotype. had greater selection 

response in the longer term than genotypic selection, which is selection based on 

the sum of the estimated additive polygenic breeding value and the known breeding 

value at the major gene locus, according to the known genotype of the candidate. 

They defined "optimal selection" . as an index selection similar to genotypic selec- 

tion but with a weight assigned to the breeding value for the major gene, such that 

cumulative gain at the end of a planning horizon is maximizedo and showed that 

optimal selection achieved greater cumulative total response over the planning hori- 

zon than genotypic or m a s  selection. This work addressed the lack of knowledge 

on the optimal use of a QTL in Gibson's work. 

The important issue that was considered by Dekkers and Van Arendonk (1998) 

was how to optimally combine the information from the polygenic breeding value 

with than from the major genes? such that a better response could be achieved com- 

pared to mass and genotvpic selection. In t heir deterministic simulation, however? 

they did not consider the impact of gametic phase disequilibrium among polygenes 

and only considered gametic phase disequilibrium between the major gene and poly- 

genes. 

In this present study the effect is taken into account of gametic phase dise- 

quilibrium on the reduction in polygenic variance as a result of selection (Bulmer 

1971). 

This study d l  use a stochastic mode1 to evaluate the optimal strategies of 
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Debrkers and Cran hendonk  (1998) for selection on a quantitative trait using major 

gene information, and will compare response from the deterministic mode1 wit h 

stochastic simulation. 

1.1 Objectives 

The objectives of this study were, using a stochastic cornputer simulation model 

of a breeding population, to: 

Compare the responses from m a s  and genot-ypic select ion with the response to 

optimal strategies for selection on a major gene, as defined by the deterministic 

mode1 of Dekkers and Van Arendonk (1998) 

Compare the response to selection from the deterministic model with the 

selection response using stochastic simulation 

a Examine the effects on selection response and on the comparison between 

mass, genotypic, and optimal selection of 

- heritability 

- size of the effect of the major gene 

- degree of dominance at  the major gene 



Chapter 2 

Literat ure Review 

Most of quantitative genet ic t heory applications to animal breeding are based 

on the assumption that the traits of interest in animal production are influenced 

by alleles at  many loci, each contributing a small effect to the expression of the 

phenotype. Not al1 quantitative traits of interest do, hoivever, owe t heir expression 

to the exclusive action of ma- genes of small effect (polygenes), but instead may 

be influenced by a limited number of genes of large effect (major genes), along with 

pol ygenes. 

It is not presently known how commonly QTLs are involved with a major ef- 

fect. At present, there are 1774 loci mapped in the pig mapping database. This 

includes 507 genes and 1201 microsatellites markers. The number of genes and 

microsatellites markers on genetic linkage maps for cattle are 534 and 1219, re- 

spectively (August, 1998; ht tp://wnnv.ri. bbsrc-ac. uk/cgi-binlarkdb) . However. as 

mentioned previously, only a few of these genes are major genes that affect a quan- 

titative trait. The coverage on these maps is now sufficient t o  allow researchers to 
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conduct quantitative trait loci linkage andysis. 

The first important major genes identified in dornestic animals that affect a 

quantitative trait were reveded when Shultz and Bdes  (1953) invest igated the 

relation between blood group genes and performance of laying hens. They studied 

genes afFecting the antigenic stmcture of erythrocytes. Thoday et al. (1964) had 

considerable success in the detection and location of loci affecting QTLs. The 

double-muscled condition in cattle is a good example of a major gene for variation 

in muscie development. Back-crossing Fi females to a double-muscled sire gave a 

result that was compatible with the segregation of a major gene (Hanset. 1982). 

Other examples of continuous traits that are influenced by a major gene are the 

double rnuscling gene in pigs (Ollivier, l98O), the callipyge gene in sheep (Cocket t 

et al., 1994), dwarfism in poultry (Merat and Ricard, 197-1): the Booroola gene 

affecting ovulation rate in sheep (Piper and Bindon, 1982), the halothane sensitivity 

gene in pigs (Smith and Bampton. 1977), the rapid postweaning growth gene in 

mice (Bradford and Famula, 1984): the high milk protein content gene in goats 

(Grosclaude et al.. 1987), the high milk flow gene in goats (Ricordeau, 1982), the 

gene for low technological yield for cooked ham in pigs (Roy et al., 1990), and a 

major gene dect ing litter size in pigs (Rothschild et al., 1994). 

The basic theory for incorporating a specific gene with a direct effect on a quanti- 

tative character into a selection index was derived by Neimann-Sorensen and Robert- 

son (1961). Using blood group data, Neimann-Sorensen and Robertson concluded 
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that the difference in performance rnay have two genetic causes: they may be di- 

rectly due to the gene (the blood group) or to genes closely linked to the blood 

group gene- 

It has been proposed that genotypic information on marker loci that are linked to 

QTLs can be combined with phenotypic information to maximise genetic responses 

to selection ('ieimann-Sorensen and Robertson, 1961; Smith: 1967: Soller, 1978). 

Smith and Simpson (1985) showed that any genotypic information on QTLs 

can increase the accuracy of selection. This rnay be particularly useful when the 

phenotypic information can not be rneasured directly on the live animals (such as 

for carcass traits) or when phenotypic information is expensive to collect? or is s e l  

lirnited (such as milk yield in females) (Smith and Simpson. 1986). 

Meuwissen and Goddard (1993) used information on marker haplotypes to in- 

crease rates of genetic gain in closed nucleus breeding schemes. They concluded that 

the extra genetic gain decreases with the number of generations of MAS, as the vari- 

ance of the QTL becomes more and more exploited. In this study, the marked QTL 

was assumed to explain 33% of the genetic variance. They also showed that the 

extra rates of gain from MAS can be large when there is a continuous detection of 

a new QTL. In the case of a carcass trait, extra response rates were up to 64%. 

Spelrnan (1998) showed that M.4S can uicrease the rate of genetic gain, but the 

degree of improvement in genetic gain is extremeiy variable and greatly depends on 

the size of the QTL and on the genetic mode1 simulated. The larger the QTL size 
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and the more QTL alleles simuiated, the greater the genetic response. 

To date, MAS has not been used or tested on a wide scale in practice. The 

only reported attempt to actualIy use MAS was that of Dunnington et al. (1992), 

who used appropriate family structure in chickens to search for sire-specific DNA 

fingerprint bands associated with QTLs, and to test by MAS the effectiveness of 

genetic marker as a potential selection tool. Their results indicated that use of DNA 

fingerprint bands can be an aid to classical selection for improving quantitative traits 

of economic importance. 

Some quantitative geneticists have presented an overly optimistic scenario for 

MAS. For example, Lande and Thompson (1990) showed theoretically that selection 

efficiency can be increased by over 400% with MAS. Because numerous simplifying 

assumptions were made in this study. Zhang and Smith (1992) developed a sim- 

ulation mode1 to investigate the effects on seiection response of a genetic markers 

linked to a QTL with gametic phase disequilibrium generated by a cross between 

individual lines. Results showed t hat select ion on phenotype always gave greater 

response than selection on markers alone. According to Gibson (1994), this may 

not be expected. The use of marker quantitative trait locus (MQTL) effects and the 

phenotypic information in combined selec tion gave greater response t han select ion 

on the phenotype or marker. However, the improvement  vas much less than the 

100-200% improvement predicted by Lande and Thompson (1990). 

When phenotypic selection is effective (high heritability), further information 
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on a major gene will add little to the rate of improvement (Muir and Stick, 1998). 

If phenotypic selection is not effective, as for traits with low heri tabi l i t~  indirect 

selection must be used, and selection on the major gene can add significantly to the 

rate of genetic improvement (Smith and Webb, 1981). 

Saefuddin (199 1) used stochastic computer simulations of populations of finite 

size to examine the behaviour of a transgene in a population under selection for a 

single trait. In d l  cases of transgene effect. genotypic selection, in which the can- 

didate animals were evaluated and selected on the sum of estimated breeding value 

for the quantitative trait and their expected value a t  the transgene, reached fixation 

for the transgene much faster than phenotypic selection. Genotypic selection led to 

enhanced rates of genetic gain, but only in the early generations. 

Van Arendonk et al., (1994) simulated MAS for a trait which was not ses- 

limited. An animal mode1 was used to estimate BLUP, of additive effects a t  the 

marker QTL and of additive effects of polygenes. The cumulative genetic gain due 

to using markers diminished over time, giving an initial 12-19 (#% advantage, which 

reduced to  -1 to +5 9% by the 1 2 ~ ~  generation. They explained this decline as being 

due to a large reduction in variance of allelic effects a t  the QTL, when markers are 

used. It must be noted that 12 generations is considered equivalent to a long period 

of time for livestock species such as cattle. 

Gibson(1994) reported on a simulation experiment, which indicated that use of 

information on a QTL in selection gives greater selection response in the short- 
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term, compared to phenotypic selection? but less response in the long terrn. Gibson 

(1994) simulated selection on tne sum of the breeding value for the major gene and 

an estimated breeding value for poiygenes. 

Most cornparisons between MAS and phenotypic selection have been based on 

the infinitesimal model except those of Zhang and Smith (1992) and Muir and Stick 

(1997), who used a gene level simulation program. 

The objective of the Muir and Stick (1997) study was to examine, through use 

of a Monte Carlo gene level simulation program, the potential relative advantage 

that direct selection on the genotype adds to a breeding program. They showed 

that selection directly on the QTL was disadvantageous in both the short term 

and the long term for heritabilities larger than 1%. For heritabilities less than l%, 

they showed that direct selection on the QTL was always more advantageous that 

selection on phenotype done. These researchers did not use genotypic selection, 

and put more weight on the major gene than did others, so it is difficult to compare 

their study to other studies using major gene information. 

The Larzul et al. (1997) study was based on two indices. The first index did 

not consider the major genotype and information whereas the second index used 

this information. The model for the estimation of genetic progress into account 

took overlapping generations wit h infinite population size. .A constant selection 

pressure of 80% was assumed. They showed that information about the major 

gene in breeding value estimation should be incorporated in selection, when the 
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heritability is low, and the major gene effect is high and its initial frequency small. 

in particular for a recessive major gene. They showed that including major gene 

information is valuable in lirnited circumstances. The value of including the major 

gene information in selection may be very high in the most favourable case. CVhen 

the favourable allele was recessive, a 200% increase of the genetic response after 23 

generat ions of select ion was observed (Larzul et al.. 1997). O bviously 25 generations 

is considered a long time. 

Foumet et al.. (1997) performed a stochastic simulation to examine the effect 

of including major gene information in genotypic selection. They concluded that 

the inclusion of major gene information can provide extra gain in the medium and 

long-term. when the favourable ailele a t  the major locus is rare and recessive. Their 

results gave good agreement with the results of Lanul et al. (1997). Their results 

agreed with those of Gibson (1994) for the additive case where, in the long term, 

rnass selection was always superior to genotypic selection. 

Muir and Stick (1998) developed a siniulation program to evaluate the advan- 

tage of combining major gene information in breeding programs. In this study the 

authors concluded that, with a very low heritability(l%), using the major gene is 

superior to phenotypic selection but, nrith a heritability of 10% and higher, pheno- 

typic selection was superior to selection on an index that included a high weighting 

on major gene information. They also showed that placing too much ernphasis on 

the major genes is disadvantageous to the breeding program. 
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Dekkers and Van Arendonk (1998) used information on a major gene to opti- 

mize selection for a quantitative trait. This was based on a deterministic simulation 

model. They used optimal control theory to denve weights for an index of major 

gene effects and estimates of polygenic breeding d u e s  that rnavimized cumulative 

response over a given number of generations of selection. Genotypic selection re- 

sulted in greater response t han mass selection in the short term but lower response in 

the longer term, which is similar to the results of Gibson (1994). The second conclu- 

sion to be draw from their study was that optimal selection achieved greater cumu- 

lative total response over the planning horizon than genotypic and m a s  selection. 

They exarnined models wit h and wit hout gametic phase disequilibrium between the 

major gene and polygenes. Gametic phase disequilibrium among polygenes was 

not modelled (constant polygenic variance). Without gametic phase disequilibrium 

between the major gene and polygenes, optimal selection achieved 0.4%, 2.2%, and 

2.1% higher cumulative responses t han genotypic selection for planning horizons of 

5, 10, and 15 generation, respectively. When garnetic phase disequilibrium between 

the major gene and polygenes was taken into account, cumulative response was 

reduced less in the initial generations for optimal selection compared to genotypic 

selection; the extra response at the end of 5 and 10 generation planning horizons 

was 0.58% and 1.98%, respectively. In this study, stochastic simulation were used to 

evaluate the results of a deterministic model for optimization of quantitative trait 

loci. 
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Chapter 3 

Materials and Methods 

3.1 Assumptions and general description of the 
simulation mode1 

A stochastic cornputer simulation of a population under selection for a quantita- 

tive trait was constmcted by a program developed using Fortran 77. The program 

was developed with the facilities available a t  Iowa State University and the Centre 

for Genetic Improvement of Livestock (CGIL) at  the University of Guelph. The 

program does not require machine dependent subroutines. Also, in order to avoid 

portability problems, standard forms of Fortran programming were applied as much 

as possible. 

The population under selection was assumed to be large mith no accumulation 

of inbreeding (constant bfendelian sampling vanance over time) with discrete gen- 

erations. Selection was considered for a hypothetical quantitative trait. which is 

controlled by a major gene and polygenes. It was assumed that a single gene, the " 

major gene " , had been detected and that it was possible to determine the genotype 



of each individual a t  the major gene. The major gene had two alleles (B and b) 

and, therefore, three genotypes BB, Bb and bb Nith average genotypic value of a. 

d and -a. respectively. The individual genotypes at the major gene and the effects 

of each possible genotype on the trait were assumed to be known without error. 

The polygenic part consisted of many genes, each with a smail additive effect. and 

was modelled following the infinitesimal model. The base generation was in genetic 

gametic phase equilibrium between the major gene and polygenes, as well as arnong 

polygenes. 

3.2 Mode1 and simulation procedures 

The general mode1 used for this trait, with characteristics as in Table 3.1. was: 

w here: 

O yi = Phenotypic value of individual i with major genotype k. 

0 mgk = effect of the major genotype k on the individual's phenotype. 

.Ai = collective effect of the polygenes on the individual7s phenotype. 

ei = random error. 

3.2.1 Base population 

True breeding values Ai for the polygenic effect of base population animals were 
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simulated according to  the formula: 

were vi is a random normal deviate drawn from a standard normal distribution, 

N(OJ), with zero mean and vaxiance one, and o. is the additive genetic standard 

deviation in the base population. 

The genotypic value for the major gene was calculated based on the genotype 

of each individual and the value of the favourable allele (a  and d). To simulate the 

major genotype of an individual, a random number was drawn from a uniform distri- 

bution &JRN). If t-he random number was smaller than or equal to the frequency of 

the BB genotype (P*), the animal was assigned genotype BB. If the random number 

was between p2 and P2 + 2pq1 the animal nTas assigned genotype Bb. If the random 

number was greater than p2 +2pq ,  then the animal was assigned genotype bb. Table 

3.3 shows the genotypic value associat ed wit h each major genotype. Considering 

a single locus with two alleles, B and b, the genotypic value of the favourable ho- 

mozygote (BB) was set equai to +a, that of the unfavourable homozygote(bb) was 

set equal to -a and that  of the heterozygote (Bb) e q u d  to d (Falconer and Mackay 

1996). 

The random error were simulated according to  the formula: 

were ui is a random normal deviate sampled from a standard normal distribution, 
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with mean zero and variance 02 (residud variance). 

Adding the effects from the major gene's genotypic value (mgk) to the poiygenic 

breeding d u e  (.Ji) giws the total genetic value of an individual. The phenotype is 

determined by adding the genotypic \*due and the randorn deviation (ei). 

3.2.2 Progeny population 

The breeding values for polygenes of progeny were generated as follows: 

Where -.li, -4,; and -44 are the polygenic breeding values of progeny i and of its sire 

and dam, respectively, and is the Mendelian sampling contribution, which was 

generated as: 

were vi is a random normal deviate dram from a standard normal distribution. It 

was assumed that 'vlendelian sampling contributions follow a normal distribution 

with zero mean and vanance 0.502. To generate the genetic value of the major 

gene for a progeny, a random number sampled from a uniform distribution (0,1) 

was used to determine which alleles were transmitted from heterozygous (Bb) sires 

and dams. If the random number was smaller than or equal to 0.5, B allele was 

passed to the progeny, othenvise the b allele was inherited (Table 3.4). 

The phenotypic value of a progeny was the sum of the polygenic breeding value, 

the major gene genotypic value, and the random error. Environmental effects were 

18 



sampled from a normal distribution, with mean of zero and Mnance 02. 

3.2.3 Selection 

Three selection methods were applied in this study, depending on whether and how 

the major gene information nras included in the selection criterion. dfter selecting 

animals as breeding sires and dams, selected animals were mated at random. 

3.2.3.1 Mass selection: 

Candidate animals were selected on the basis of their phenotypic performance, ni th  

the best ones being selected as breeders. h l t  hough information from the major gene 

was not included directly, the implicit mode1 for this selection criterion \.as: 

Selection on phenotype does result in indirect selection for the major gene. 

3.2.3.2 Genotypic selection: 

Here the value of the major gene is knom and included in the selection criteria. 

The candidate anirnals were evaluated based on an index that was the sum of the 

estimated breeding value for polygenes, which was based on phenotype only, and 

on the average breeding value at the major gene locus, according to the known 

genotype of the candidate. 
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The mode1 for this selection criterion is: 

ri = SeIection criterion for individual i. 

M g k  = Average breeding value for major genotype k. 

Pi = Phenotypic value of individual 1. 

h2 = Heritability of the trait. 

g m k  = Average genotypic value for major genotype k. 

Under gametic phase disequilibrium between the major gene and polygenes. the 

breeding value for the major gene. M g p ,  takes values of 2qa. (q - p ) u ,  and -2qcr 

with frequencies p2.  %pq, and q2 for the BB, Bb, and bb genotypes. respectively. 

Where CE is average effect of gene substitution : a = a i d( l  - 2p)  (Falconer and 

4Iackay 1996). In the stochastic and deterministic models. breeding values for 

the major gene were reparameteriz~d by taking each different genotypic value as a 

deviation from the breeding value for the heterozygote, in which case breeding values 

for BB and bb were equal to a and -a, respectively. Gametic phase disequilibrium 

between major gene and poiygenes which is equivalent to using gene frequency, was 

calculated based on following formula (Falconer and Mackay 1996): 



and, with the average polygenic breeding vdue of each genotype was added to a. 

Alternatively, the value for a was calculated as follows: 

where: 

-ABs and &, are average polygenic values of gametes. 

gmk is the average genotypic value for the major gene, which is a for BB? d 

for Bb, and -a for bb, where a is the additive genetic value and d is the dominance 

effect of the single locus. The average polygenic breeding values for the major gene, 

with linkage disequilibrïum between the major gene and polygenes, were calculated 

for different genotypes as shown in Table 3.6. 

3.2.3.3 Optimal selection: 

Optimal selection was selection based on an index of the breeding value for the 

major gene and on estimates of the breeding value for polygenes, similar to genotypic 

selection but with a weight assigned ta the breeding value for the major gene. Here 

different index weights were considered, according to what genotvpe animals carried 

at their known major gene locus: 

Ii = bl x Mgl + h2(pi - gml) for the BB Genotype 



Ii = b3 x Mg3 + hz(pi - gm3) f w the bb Genotype 

li = Index for individual i- 

M g k  = Average breeding value for major genotype k. 

Pi = Phenotypic value of individual i. 

h2 = Heritability of the trait. 

bl = Index weight on the major gene for genotppe BB. 

b2 = Index weight on the major gene for genotype Bb. 

b3 = Index weight on the major gene for genotype bb. 

Since in this study M g k  was reparametenzed as deviations from the heteroz- 

gote, weight 63 is imrnaterial because M g 2  is equal zero. 

Weights for the optimal index were derived from optimal control theory to mau- 

imize cumulative response after a given number of generations (from the det ermin- 

istic mode1 by Dekkers and Van Arendonk (1998), as described in Chapter one. 

3.2.3.4 Use of actuai heritability: 

In the previous st udy, it was assumed t hat heritabili ty used to calculate the selection 

criteria was unaffected by selection and was constant over generat ions. Heritability 

will, however, be reduced over generations as  a result of gametic phase disequilib- 

rium (Bulmer 1971). We also examined the effect of using the reduced heritability 
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in the criteria for genotypic and optimal selection on selection response. In this 

case. the genetic variance was calculated for each generation based on the formula 

of Gomez-Raya and Bumside (1990) : 

= i * ( 2  - r), i=2.063 (selection intensity) and x=1.645 (truncation point). 

The corresponding heri tabilities were derived accordingly based on the following 

formula: 

new ai 
New h2 = 

new ai + a: 
The new h2 was used in the following general selection indexes for genotypic and 

optimal selection. 

3.3 Statistical methods 

The phenotypic means were compared using the student t-test with the two 

levels of significance, 0.05 and 0.10. Estimates of response to m a s '  genotypic, and 

optimal selection are based on the mean responses obsemed over 1000 repiicates of 

simulation. 

Let mean responses be XI and X2 , with variances S: and S; respectively. The 



resulting t-test for differences in the means is: 

3.4 Deterministic and stochastic modelling ofan- 
imal breeding programs 

A select ion syst em is composed of several components which have funct ional 

relationships wit h each other. These relationships are generally composed of bot h 

deterministic and stochast ic elements. In determinist ic relationships, variables are 

related to each other algebraically such that. for a certain set of inputs, a single 

output is always obtained (Dent and Blacheo 1979). In stochastic relationships, 

random elements are involved such that a unique result is obtained every time such 

a stochastic mode1 is run with a different seed nurnber. Stochastic models are often 

nrorking at  the level of the individual animal, and generally do not require knowl- 

edge of algebraic relationships that describe expected selection response. Therefore, 

stochastic simulation is often preferred over determinist ic simulation for com plex 

systems. This is due to the consideration of inherent comple'cities that might not 

be possible to take into account in deterministic simulations. The principles of 

model building c m  be better taught using deterministic models initially and then 

introducing stochastic elements where deterministic rnodels appear inadequate. In 

this study, a stochastic simulation model tvas used as well as a deterministic model. 

The deterministic model is based on that of Dekkers and Van Arendonk (1998) 
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and was used in their study to  find strate- for selection on a major gene that 

maximized response over a planning horizon. This will be described below. 

3.4.1 Deterministic mode1 

-4 deterministic model to maximize cumdat ive selection response for a quant ita- 

tive trait over multiple generations wit h information on a major gene was developed 

by Dekkers and Van Arendonk (1998). The quantitative trait was affected by a ma- 

jor gene and polygenes. Models with and without gametic phase disequilibrium 

(gpd) between the major gene and polygenes were used. The authors showed that 

optimal use of information on the major gene in selection programs required de- 

velopment of selection cnteria that combine information frorn single genes with 

phenotypic information in an optimal manner. Therefore, the- developed selection 

criteria that maximized cumulative response over a planning horizon. This involved 

optimization of relative weights in an index of major gene effects and the polygenic 

estimated breeding value. 

Dekkers and Van Arendonk (1998) simulated a population of infinite size with 

discrete generations and equal selection among males and fernales. They assumed 

t hat polygenic heritability is constant over generations. 

3.4.1.1 A deterministic model for predicting genetic gain in a popula- 
tion 

Optirnization was based on a deterministic mode1 of genetic improvement. Dekkers 

and Van Arendonk (1998) described equations that model how gene frequency 
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changes fiom one generation to the next and equations that describe how the av- 

erage polygenic breeding values change. The authors referred to these as the state 

equations in their paper. State equations, which were formulated for each genera- 

tion t, describe the passage of state variable from one stage to another. Le. from 

generation t to generation t + 1. This mode1 essentially involves truncat ion selection 

across three normal distributions, a s  illustrated in Figure 4.1 for a,, = o: where 

x, is the standard normal truncation point for genotype rn, imt is the selection 

intensity and fmt is the proportion selected from genotype m. The average poly- 

genic values of animals in generation t with major genotype BB, Bb, and bb is 

2AsVt, + 4&, and 2&: respectively -4s shown in Figure 4.1, with selection 

among animals in generation t, parents selected from major genotype class BB have 

average polygenic breeding value equal to + i l t  and produce 100% B gametes 

ai t  h an average polygenic breeding value equal to ABVt + ; i l t .  hlso parents with the 

major gene genotype bb produce 100% b gametes with an average polygenic value 

equal to Ab,t + ? i l t .  Parents with major genotype Bb produced 50% B gametes and 

50% b gametes. The average polygenic value of both types of gametes is equal to 

$(&J + -ab$ + & ) .  The following state equations can then be set up for .&,t and 

.&, respectively : 



- f3tP12(Ab9t + + fuPt(1 - + .?b,l + i 2 ~ )  
&,t+ L = 

f 3 t U  - Pd2 + f~tPt(1 - Pt) 

3.4.1.2 The optimal control method for obtaining optimal index weights 

The second part of the model deals with deriving optimal index weights using 

optimal control, based on this deterministic model. 
' 

Dekkers and Van Arendonk (1998) applied tnincation selection on an index that 

combines the value of the major genotype with an estirnate of the polygenic breeding 

vdues for animal 2 .  

The optimal selection index was; 

Weights blt and b3, in the index are equal to the truncation points for each distri- 

bution based on : 

Based on this, index weights bk affect truncation points xmt which affect proportions 

selected, jmt . 
Optirnizing Opt imizing Optimization 

proportions truncation of 

selected, fmt points, xmt weights, bk 



Therefore, optimizing proportions selected from the three distributions of esti- 

mated breeding values for each generation t results in optimizing truncat ion points. 

Opt imizing truncation points is equal to the optirnization of weights bk. The aut hors 

showed that the fraction selected frorn each genotype. Imt, can be derived based on 

the iterative procedure of Ducrocq and Quaas (1988). and based on the overall 

fraction selected, Q, and the differences between truncat ion points. An iterative 

procedure was denved to  obtain optimal weights. 

3.5 Parameters and structure of the simulated 
populations 

A population of 2000 individuals (half males. half females) [vas simulated. -4 

fraction Q=20% of males and females was selected each generation, n-ith each dam 

producing 5 sons and 5 daughters as candidates for the next generation. Alterna- 

tive simulation programs accommodate any percentage selected as well as different 

select ion intensit ies for males and females. Simulations were rest ricted, however, 

to equal selection for males and females because the optimal strategies have been 

developed only for that simulation. Mating Rias a t  random among selected parents. 

Truncation selection was practised for 3, 5, 10 or 15 generations. Parameters used 

in the base population are summarized in Table 3.1. One thousand replicates were 

run for each parameter set. 

The initial polygenic heritability and phenotypic standard deviations were 0.3 



and 1. respectively Three selection schemes were examined: m a s ,  genotypic, and 

optimum selection. The ranking of selection met hods was studied for alternative 

scenarios as shown in Table 3.2. 



Table 3.1: Parameters in the base population 

Population size 

Yumber of selected males (Y,) 

Yumber of selected fernales per male ( N I )  1 

Number of progeny per femde 10 

Starting Gene Frequency 0.05, 0.5 

Xumber of generations of selection 3, 5, 10, 15 

Table 3.2: Alternative scenarios considered 

Additiveeffectofthemajorgene(a)( 0.1 0.25 0.5 1 

Degree of dominance (d) 1 d=-a d=O.O d=a 

hentability (h2) 

( Adjusted for polygenes) 

O. 1 0.3 0.5 



Table 3.3: Assignment of genotype and genotypic values for the major gene for 

animals in the base population. Considering a single locus with two alleles. B and 

b, at frequencies p and q, the genotypic value of BB individuals is +a, that of the 

other homozygote -a and that of the heterozygote d. 

Selected random number (URii)  
- - -  - - - - - - 

CrRiV 5 < URN < + 2pq p2 + 2pq 5 URiV 

u u u 
Genotype + BB Bb bb 

u 4 u 
Major gene + a d -a 

genotypic value 



Table 3.4: Assigning genotype to progeny and calculating the genotypic value on 

that basis. 

Parent's Parent's 

Genotype Genotype 

BB Bb bb BB Bb bb 

If random number 

0.5 5 URN 

U U U  
.Ulele Passed t O Progeny 

B b b  

Genotypic value for major gene 

If progeny's genotype is 

URiV < 0.5 

u u u  
Allele Passed to Progeny 

B B b  



Table 3.5: Reparameterized average breeding values for major genotypes(Mg) as 

deviations from the heterozygote (Bb) . wit h linkage disequilibrium between major 

gene and polygenes. 

Genotype 

G 1 ( Breeding Value for hl ajor Gene) 

Table 3.6: Average potygenic breeding value for major gene with linkage disequilib- 

rium between major gene and polygenes. 



Chapter 4 

Results and Discussion 

4.1 Comparisonbetweenadeterministicandstochas- 
tic model for mass and genotypic selection on 
an additive major gene 

Genetic response is affected by selection intensit- the accuracy of select ion and 

additive genetic variance (Falconer et al.? 1996) . With mass selection, the accuracy 

of selection is the square root of heritability. With genotypic selection. the accuracy 

is 100% for the major gene. This will result in a higher overall accuracy of genotypic 

selection versus mass selection. The greater the effect of the major gene on the trait, 

the greater will be the accuracy of genotypic selection. 

Bulrner (1971) showed that selection causes a reduction in the additive genetic 

variance. due to gametic phase disequilibrium. The reduction of variance has to be 

taken into account, othenvise the expected genetic progress will be overestimated. 

Bulmer (1971) also showed that, in the infinitesimal model, the reduction in genetic 

variance is due to covariances generated between the genotypic values of different 



loci. He showed that directional selection introduces a negative covariance until a 

limiting value is reached in about five generations. The population then remains in a 

steady state gametic phase disequilibrium provided that the breeding structure and 

selection intensity remain constant. Based on corn puter simulation7 Bulmer (1976) 

concluded t hat changes in gene frequencies and gametic phase disequilibrium are the 

two most important components that affect the changes in genotypic variance. He 

also concluded from simulation that, for a quantitative trait, the effect of gametic 

phase disequilibrium d l  be more important than the effects due to changes in gene 

frequencies. This section will compare the results from selection on a quantitative 

trait that is affected by a major gene through mass or genotypic selection, b s e d  

on a deterrninistic and a stochastic rnode1. In contrast to the stochastic model? the 

deterministic model does not take reductions in polygenic variance due to selec tion 

into account. 

4.1.1 Total genetic response for mass versus genotypic se- 
lection 

Figure 4.2 presents the cumulative total genetic response (as affected by the 

major gene plus polygenes) for mass and genotypic selection in the deterministic and 

the stochastic models. Figure 4.3 presents cumulative responses for mass selection 

as a percentage of genotypic selection response for the stochastic and deterministic 

models. 

The simulation results presented in Figures 4.2 and 4.3 confirm the conclusion 



reached by Gibson (1994): pertaining to a situation in which QTL information 

on a major gene was either included or not included in selection. The genetic 

gain wîth genot-ypic selection was greater i n  the short-term (i.e., in the simulation 

illustrated in Figure 4.3 for the stochastic model. genotypic selection eshibited up 

to 4-15 % greater cumulative selection response during generations 1 t hrough 10). 

but lower in the long-term (0.72 % lower response a t  generation 15). In other words, 

m a s  selection tended to supersede genotypic selection as the number of generations 

increased. 

4.1.2 The polygenic variance 

Figure 4.4 compares changes in variance among polygenes for mass and geno- 

typic selection between the stochastic and deterministic model. In the stochastic 

model the effect of gametic phase disequilibrium, which occurs as a result of se- 

lection, is taken into account. -4s illustrated in Figure 4.4, the polygenic variance 

declined in the first generation of selection for both genotypic and m a s  selection, 

continued to decrease for a few cycles of selection, and then stabilized. Dekkers and 

Van -4rendonk (1998) did not consider the impact of gametic phase disequilibrium 

arnong polygenes in their deterministic simulation. Therefore, the variance among 

polygenes remained constant (0.3) over generations. The dotted line in Figure 4.4 

shows the expected reduction in polygenic variance over generations. 

Since no reduction in genetic variance wras taken into account in the determin- 



istic model, the total response was greater for the deterministic model than for 

the stochastic model, as shown in Figure 4.2. Results from Table 4.1 show that 

the deterministic model predicted 15.67% and 16.11% greater cumulative select ion 

response after 10 generations of selection compared to the stochastic model for 

genotypic and m a s  selection, respectively. 

4.1.3 Gametic phase disequilibrium between the major gene 
and polygenes 

Figure 4.5 shows the amount of gametic phase disequilibrium between the major 

gene and polygenes. The deterministic model of Dekkers and Van Arendonk (1998) 

took into account the impact of gametic phase disequilibrium between the major 

gene and polygenes but not among polygenes. Graphicdly the results were simi- 

lar for both models except after generation 9 where the amount of gametic phase 

disequilibrium increased linearly for genotypic selection using the stochastic model. 

The increase can be explained due to the various methods of averaging the results 

of iteration. Any iterations containing fixed genes were removed. The amount of 

gamet ic phase disequilibrium calculated was based, t herefore, upon the average of 

the replicates in which the gene was not fixed. 

4.1.4 Fkequency of the major gene 

Figure 4.6 shows how the major gene is approaching fixation with genotypic se- 

lection and mass selection for the deterministic and the stochastic models. Fixation 

occurred by generation ten with genotypic selection, whereas fixation did not occur 
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with maçs selection by generation 15. The initial gene frequency was 0.05 for both 

situations. The deterministic mode1 showed similar trends to those of the stochastic 

model . 

Smith (1982) found that the change in frequency of the major gene was slower 

for a trait that is controlled by pol?genes (many genes with small effect) and a 

major gene than for a trait that is controlled only by a major gene. This arises 

because in the former case selection pressure is placed on the other loci affecting 

the trait and, in the latter situation, a disequilibrium betrveen the major gene and 

polygenes is induced. 

4.1.5 Response in polygenes 

The effect of genotypic versus mass selection on response in polygenic effects 

is shown in Figure 4.7 for the stochastic and deterministic models. The stochastic 

model followed the same trend as the deterministic model. It is evident that m a s  

selection put more selection pressure on polygenic effects than did genotypic selec- 

tion. As a result, higher rates of response were achieved for polygenic effects under 

mass selection. 

4.2 Cornparison of mass and genotypic selection 
with optimal selection 

4.2.1 Index weights on the major gene for optimal selection 

The differences between m a s ,  genot-ypic and optimal selection are the differences 



in weights exerted on the major gene and polygenes, which is illustrated in Figure 

4.9. 

Index weights for optimal selection on the additive major gene changed over 

generations and were greater when the indihldual had the unfavourable (bb) major 

genotype. As a result, there was more selection pressure against (bb) than on 

selection in favour of (BB) genotypeç. Optimal weights were lower than weights 

under genotypic selection (b=l) and closer to implicit weights for mass selection 

( b  = h2 = 0.3). In the last generation of selection, the optimal weights were equal 

to weights under genotypic selection For the additive major gene. 

4.2.2 Fkequency of the major gene 

Optimal selection after 10 generations of selection led to changes in frequeocy 

of the major gene that were intermediate between genotypic and mass selection, as 

is illustrated in Figure 4.10. Results from the deterministic model were similar to 

those from the stochastic model. 

4.2.3 Response in polygenes 

As the results for the stochastic and deterrninistic models show in Figure 4.11, 

both optimal and mass selection achieved higher rates of response for polygenic 

effects than genotypic selection, which is due to the greater selection pressure than 

m a s  and optimal selection put on polygenic effects. Figure 4.11 shows that under 

the stochastic model, polygenic response was 6.3%, and 2.85% greater than for 



genotypic selection for m a s  and optimal selection, respectively, after 10 generat ions 

of selection. 

4.2 -4 Tot al genet ic selection response 

Figure 4.12 shows that optimal selection on an additive major gene over 10 gen- 

erations? with optimal weights derived from the deterministic model. also achieved 

greater cumulative response than m a s  and genotypic selection at the end of the 

planning horizon under the stochastic model. Optimal selection achieved 2.52% 

and 1.23% greater response after 10 generations than mass and genotypic selection, 

respectively, for the stochastic model, and 1.81% m d  1.84% greater response for 

the deterministic model. 

The results in Figure 4.12 illustrate cumulative response to m a s  and optimal 

selection over 3, 5 and 10 generations of selection. under the deterministic model, 

optimal selection achieved 0.130/0, 0.2 1% and 1.88% greater cumulative responses 

than genotypic selection for planning horizons of 3. 5 and 10 years. respectivel- 

and 0.31% and 1.23% greater cumulative responses under the stochastic model for 

5 and 10 generation planning horizons, respectively, but 0.59% less response than 

genotypic selection after 3 generations of selection. The results of the stochastic 

simulation confirmed the results of the deterministic model simulation, except for 

the short planning horizon, for which the optimal strategy did not give greater final 

cumulative response than genotypic selection. This is likely due to the assumption 



that polygenic variance was constant for the deterministic model that was used to 

derive the optimal strategies. Under the deterministic model, the optimal strategies 

of Dekkers and Van Arendonk (1998), resulted in a higher response to selection over 

the specified planning horizont regardless of length of the planning horizon (see also 

Table 4.1). 

4.3 The effect of size of the effect of an additive 
major gene on response to selection 

Figure 4.13 shows the effect of the major gene on selection response under the 

stochastic model for 15 generations of selection under different selection regimens 

( m a s  and genotypic selection). The difference in total response between genotypic 

selection and mass selection increased proportionally to size of the effect of the 

major gene. The largest difference was when size of the effect of the major gene 

was one op, and the smallest difference was when the major gene had an effect 

equal to 0.1 O,. When the efFect of the major gene was 0.25, 0.5, or 1 op, mass 

selection superseded genotypic selection a t  generations 12, 6 ,  and 4 respectively 

(Figure 4.13). When the major gene effect was 0.1 op, the behaviour of the mass 

selection curve was irregular and mass selection did not achieve a greater response 

than did genotypic selection even after 15 generations of selection. As the results 

show, with increasing size of the effect of the major gene from 0.25 to 1 op, response 

to mass selection increased fiom 1.2 % to 4.25 % relative to genotypic selection. 



Figure 4.14 shows the effect of dinerent sizes of effect of the major gene of 

mas ,  and optimal selection relative to genotypic selection for planning horizons of 

3, 5 and 10 generation under the stochastic and deterministic models. Numeric 

results are given in Tables 1.2 and 4.3. As the results show, optimal selection under 

the determinist ic model achieved greater cumulative select ion response compared 

to  mass and genotpic selection for al1 different sizes of effect of the major gene 

considered for 3, 5 and 10 generation of planning horizons. 

Table 4.4 illustrates the extra total response for m a s  and optimal selection as 

a percentage of genotpic selection response: under the stochastic model, optimal 

selection did not achieve greater cumulative selection response compared to mass 

and genotypic selection for a major gene with smail effect (i.e. 0.1 op) for aqv 

planning horizon tested, including a short planning horizon with a major gene wit h 

size of 0.25 op. In addition, Table 4.4 shows that as the size of the effect of the 

major gene increased, the superiority of optimal selection over genotypic selection 

increased for a11 planning horizons (3, 5 and 10 generations of selection). 

4.4 The effect of different levels of heritability on 
selection response, with and without major 
gene information. 

A simulation was conducted mith three different heritabilities in the base popu- 

lation (0.1, 0.3 and 0.5) for three planning horizons (3, 5 and 10 years generations 

of selection). The results from stochastic and deterministic models are summarized 
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in Table 4.5. O bviously~ higher response rates were achieved when herit abili ty was 

higher. 

Figure 4.15 shows that as the arnount of heritability in the base population 

increased. the magnitude of the difference in response between mass and optimal 

selection nrit h genotypic select ion decreaseci. 

Table 4.6 illustrates the extra total response for m a s  and optimal selection as 

a percentage of genotypic selection response for 3, 5 and 10 generations of selection 

under the stochastic and deterministic models for different levels of heritabilities. 

Cnder the deterministic model, extra total response for optimal selection relative 

to genotypic selection increased with a decreasing heritability levels in the base 

population for al1 planning horizons (3, 5 and 10 generations of selection) and for 

al1 different initial levels of heritabitilies tested (Table 4.6). The results also show 

that superiority of genotypic selection over mass selection increased at the end of 

the planning horizons (3' 5 and 10 generations of selection) when heritability of the 

base population declined. 

Comparisons between different levels of heritability under the stochastic model 

show that with decreasing heritability in the base population the superiority of o p  

timal selection response over genotypic selec tion increased for 5 and 10 generat ions 

of selection. Mso, optimal selection achieved higher selection response compared 

to mass selection a t  the end of the planning horizon. For al1 planning horizons 

(3, 5 and 10 generation of selection), with decreasing heritability the infetionty of 
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mass select ion over genotypic select ion increased. Optimal select ion did no t achieve 

bet ter selection response compared to genotypic selection for herit ability equal to 

0.3 and 0.5 after 5 generations of selection. 

Table 4.6 illustrates e-xtra total response for optimal selection over genotypic 

selection increased from 0.01% to 7.38% with decreasing heritability from 0.5 to 0.1 

over a planning horizon of 10 generations of selection under the stochastic model. 

But mass selection response after 10 generations of selection was 4.19% and 5.38% 

lower t han genotypic select ion response wit h changing levels of heritability from O -5 

to 0.1 under the stochastic and deterministic models, respectively (See also Figure 

4.15). 

The results of this study ernphasize that selection on a major gene only should 

not be used for traits of higher heritabilitv. as  previously observed by Smith (1967); 

Lande and Thornpson (1989); Ruane and Colleau (1995); and Meuwissen and God- 

dard (1995). Larzul et al. (1996) also concluded that the genetic gain of selection 

response decreases when the heritability increases, and showed that the more the 

genetic variation rnay be explained by a major gene, the more it becomes worthwhile 

to include the corresponding information in the breeding evaluat ion. 

4.5 The effect of using actual heritability on the 
selection criterion. 

-4fter a few cycles of selection (four to five generations) on individual phenotype, 



the genetic variance decreases until a steady state is attained. This is illustrated 

in Figure 4.16- The reduction in variance results in lower heritability in later gen- 

erat ions. The genetic variance of a quantitative trait decreases under directional 

selection due to garnetic phase disequilibrium (Fdconer et al., 1996). 

Under m a s  selection, individuals are selected according to  their phenot-ypes. 

whereas under genotypic and optimal selection the select ion criterion is caiculated 

based on the hentability and different weights are piaced on the major gene. 

Figure 4.17 shows that optimal selection achieved 1.34% and 1.17 % extra total 

response over genotypic selection when using the constant heritability of the base 

population or the actual heritability of the current generation, respectively The 

results show that use of the actual heritability had no significant effect (P< 0.05) 

on genotypic and optimal selection response. 

4.6 The effect of dominance at the major gene on 
selection response 

Index weights for m a s ,  genot-pic and optimal selection for a gene with complete 

dominance are illustrated in Figure 4.18. Optimal weights were lower than weights 

under genotypic selection(b=l ) and mostly Iower that weights under mass selection 

(b = h2 = 0.3). 

The effects of complete dominance at the major gene on responses to  m a s ,  

genotypic and optimal selection are shown in Figure 4.19 for the deterministic and 



stochastic models. 

Figure 4-20 provides a cornparison between m a s  and genotypic selection under 

two different gene actions for the deterministic model. When there was no domi- 

nance, (d=O.O) , genotypic selection achieved greater selecrion response t han m a s  

selection up to generation 11. Under complete dominance (d=a=0.25 op), mass se- 

lection produced greater selection response than genotypic select ion after about the 

4th generation. At the end of the planning horizon (11th generation), superiority 

of mass selection over genotypic selection was 3.51% under complete dominance as 

shown in Figure 4.20. 

As shown in Figure 4.21 for the stochastic model, without dominance, genotypic 

selection was superior to mass selection up to generation 11. Although not shown 

here. mass selection superseded genotypic selection beyond generation 13. Under 

complete dominance (d=a=0.25 op) , mass selection started to  produce more re- 

sponse than genotypic selection from generation 4, the greatest estra response being 

9% in generation 7. From generation 7, the difference between genompic selection 

and mass selection decreased, but mass selection maintained a superiority over 

genotypic selection. At generation 11, the difference between mass and genotypic 

selection under complete dominance was about 7.02% in favour of mass selection. 

Without dominance, the difference was 1.57% in favour of genotypic selection. 

Cornparisons of both mass and genotypic selection with optimal selection under 

no dominance and complete dominance are shown in Figure 4.20 for the determin- 
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istic model. These resdts show that, with complete dominance, mass and optimal 

selection achieved more selection response than genotypic selection at about gener- 

ation 4, and m a s  and optimal selection achieved 3.5 1% and 4.03% greater response 

than genotypic selection at the end of the planning horizon. Optimal selection 

achieved 0.49% greater response t han mass selection aft er 10 generat ions of selec- 

tion under the deterministic model (Table 4.7). 

The cornparison of mass and genotypic selection with optimal selection under 

no dominance and complete dominance for the stochastic model is shonm in Figure 

4.21. M a s  selection and optimal selection produced more response than genotypic 

selection under complete dominance after generation 4, with optimal selection even- 

tually out performing genotypic selection by 7.5% 

Corn parisons between extra total response for optimal. m a s ,  and genotypic 

selection as a percentage of response to genotypic selection for 3, 5 and 10 gener- 

ations of selection for a major gene with complete dominance under the stochastic 

and deterministic models are shown in Figure 4.22. Gnder the deterministic models, 

optimal select ion achieved 2.95%, 4.36% and 4.03% greater selection response than 

genotypic selection when optimizing for 3, 5 and 10 generations of selection, respec- 

tively Also. optimal selection produced 4.21%, 1.43% and 4.9% greater selection 

response than mass selection for 3, 5 and 10 generations of selection, respectively. 

Under the stochastic model, optimal selection produced 8.43% and 7.53% greater 



response alter 5 and 10 generations of selection. respectively than did genotypic 

selection. Optimal selection achieved 1 -6% greater selection response t han mass 

selection after 5 generations of seiection? but for 10 generations of selection. mass 

seiection achieved 7.53% and 0.52% greater selection response t han genotypic and 

optimal selection under the stochastic model (see also Table 4.8). 

4.6.1 The effect of negative dominance on selection response 

Optimal weights for the favourable ailele (BB) were higher than weights under 

m a s  selection but lower than weights under genotypic selections except for gener- 

ation 9. Optimal index weights for the unfavourable allele (bb) were lower than 

weights for niass and genotypic selection (results not shown here). 

Figure 4.23 shows that responses to optimal and mass selection significantl'; 

(p< 0.03) differed frorn those for genotypic selection for a major gene with negative 

dominance under the stochastic models. 

-4s results in Table 1.10 show, optimal selection produced 1.42%? 2.33% and 

2.52% greater selection responses t han genot-ypic selection under the determinist ic 

model, and 0.92%. 0.13% and 0.93% greater seiection response relative to geno- 

typic selection for the stochastic model for 3, 5 and 10 generations of selection, 

respectively. Results aiso showed t hat optimal selection achieved greater selection 

response compared to m a s  selection for 3, 5 and 10 generations of selection under 

both the deterministic and the stochastic rnodels. 



It c m  be concluded that optimal strategies derived using the deterministic 

model? which includes constant va,riance, prove to be less than optimal when tested 

using the stochastic model. But in all cases, results from the stocbastic model de- 

pend on population parameters. As shown in Figure 4.21, starting at a higher gene 

frequency (0.5) and Nit h less selection intensity (-5%). optimal select ion achieved 

greater selection response relative to genotypic select ion for a gene wit h negat ive 

dominance under the stochastic model (see also Table 4.9). 



Figure 4.1 : Selection on an index of major genotype value and 
estimates of polygenic breeding values in the form of truncation 

selection. 

Genotype BB 
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Figure 4.2: Comparison between the stochastic and 
deterministic models for cumulative total response (major 
gene plus polygenes) for mass and genotypic selection 

for a major gene with additive effects. 

Mass selection (stochastic model) 
O Genotypic selection (stochastic model) 
B Mass selection (deterministic model) 
8 Genotypic selection (deterministic model) 

- - - - - -- - - - 

Parametcrs in Population 
No. of No. of No. of Total No. No. of Starting h2 Qminance Additive 
Sires Dams Progeny Of Gene effec t EfFect o f  

progeny Repl icates FnqueW Major gene 
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- Genotypic selection 

+ Mass selection (stochastic model) 

- e - Mass selection (deterministic model) 

Figure 4.3 : Comparison between the stochastic and 
deteministic models for cumulative total response for mass 

selection on an additive major gene as a percentage of 
genotypic selection. 
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Figure 4.4: Cornparison between the stochastic and 
deteministic models for variance among polygenes for mass 
and genotypic selection for a major gene with additive effects. 

8 
C 
(O .- 
ta' ' 0.15 - 

--t- Mass selection (stochastic model) 
+ Genotypic selection (stochastic rnodel) 
Y Mass and genotypic (deteministic model) 
- X - Expected reduction in polygenic variance 

Generation number 

Parameters in Population 
No. of No. of No. of Total No. No. of Starting N dominance Additive 
Sires Dam Progeny Of Gene effec t Eff' t of 

progeny Replicatcs Frequenc~ Major gene 

Page 53 



Figure 4.5: Cornparison between the stochastic and 
deterministic models for linkage disequilibriurn between the 
major gene and polygenes for a major gene with additive 

effects. 

--- 

- a - Genotypic seledion (detenninistic model) 
- e - Mass selection (deteministic model) 

+ Mass selection (stochastic model) 
-t Genotypic selection (stochastic model) 

- - 

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5  

Generation number 
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No. of No. of No. of Total No. No. of Starting h2 dominance Additive 
SÏres Dams Progmy Of Gene effec t Effet of 

progeny Rqlicates FrequencY Major gene 
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Figure 4.6: Comparison between the stochastic and 
deterministic models for the effect on gene frequency of mass 

or genotypic selection on an additive major gene. 

0 --- - - 

+ Genotypic selection (stochastic model) 
- -- - - - -- - - - - - - - - 

Generation number 

Parameters in Population 
No. of No. of No. of Total No. No. of Starting h2 do minance Additive 
Sires Dams Progeny Of &ne effec t Effèct of 

progcny RepI icares Frequenc~ Major gene 
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Figure 4.7: Cornparison between the stochastic and 
- detenninistic models for cumulative polygenic response for 

mass and genotypic selection on an additive major gene. as a 
percentage of genotypic selection. 

Mass selection (stochastic model) 
Genotypic selection 

1 - a- Mass selection (deterministic model) 
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Generation number 
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No. of No. of No. of TotaI No. No. of Starting ht dominance Additive 
S k  Dams Progeny Of Gene effec t Effet t of  

progrny Replicates Frequen~ Major gene 
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Figure 4.8: Cornparison of total genotypic response for 
mass and genotypic seledion with optimal selection over 

10 generations for an additiie major gene. under the 
deteministic and stochastic modefs. 

5-- -- 
i Mass selection (stochastic rnodel) 
O Genotypic selection (stochastic model) 

4.5 - 
Optimal selection (stochastic model) 

S Mass selection (deterministic model) 
4 - 

il Genotypic selection (deterministic model) 
E Optimal selection (deteministic model) 

Parameten in Population 
No. of No. of No. of Total No. No. of Soating h2 dominance Additive 
Sires Dams Pmgeny Of Gcne eflcct Effect of 

progeny Repl icatg F V u a c ~  Major gene 

Page 57 



Figure 4.9: Index weights on the major gene for optimal (10 
generation) mass and genotypic selecüon for an additive 

major gene. 

+ Mass selection - Genotypic selection 
+ Optimal selection (weight for BB) 
+- Optimal selection (weight for bb) 

1 2 3 4 5 6 7 8 9 10 

Generation number 
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pmgeny Repl icates Fmquaicy Major gene 
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Figure 4.10: Cornparison between the stochastic and 
deterministic models for changing gene frequency for a 
major gene with additive effects after 10 generations of 

Generation number 
- - Mass selection (deteministic model) - - Genotypic selection (deterministic model) 
- A - Optimal selection (deterrninistic model) 
+ Mass selection (stochastic model) 
+Genotypic selection (stochastic rnodel) 
*Optimal selection (stochastic model) 

. . .  -. 

Panmeters in 6pÜÏarion 
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No. of No. of No. of TotalNo. No. of Starting h2 Qmuianci: Additive 
Sira Dams Progeny Of Gene eff't met of 

progeriy Repliutes Fmqumc~ Major gene 
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Figure 4.1 1 : Cornparison between the stochastic and 
deteministic models for mass and genotypic selection 

with optimal selection for total cumulative polygenic 
response. as a percentage of genotypic selection. 

12 - -- - 

1 2 3 4 5 6 7 8 9 1 0 1 1  

Generation number 

- - Q - - Mass selection (deterministic mode10 - Genotypic selection 
- - a - - Optimal selection (deterministic model) 
-t Mass selection (stochastic model) 
+ Optimal selection (stochastic model) 

Parameten in Population 
No. of No.of No. of Total No. No. of Surting h2 dominance Additive 
Sires Dams Progeny Of Gene effec t Effatof 

progaiy Repl ica tes Frcquenc~ Major gene 

Page 60 



Figure 4.1 2: Comparison of total response for mass and 
optimal selection as a percentage of genotypic selection 
over 3 ,5  and 10 generations for an additive major gene, 

under the deteministic and stochastic models. 

Generation number - Genotypic selection 
- - O - - Mass selection (deteministic model) 
- - U - - Optimal selection (3 gen deteministic model) 
O p t i m a l  selection (5 gen deterministic model) 
- - tk - -Optimal selection (1 0 gen deteministic rnodel) 
+Optimal selection (3 gen stochastic model) 
O p t i m a l  selection (5 gen stochastic model) 
+ Optimal selection (1 0 gen stochastic model) 
+ Mass selection (stochastic model) 
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Sires Dams Progeny Of ~ e n e -  cffect Efftx t of 
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Figure 4.13: The effect of the size of the effect of an 
additive major gene on cumulative response after 15 

generations of mass and genotypic selection as a 
percentage of genotypic selection under the stochastic 

model, 
6 -- - - -- - - - A 

+ Mass selection (a=O. 1 ) 

+ Mass selection (a=0.25) 

+ Mass selection (a=0.5) 

+ Mass selection (a=l ) 

- Genotypic selection 

Panmeters in Popuhion 
No. of No. of No. of Total No. No. of Stadng h2 dominance Additive 
S k  Dams Progeny Of Gene effet Effet of 

progeny Repl icates FreWmc3' Major gene 
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Figure 4.14: The effect of size of the effect of an additive major gene on cumulative 
response after 3 ,5  and 10 generations of mas, genotypic and optimal selection under the 
stochastic and deterministic models (h2=0.3, starting gene frequency =O.OS, major gene 
with additive effect=0.25 op, males and femdes selected = 20%). 

Stochastic model Deterministic model 
3 generations 3 generations 
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Total Total 
Respon Respon 
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Size of major gene 

10 generations 10 generations 
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Size of major gene Size of major gene 
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Figure 4.1 5: The effect of levels of heritability on extra 
total response for mass and optimal selection as a 

percentage of genotypic selection after 10 generations of 
selection under the stochastic and detenninistic models. 

O. 1 0.3 0.5 

Levels of herita bility 
A Mass selection (stochastic model) r' Optimal selection (stochastic model) 
E Mass selection (deterministic model) 
Ri Optimal selection (deterrninistic model) 
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No. of No. of No. of Total No. No. of Starting h2 dominance Additive 
Sires Dams Progeny Of Gr ne effe t  Effet  of 

progmy Repl icates FxquaCY Major genc 
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Figure 4.1 6: Changing variance and heritability over 
generations for an additive major gene under the 

stochastic model. 
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- 

1 2 3 4 5 6 7 8 9 1 0 1 1  

Generation number 
- -- - ---- 

Param&rs in Population 
No. of No. of No. of Total No. No. of Starting h2 dominance Additive 
Sires Dams Pmgeny Of Gene effec t Efféc t of 

progeny Repl icates FrWencY Major gene 

Page 65 



Figure 4.1 7: Cornparison of mass and optimal selection 
wlh  genotypic selection as a percentage of genotypic 

selection when using actual heritability in seledion 
criteria after 10 generations of selection under the 

stochastic model. 

+ Mass selection (reduced heritabil ity) 
2 - +Optimal selection (reduced heritability) - - Genotypic selection 

- e - Mass selection (constant heritability) 
1 - - e - Optimal selection (constant heritability) 
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Figure 4.1 8: Cornparison of mass and genotypic 
selection with optimal selection for changing index 

weights over generations for a complete dominance 
effect. 
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+ Optimal selection (weig ht for BB) 
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Figure 4.20: The effect of cornplete dominance at the 
major gene on cumulative response after 10 generations 

of mass and optimal selection as a percentage of 
genotypic selection under the deterministic model. 

+Mass selection with no dominanœ (d=O.O) 
- + Mass selection with cornplete dominance (a=d=0.25) 

- Genotypic seleciion 

6 - - * - Optimal selection with no dominanœ (d=0.01) 
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Figure 4.21: The effect of complete dominance at the 
major gene on cumulative response after 10 generations 

of mass and optimal seiection as a percentage of 
genotypic selection under the stochastic model. 

Generation number 
+ Mass selection with no dominance (stochastic model) 
+ Mass selection with complete dominance (stochastic rnodel) - Genotypic selection 
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Figure 4.22: The effect of complete dominance on extra 
genotypic selection response for mass and optimal 

selection as a percentage of genotypic seiection after 3, 
5 and 10 generations of selection under the stochastic 

and deteministic models. 

- .z Mass selection (stochastic model) -- - 

r Optimal selection (stochastic model) 
- E Mass selection (deterministic model) -- 

Ei Optimal selection (deterministic model) 

3 5 10 

Generations of selection 

- - 

No. of No. of Total No. No. of Starting h2 Qrninance Additive 
Sires Dams of kpiicates Gene effect Effect of 

Rogeny Frequency Major gene 

100 200 2000 1 O 0 0  0.05 0.30 complete a= 025 a, 
(d=015) 
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Figure 4.23: Cornparison of mass and genotypic selection 
with optimal selection for total genotypic response (major gene 

plus poiygenes) in the case of a negative dominance effect. 

Mass selection 
W Genotypic selection 
0 Optimal selection 

4 

Generation number 

Parameters it Po~ihtion 
No. of No. of No. of TotalNo. No. of S o i r t h  h i  dom nance Addit ive 
Sires Dams Progny Of Gene effect Effect of 

p g e n y  Replicates Frtgumcy Wpr &ne 

Page 72 



Figure 4.24: Cornparison of the stochastic and deterministic 
models for mass and genotypic selection with optimal 

selection as a percentage of genotypic selection for a negative 
dominance effect. 

ass selection (deterministic model) 
- a - Optimal selection (deterministic model) 

Genotypic selection 
-t Mass selection (stochastic model) 
+ Optimal selection (stochastic model) 

1 2 3 4 5  6 7 8 9 I O  II 

Generation number 

Pammeters n Poaitztion 
NO. of No. of No. of TotalNo. No. of S M @  h2 Q m  nance Additive 
Sires Dams P m ~ n y  Of Gene effèct EîTect of 

progeny Repkates F r e q u a ~  Major g n e  

250 250 8 1000 0.5 O -30 a4 .25  0 

3000 (d=-a=0.25) 
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Table 1.1: Cornparison of mas and genotypic selection with optimal selection over 

3, 5 and 10 generations of selection for a major gene with additive effects under the 

stochastic and deterministic models. 

Stochastic Mode4 

Polygenic Response 

Mean 

Polygenic Response 

Variance 

Total Response 

Mean 

Total Response 

Variance 

Gene 

Frequency 

Number of 

Genes Fixed 

Deterministic Mode1 

Genemtion of Seleclion 

1 Genemtion of Selection 1 

G: Cenotypic selection 

Polygenic Response 

Mean 

Total Response 

Mean 

Gene 

Frequency 

O: Optimal selection 

- - - - -- - - - - - - -- - - 

No. of No. of No. of Total No. of No. of Starting Gene Dominance h' Additive 

M: Mass selection 

3 

M G O 

1.252 1.168 1.178 

1.059 1.083 1.0849 

0.115 0.329 0.313 

P rogeny E ffect Effect of 

Sires Dams Per Dam Progeny Replicate Frequency Major gene 

200 200 10 2000 1000 O 05 (d=O.O) 0.3 0.25 o p  

5 l 10 

51 C O 

2.081 1.896 1.916 

1.923 1.971 1.982 

0.183 0.648 0.631 

,LI C O 

4.136 3.879 4.003 

4.123 4.122 1.203 

0.473 0.985 0.901 



Table 4.2: The effect of size of the effect of an additive major gene on cumulative 

responses after 3, 5 and 10 generations of m a s ,  genotypic and optimal selectioa 

under the stochastic model. 

Size of 

Mws Sclection Genot ypic Sclection Optimal Sclection 

Total response Totai response Total response 

Mean Variance Mean Variance Mean Variance 

No. of No. of No. of Total No. of No. of Starting Gene Dominance h" Additive 

P rogeny EKect Effect of 

Sires Dams Per Dam Progeny Replicate Requency Major gene 

200 200 1 O 2000 1000 0 .O5 (dd.0) 0.30 0.L u p  - 1 ap 



Table 4.3: The effect of size of the effect of an additive major gene on cumulative 

responses after 3, S and 10 generations of mas ,  genotypic and optimal selection 

under the deterministic model. 

Size of 

Mass Selectton 

the Effect of 1 Ceneration 1 Totai response 

Genotyptc Selrction 

Major Gene 

Total response 

(Mean) 

Optimal Selection 

Total response 

No. of No. of No. of Total No. of No. of Starting Gene Dominance h2 Additive 

Progeny Effect Effect of 

Sires Dams Per Dam f rogeny Replicate Frequency Major gene 

200 200 10 2000 1000 0.05 (d=O.O) 0.30 0.1 ~p - 1 up 



Table 4.4: Extra total response for mas and optimal selection as a percentage 

of genotypic selection response, for 3, 5 and 10 generations of selection under the 

stochastic mode1 for an additive major gene with different sizes of effect. 

Size of 

Effect of 

Major Gene 

O. 1 

QP 

0.25 

f f P  

0.0 

=P 

1 

=P 

Extra Cenotypic I l 
Response 1 +0.27 -0.18 1 +0.33 -0.22 

Extra Genotypic I I 
Res ponse 1 -2.74 -0.68 1 -4.09 i 0 . 3 1  

Extra Cenotypic 

Respow 

(%) 

Extra Genotypic 

Response 

M: Mass selection 

O: Optima1 selection 

No. of -JO. of No. of Total No. of No. of Starting Gene Dominance h2 Additive 

Progeny Effect Effect of 

Sires Dams Per Dam Progeny Replicate Frequency Major gene 

200 200 10 2000 1000 0.05 (dzO.0) 0.30 0.1 ~p - L o p  



Table 4.5: The effect of level of heritability on cumulative selection responses. u s  

ing m a s ,  genotypic and optimal selection after 3, 5 and 10 generations. for an 

additive major gene with different levels of heritabilit- under the stochastic and 

deterrninistic models. 

1 7 -  - Genentfion of  Selection 

Stochastic Mode1 

h ' 
(0.1) 

h2 

(0.3) 

h ' 
(0.5) 

.CI: Mass selection 

G: Genotypic selection 

O: Optimum selmion 

h' 

(0-3) 

h2 

(0.5) 

No. of No. of No. of Total No. of No. of Starting Gene Dominance h' Additive 

Deterministic Mode1 

Genemtion of Seleclion 

Progeny Effect Effect of 

Total Response 

5lean 

Total Response 

Mean 
I 

Sires Dams Per Dam Progeny Replicate Requency  major gene 

10 

41 G O 

1.244 1.302 1.433 

1.019 0.992 0.992 

3.152 3.513 3.559 

0.970 0.950 0.958 

5.475 5.526 5.506 

0.898 0.891 0.893 

5 

.LI G O 

0.479 0.675 0.741 

1,010 0.994 0.995 

1.625 L.706 1.669 

0.963 0.966 0.970 

2.683 2.703 2.700 

0.889 0.893 0.892 

3 

1.0595 1.0832 i.0849 

1.8934 1.8968 1.8977 

Total Response 

Mean 

Total Response 

C'anance 

Total Response 

Mean 

Total Response 

Cariance 

Total Response 

Mean 

Total Response 

Variance 

r i  G O 

0.195 0.404 0.4G5 

1.004 1.001 1.002 

0.91 0.942 0.929 

0.961 0.968 0.966 

1.577 1.583 1.585 

0.889 0.894 0.891 

1.9232 1.9708 1.9823 

3.3089 3.3160 3.3185 

4.1232 4.1219 4.2035 

6.8735 6.8812 6.9016 



Table 1.6: Extra total response for mass and optimal selection as a percentage of 

genotwic selection response, for 3. 5 and 10 generations of selection for a major 

gene wit h additive effects, under the stochastic and deterministic models. 

Deterministic Mode1 

Stodiastic Mode1 

I I  I Ceneration of Selection I 

1 h2 1 Extra Total I 

h2 

(0.1) 

h2 

(0.3) 

h' 

(0.5) 

1 (0.1) 1 Response 1 -47.54 Ç4.69 

Extra Totai 

Response 

(%) 

Extra Total 

Response 

(%) 

Extra Total 

Response 

ml 

Generntion of Selection 

1 (0.3) 1 Response 1 -2.L9 C0.16 1 -2.41 +O58 

1 (0.5) 1 Response 1 -0.18 +0.05 1 -0.21 f 0.07 

10 

LI O 

-4.66 fT.38 

-1.63 f1.23 

-0.47 10.01 

3 

M O 

-51.73 +0.25 

-3.39 f 1-38 

-0.38 tO.18 

LI: Liass selection 

O: Optimal selection 

5 

M O 

-29.04 +9.78 

-4.75 -2.17 

-0.74 -0.11 

No. of No. of No. of Totd No. of No. of Starting Geoe Dominance h2 Additive 

Progeny E ffect Effect of 

Sires Dams Per Dam Progeny Replicate Frequency Major gene 

200 200 10 2000 1000 0.05 (d=O.O) 0.1-0.5 0 . 2 5 ~ ~  



Table 4.7: The effect of complete dominance on cumulative selection response for 

m a s ,  genotypic and optimal selection for 3, 5 and 10 generations of selection under 

the stochastic and deterministic modeis. 

Total 

Res ponse 

Polygenic 

Response 

Total 

Response 

Polygenic 

Response 

.CI: Mass setection 

G: Genotypic selection 

O: Optimal sdection 

Genemtion of Selection 

No. of No. of Xo. of Total No. of No. of Starting Cene Dominance h2 Additive 

P rogeny Effect Effect of 

Sires Dams Per Dam Progeny Replicate Frequency iMajor gene 

200 200 10 2000 1000 0.05 complete 0.3 0.25 op 



Table 4.8: E-ara total response for m a s  and optimal selection response as a per- 

centage of genotypic selection response, for 3. 5 and 10 generations of selection for 

a complete dominance effect, under the stochastic model. 

Stochastic Extra Genotyptc 

Mode1 Respoase 

ml 

Determtnistic Extra Cenotypic I 1 - -  

Ad: Mass selection 

O: Optimal selection 

No. of No. of No. of Total No. of No. of Starting Gene Dominance h' Additive 

Progeny Effect Effect of 

Sires Darns Per Dam Progeny Replicate Frequency Major gene 

200 200 10 2000 1 O00 0.05 complete 0.3 0.25 o p  

(d=0.25) 



Table 4.9: The effect of a major gene with negative dominance effect on cumula- 

tive selection response for m a s ,  genotvic and optimal selection for 3, 5 and 10 

generations of selection under the stochast ic and deterministic rnodels. 

-- 

Stochastic 

Model 

Deterministic 

Model 

Total 

Response 

Polygenic 

Response 

Totai 

Response 

Polygenic 

Response 

M: M a s  selection 

G: Genotypic selection 

O: Optimal seIection 

Genemtion of Sefection 

No. of No. of No. of Total Xo. of No. of Starting Cene Dominance h2 Additive 

Progeny Effect Effect of 

Sires Dams Per Dam Pmgeny Replicate Frequency Major gene 

250 250 8 2000 1 O00 0.5 Negative 0.3 0.25 a p  

Dominance 

(d=-0.25) 



Table 4.10: Extra total response for mass and optimal selection response as a per- 

centage ûf genotypic selection response: for 3. 5 and 10 generations of selection for 

a major gqne with negative dominance effect, under the stochastic model. 

Stochastic 

Model 

DeterrntnLItic 

Model 

Cenemtion of Selection 

I 

E n r a  Cenotypic 1 I 

Extra Genotypic 

Res ponse +0.6 +1.42 

.LI: .Mas setection 

O: Optimd selection 

No. of No. of No. of Total No. of No. of Starting Gene Dominance h2 Additive 

Progeny Effect Effect of 

Sires Dams Per Dam Progeny Replicate Frequency Major gene 

250 250 8 2000 1000 0.5 Negative 0.3 0.25 a p  

Dominance 

(d=-a=-0.25) 



Chapter 5 

General Discussion and 
Conclusion 

5.1 Discussion 

This thesis focuses on using major gene information in selection for a quantitative 

trait based on different selection methods, 

Aspects affecting the outcome include starting heritability in the base genera- 

tion. the size of the effect of the major gene, the length of the planning horizon 

simulated, as well as the type of selection strategy used. In t his thesis, t hrough use 

of stochastic simulation, the effect of incorporating a major gene in the selection 

criteria was evaluated, using several combinations of parameters: alternative scenar- 

ios ivere considered by varying the additive effect of the major gene (0.1, 0.25, 0.5 

and 1 phenotypic standard deviation), degree of dominance, and initial heritability 

(0.1, 0.3 and 0.5). Each scenario was replicated 1000 times. The main objective of 

this study rvas to  evaluate optimal strategies for selection on a quantitative trait 



including major gene information. 

A cornparison with the optimal strategies of Dekkers and Van Arendonk (1998) 

confirmed the greater response for optimal selection over genotypic and mass se- 

lection for longer planning horizons. Improved responses for optimal selection were 

not always confirmed for short planning horizons, which is likely due to the con- 

stant polygenic variance that was used to derive optimal strategies. The advantage 

of optimal selection over genotypic selection under the stochastic mode1 with 0.05 

frequency for the favourable allele was 0.21% for a planning horizon of 5 genera- 

tions. and increased to 1.23% for a planning horizon of 10 generations (Figure 4.12). 

However, optimal selection had 0.59% less response than genotypic selection for a 

planning horizon of 3 generations. 

Results fiom this study indicate that including the major gene information in 

the selection criterion based on genotypic selection gives slightly better results in the 

first few generations than mass and optimal select ion. Gibson (1994) and Woolliams 

and Pong-Wong (1995) also concluded that MAS based on genotypic selection had 

lower efficiency in the long-term compared to mass selection. when effects of alleles 

are additive. The authors did not mention the effect of dominance in their study. 

Muir and Stick (1998), in contrast to Gibson (L993), concluded that m a s  selection 

was better than selection on the major gene for both the short and long-term. Muir 

and Stick did however not use genotypic selection (with weight=l) , but put a large 

weight on the major gene. Therefore it is difficult to compare their results with 
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those of Gibson (1994) and this study- 

Dekkers and Van Arendonk (1998) concluded that benefits of genotypic or op- 

timal selection relative to m a s  selection were limited, in particular in the long 

term. Their results show t hat optimal selection achieved greater cumulative total 

response over the planning horizon than genotypic or mass selection, although dif- 

ferences were small. They showed that selection index weights are related to the 

emphasis that is put on the major gene in the selection criterion but they are not 

related to the effective selection pressure that is put on the major gene, this aiso 

depending on variation present a t  the major gene. For genotypic selection, selection 

pressure on the major gene changed over generations, although the index weights 

remained constant(=l). Changes in selection pressure were due to changes in van- 

ance contributed by the major gene as its gene frequency changed over generations. 

Therefore, they conchded that the loss in longer-term cumulative response with 

genotypic selection compared to mass and optimal selection was not caused by ga- 

rnetic phase disequilibrium between the major gene and polygenes but by unequal 

selection pressure on the major gene over generations, relative to genetic variance 

contributed by the major gene. 

Dekkers and Van Arendonk (1998) suggested that, although emphasis in their 

study WIS on selection for identified major genes, results can be extrapolated to 

selection on genetic markers. They suggested that the differences between mass 

or genotypic selection and optimal selection may be smaller with selection on ge- 
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netic markers that are linked to a major gene, because recombination breaks the 

relationship between the major gene and genetic markers over generations. 

One of the objectives of this study was to examine the relationship of size the 

of major gene eEect with selection response. The conclusion was that a reduced 

efficiency of mass selection Nithin the very first few generations is observed for the 

large major gene effects. In other words, the maximal difference between mass and 

genotypic selection was higher for a major gene with larger effect. 

As the results from section 4.5 show, with lower h2 and higher initial gene 

frequency of the favourable allele, the efficiency of the method including major gene 

information is higher for an additive major gene. The greater the proportion of 

variance that is explained by the major gene. the more worthwhile it becomes to 

include the corresponding informat ion in the breeding evaluation. Similar results 

were found by Smith (1967); Thompson (1990); Ruane and Colleau (1995); and 

Larzul et  al. (1997). 

Another objective of this study rvas to examine the changes in selection response 

for reduction on variance and heritability due to selection. Both the deterministic 

and stochastic models gave a similar pattern for the effect of using actual heri- 

tability to  calculate the selection index over generat ions relative to using a constant 

hentability. Results show that there is in significant difference on selection response 

for genotypic and optimal selection for these conditions. 

The results of this study indicate that when the major gene shows negative 
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dominance, the genotypic selection was more efficient in the short term' but from 

generation 6 this genotypic selection is less efficient than mass and optimal selection 

under both the deterministic and stochastic models. But when the initial frequency 

of favourable allele was low (e-g. 0.05): in the case of negative dominance. optimal 

selection did not achieve higher selection response compared to genotypic selection 

under the stochastic model after 10 generation of selection (result not shoan). A 

similar result was detailed by Lanul et al. (1997) for the case of negative dominance 

with an initial frequency of the favourable allele lower than 0.1, for genotypic and 

mass selection. 

Figures 4.19 and 4.23 showed that. under the stochastic model, optimal selection 

achieved 3% and 7% greater response after 10 generations than mass and genotypic 

selection. respectively, for a major gene with a complete dominance effect. and 

0.5% and 1% greater response for a major gene with negative dominance. There- 

fore, the superiori ty of op timai selection over genotypic selection is increased when 

dominance at the major genes increases, compared to genotypic selectioo. These 

results contrast to those of Fournet et al. (1997) for mass and genotypic selection. 

The authors concluded that the extra genetic gain may be quite important when 

the favourable allele B is recessive, but decreases when the degree of dominance is 

increased over b. 

EvIeuwisson and Van Arendonk (1992) and Muir and Stick (1998) concluded that 

m a s  selection would be superior to '11.4s based on genotypic selection in the long- 
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term because mass selection ailocates l e s  selection differentiation to the fivation of 

major genes and more to selection differential of polygenes with small effects. 

Muir and Stick (1998) concluded that, when major genes are identified, the 

optimal program is not to Lu the gene as rapidly as possible. In doing so, animals 

with many favourable polygenic alleles nrill be discarded to the overall detriment 

of the program. The authors showed that a gene should be incorporated into the 

population over a period of several generations using an index giving a relative 

weight to the gene proportional to its effect on the overall genetic variance for 

the trait. Planning horizon of 3, 5 ,  and 10 generations of selection was arbitrary. 

O bviously 10 generat ions of select ion is considered equiwlent t O an unaccepta bly 

long period of tinie for livestock species such as cattle. 

5.2 Conclusion 

The results from this study clearly show that use of a major gene in a selection 

strategy can be optimized for specific situations. Therefore, each st rategy should 

be based on the mode of action and size of effect of the major gene. Resulting 

strategies should rnaximize cumulative responses to selection for a pre-specified 

planning horizon. 

Optimal strategies that are derived under a mode1 with constant genetic variance 

may not result in greater responses to selection for ail situations. 

Since using the major gene information requires genotyping animals individually, 



which is costly, the advantage of including a major gene in the breeding program 

may not be worth the cost of genotyping the animais. However? small extra ge- 

netic gains can sometimes provide substantial advantages within the context of a 

breeding progam. Using major genotype information can be more useful for sex- 

limited traits, traits that c m  not be measured in either sexy and for traits with low 

herit abili t y  

5.3 Limitations and future research 

Several important limitations should be noted in the model developed here. The 

mode1 presented contains simplifying n e c e s s q  assumptions to keep the model to a 

manageable level. Some of the assumptions of this simulation would be impossible 

to achieve in an actual breeding program, such as the accuracy of the knowledge 

on the major genotype being assumed to be known without error. If the major 

genotype had been estimated given major gene information, the extra gain due to 

the inclusion of this information would be less important if there were a risk of error 

in the estimation. A large effect could be estirnated with relatively high accuracy, 

but a major gene with smaller effect would require much more data to estimate 

accurately. How realistic is the infinitesimal model? or do we really have infinite 

numbers of polygenes? Sorne of these assumptions could be rernoved and others 

modified aft er future st udy. 

There is a disadvantage in developing a strategy (for the objective of optimal 



strategies) mhich is maximizing response after T generations. Pre-determined in- 

formation at the base generation is required, which is not practical. A breeding 

Company will be selling breeding stock from its population in each yearlgeneration 

of the planning horizon. Therefore. they are interested not only in the genetic level 

at the end of the planning horizon. but in the genetic level in each generation. Also 

if there is more information, new tools or changes in economic value dunng planning 

horizon they would not able to add them in selection program. Ideally, we should 

mavirnize some discounted sum of genetic levels in each generation of the planning 

horizon. 

Optimal strategies give optimized index weights only for the deterministic model, 

which includes constant variance among polygenes. They are not optimized for the 

stochastic model. 

Time did not permit extention to major genes of partial and over dominance and 

future study is required for this aspect. It would also have been more informative 

to use a wider range of models and parameters such as unequal selection intensity 

for male and female, partial and over dominance effects, more than one major gene 

and errors of estimating the major gene effect. 

Furt her research is needed to derive strategies t hat optimize marker-açsisted 

selection under alternative genetic models that include such effects as changes in 

inbreeding, and in genetic variance. The optimal control methods developed by 

Dekkers and van Arendonk (1998) c a n  provide a useful framework for these further 
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developments. 
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