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ABSTRACT: A mathematical approach was devel-
oped to model and optimize simultaneous selection on
2 traits, a quantitative trait with underlying polygenic
variation and a monogenic trait (e.g., resistance to a
disease). A deterministic model allows global optimiza-
tion of the selection scheme to maximize the frequency
of the desired genotype for the monogenic trait, while
minimizing the loss of genetic progress on the polygenic
trait. An additive QTL or gene was considered. Breed-
ing programs with overlapping generations, different se-

Key words:

lection strategies for males and females, and assortative
mating were modeled. A genetic algorithm was used
to solve this optimization problem. This modeling ap-
proach may easily be adapted to a variety of underlying
genetic models and selection schemes. This model was
applied to an example where selection on the Prp gene
for scrapie resistance was introduced as an additional
selection criterion in an already existing dairy sheep
selection scheme.

genetic algorithm, global optimization, marker-assisted selection, selection scheme

©2009 American Society of Animal Science. All rights reserved.

INTRODUCTION

Gene or QTL information could improve selection
efficiency and allow the implementation of marker-
assisted selection. Marker-assisted selection has been
proposed to improve classical selection schemes for
complex traits with low heritability or that are difficult
or expensive to measure (Lande and Thompson, 1990;
Meuwissen and van Arendonk, 1992; Dekkers and van
Arendonk, 1998). Strategies to use QTL or gene infor-
mation in marker-assisted selection are mainly based
on indices combining the EBV for QTL and the EBV
for the residual polygenic effect. Marker-assisted selec-
tion increases the QTL frequency in the short-term,
but can result in less response in the long-term (Lande
and Thompson, 1990). Several studies (Gibson, 1994;
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Larzul et al., 1997b; Pong-Wong and Woolliams, 1998)
have explored the interactions between selection meth-
ods and time horizon. Dekkers and van Arendonk (1998)
optimized selection on an identified QTL in a simple se-
lection scheme (phenotypic selection, random mating)
using an optimal control approach (Lewis, 1986). The
method was extended by Chakraborty et al. (2002). The
benefit of optimal selection on a single identified QTL
and the differences between optimal and standard QTL
selection were evaluated by Dekkers and Chakraborty
(2001). Manfredi et al. (1998) optimized selection and
mating on a QTL for a sex-limited trait using sequen-
tial quadratic programming. In these studies, selection
was for a single quantitative trait affected by 1 identi-
fied QTL of meaningful size as well as polygenes. The
objective of this study is to optimize simultaneous se-
lection on 2 traits, a monogenic trait controlled by an
identified QTL or gene and a second independent poly-
genic trait that is unaffected by the major locus with
a genetic algorithm (Holland, 1973; Goldberg, 1989;
Mongeau, 2003). A deterministic and dynamic model is
presented for breeding programs including overlapping
generations, different selection strategies for males and
females, and nonrandom mating.
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Figure 1. Selection scheme description with individual classes (rectangles), selection steps (e), and selection proportion W,,. (sex s = 1, 2; age

a=1,..,a, category ¢ = 1,2).

MATERIALS AND METHODS

Animal Care and Use Committee approval was not
obtained for this study because no animals were used.

Genetic Model

A population of infinite size with overlapping genera-
tions and different classes of animals defined by sex s (s
= 1 for males and s = 2 for females), age a, and EBV
categories ¢ (elite, not elite) was considered. Animals
of identical sex and age may be classified in different
subsets according to their EBV mean and their use
as reproducers (e.g., the number of progeny per year).
The QTL or gene has 2 alleles (B and b). Genotypes
BB, Bb/bB, and bb are denoted as g1, ¢2, and g¢3,
respectively. The polygenic effects are assumed to fol-
low the infinitesimal genetic model with variance o
The identified QTL or gene is unlinked with genes that
influence the quantitative trait. For generation t, each
class of animals has a QTL or gene effect with a geno-
type frequency of f,,.,, and a polygenic effect denoted
by the within class average EBV [, Selection can
involve the EBV of the quantitative trait, the identified
QTL or gene, or both of them. Random mating and
assortative mating according to genotype or to EBV
categories can be used. The deterministic and dynamic
model includes different equations that correspond to a
general scheme presented in Figure 1. The phenomena
underlying the evolution of the population are aging,

selection, and matings. The equations describing the
scheme are as follows:

Without selection, after year ¢t = 1, the genotype fre-
quency and the average EBV for an animal of sex s,
category ¢, and genotype ¢ do not change between ¢
and t—1.

fsactg = f:s(a—l)c(t—l)g
/J’sactg = 'u's(afl)c(tfl)g’

Selection. Different selection steps after year ¢ = 1
can be considered for males and females (Figure 1). For
the last selection step, males and females are distrib-
uted in 2 categories, elite and not elite. The selection
rate W,,, can vary at each step for males and females.
The expression for W, is

VVsa(: = Z wsuctgf:s(a—l)c(t—l)g’
g

where wy,, is the proportion of individuals with sex s,
age a, and category c at generation ¢ with genotype ¢
that are selected to become breeding animals. At each
step, candidates for selection can be evaluated through
their phenotype, genotype, or both.

Assuming that EBV are normally distributed, wy,.,
is equal to

wsactg = qb('BZ(/ - Ms(a—l)c(t—l)g) - ¢(61g - u’s(a—l)c(t—l)g)’
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Figure 2. Selection threshold for genotype gl (...), g2 (- — ),
and g3 (—e—) under combined genotypic and phenotypic selection (a)
and phenotypic selection (b).

where ¢ is the normal cumulative distribution function
for variance o, and By and By, are lower and upper
thresholds for genotype g (/3;, may be —oo and f3,, may
be +00) defining the interval selected.

When individuals are selected according to EBV and
genotype information, the selection thresholds may
vary according to the genotype (Figure 2a), and the
state variables f,., and fi,,., are given by

o wsactg f . [1]
- W s(a—1)c(t—1)g’

sac

j:s’actg

‘U‘sactg - ‘us(a—l)c(t—l)
+ [W(ﬂ o Me(a 1)ec(t—1)g ) SO(ﬁZg B ’us(afl)c(tfl

1g

wsuctg

where ¢(z) is the normal density function, p is the ac-

curacy or the correlation between true and polygenic
EBV, and o the genetic SD. Phenotypic selection is a
special case of these equations, where (; and 3, are the
same for all genotypes (i.e., 311 = [ = B3 = 01 and [y,
= [y = B3 = [By; Figure 2b).

In the case of selection for a monogenic trait, the
genotypes are ranked because some genotypes are bet-
ter than others from a biological point of view (e.g., fa-
vorable or unfavorable genotypes for a disease). Let g/k/
be the kth ranked genotype. These constraints must be
verified:

<
—

Sanet-1gt) < Wiae and

=
—

f:s(a—l)c(t—l)(][k] = VVsac

™M

o
Il

1

because there cannot be more individuals in those
classes than in the whole population.
The selection proportions are

w =1if k< r—-1,;

sactglk)

w =04f k> r; and

sactg[k]

r—1

VVsac o Zfs(a 1)e(t—1)g[k]

k=1 otherwise.

wsactg[r] =

Fa1)ett-vygl]

Selection within the 7th genotype was random. The
genotype frequency f,, and the EBV mean ., of
the population in generation ¢ are obtained from Eq.
[1] and [2].

Mating. Mating between different classes (selected,
elite, and not elite) of females and males can be consid-
ered (Figure 1). The probability for a progeny to be of
genotype g, given that its parents carry the genotypes h
(sire) and k (dam), is 7. The probability that a parent
of sex s has genotype g is Fy; ;) and is defined as

1)g = Z(Ssacf:s'ac(tfl)g’
ac

where §,,. is the proportion of individuals of age a and
class ¢ among the parents with sex s. This quantity
depends on demographic constraints (e.g., reproductive
age) and breeder decisions (e.g., relative use of progeny
tested males). From the parameters 7., and Fy, ;), dif-
ferent matings (random or assortative) can be consid-
ered.

For random mating, none of the characteristics of the
parents (e.g., EBV or genotype) are considered in mat-
ings. The genotype frequency and the EBV mean for
the newborn animals of age 1 and category 1 are

slltg ZTghk 1h(t— 1 2h(t-1)’

b
2f:s‘11tg

lalclflalcl(t—l)h 62a202f2a202(t—1)k

Z T ghk Z Z ey vy

),¢1 G969

p’slltg =

<M1alcl(t71)h + M2a202(t71)k)’
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where s = 1 for sire, s = 2 for dam, a; and a,, and ¢,
and c, are the age and category for the sire and dam.

For genotypic assortative mating, the mating may be
organized according to the genotypes of the parents.
The optimization of these matings may be achieved by
choosing a value for «;;, which is the proportion of
newborn animals in generation ¢ from a sire with geno-
type h and a dam with genotype k. This proportion is
constrained by

Zahkt = Mpa-1y
Z Gy = Loy
h

In this situation, the genotype frequency and the
EBV mean are given by

slltg Z T onk St

1
'u'slltg - f
slltg
1alc1 lalclt 1)h 52a2c2f2a202(t 1k
ZTghkahkf Z Z F
41,6 Gy,Cy lh(f 1) 2k(t—1)

(Mlalcl(t 1)h + 'u2a2c2(t 1)k)

Finally, other assortative matings can be consid-
ered. Most often the structure of the parent population
includes different groups involved in mating such as
males on progeny testing, elite males or females, se-
lected non elite males or females. For instance, males in
progeny testing may be mated exclusively to nonelite
females. To include assortative matings in the model,
reproducers are classified according to mating groups
m. Fruei—1)g 18 the probability that a parent of group m,
and sex s has genotype ¢. It is defined as

Fmsg(t—l) = Z 5msacj;ac(t—1)g’

a,c

where 0,,., is the proportion of animals of age a, class c,
and sex s within the mth group. When mating groups
are considered, the equations of genotype frequency
and EBV mean are modified accordingly. For instance
in genotypic random mating:

slltq ZthkZZ my 1h(t-1) m22k(t 1)

my Ty
1
Py =
sllitg
2f911tg

T o k

mylaje lage (E=1)h “my2aycy ' 2a5c,(t-1)k
DTl -
h.k mp My @), GyCy my 1h(t-1) my2h(t—1)

('ulalcl(tfl)h + 'u2a2(:2(t71)k)'

Optimization

The deterministic model described above allows glob-
al optimization of the selection scheme to maximize
the frequency of the desired genotype for a monogenic
trait, while minimizing the loss of genetic progress on
a polygenic trait. These objectives may be achieved by
taking into account the whole population (male and fe-
male) or a part of the population (female or male) for a
given age. The decrease in genetic progress for the poly-
genic trait may be considered as a penalty term, which
may be defined as a strict or as a progressive penalty.
Under a strict penalty, the objective function is put to
0 when the genetic progress is below a threshold. Under
a progressive penalty, this term is proportional to the
decrease in genetic progress.

The frequencies of the favorable genotype and the av-
erage EBV in the population may be considered during
all periods of selection (e.g., in the use of discounting)
or only in the last year of selection.

The decision variables w,., and oy, describing the
evolution of the population, have to be optimized. In
our approach, we did not calculate the derivatives of
the objective function, differing from the approaches
used by Dekkers and van Arendonk (1998) and Man-
fredi et al. (1998). A genetic algorithm (GA) was used
to find the optimum solutions (Goldberg, 1989). A GA
is an optimization technique based on an evolution of
a population of artificial individuals. Each individual
is a point in the research space and is characterized by
its “chromosome” (), which determines the individual
fitness h(C}); k = 1,..., n; n is a population size. The
evolution process consists of successive generations.
At each generation, individuals with high fitness are
selected; the “chromosomes” of selected individuals
are recombined and subjected to small mutations. A
GA implemented as in Carroll (2001) was used in our
study.

APPLICATION

This model was applied to an example, where se-
lection for scrapie resistance, which is controlled by a
single gene (the PrP gene), was introduced as an ad-
ditional selection criterion in an already existing dairy
sheep selection scheme. It is expected that genetic prog-
ress in the polygenic trait (e.g., milk production) will
be reduced under this selection objective.

Scrapie is a spongiform encephalopathy in sheep sim-
ilar to bovine spongiform encephalopathy in bovine and
Creutzfeldt-Jakob disease in humans. In sheep, genetic
variability of the resistance to scrapie has been demon-
strated and is mainly determined by the PrP polymor-
phisms (Elsen et al., 1998; Fabre et al., 2006). Thus,
selection on the PrP locus was proposed to improve
scrapie resistance in sheep populations. Equations cor-
responding to this example are given in the Appendix.

The population (Figure 3) was composed of animals,
males and females, aged from 0 to 6 yr. Females were
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Figure 3. Population description with 7 categories (rectangles), 7 mating paths (thick lines), selection steps (dotted lines), and 5 selection

proportions W,,. (sex s=1, 2; age a=1, ..., a,; category ¢=1,2).

selected on their own performance (with a selection
rate Wyy) after their first lactation between 2 and 3
yr of age (Figure 3). The selected females were dis-
tributed in 2 categories, elite (Ws3,) and nonelite (1
— Ways1). Among the young males born from matings
between elite reproducers, a fraction W;;; was mated to
nonelite females and their EBV for the polygenic trait
were estimated after a progeny test. A fraction W3 of
these males was selected 2 yr later. Among the selected
males, a proportion W,,, was mated to the elite females
to produce young male candidates for selection in the
next generation. The replacement of females resulted
from mating between nonelite females and elite, non-
elite males or males in progeny testing; and between
elite females and elite males. Two alleles (favorable vs.
unfavorable) were considered for the Prp gene; thus, 3
genotypes exist (¢ = 1 favorable genotype, g = 2 inter-
mediary genotype, and g = 3 unfavorable genotype).
The PrP genotypes were known for females and males.
Only males were selected on their PrP genotype and
on their EBV value before and after progeny testing.
The proportion § of males in progeny test among repro-
ductive males was equal to 0.2. The proportion A\, of
females with age a (4, 5, and 6 yr) among reproductive
females was 0.4, 0.3, and 0.3, respectively. This selec-
tion scheme was applied during 15 yr (¢ = 15) with the
following parameter values: Wy = 0.8; Wy = 0.1;
Wi = 0.225; Wig = 0.2; Wi = 0.3; 0 = 36. The ac-
curacy for females (p;) was 0.73. The accuracy for males
before and after progeny test was 0.56 (p,,;) and 0.77
(pms), respectively. The accuracy for elite males (p,,s3)
was 0.89. The GA parameters were as follows: popula-
tion size = 100; number of generations = 1,000; creep
mutation probability = 0.02; crossover probability =
0.5; jump mutation probability = 0.01.

The aim was to maximize scrapie resistance, minimiz-
ing the loss of genetic progress in milk production. The

objective function chosen was the frequency of homozy-
gous favorable females (s = 2, g = 1) with a penalty on
the genetic progress, constraining it not to be less than
a percentage 1 of the progress obtained without scrapie
selection (AG7). The objective function can be written
as follows:

6 2 1 3
Z 7f2acT1 A GT - Zfzu'rgp’zny’y
. la=lc=1 a g=1
Fobj = — 100 x
5.1 TAG
Zi T
a=1 @

The 1st term is the mean of homozygous favorable
females of the elite (¢ = 1) and non elite (¢ = 2) group

weighted by the coefficient 1 (a is the age), which
a

gives more importance to younger females. All of the
females were considered in the objective function be-
cause all of them will participate in the renewal. The
second term is proportional to the difference in genetic
progress obtained in this selection scheme and without
selection on scrapie resistance.

First, the model was used with different initial fre-
quencies of the favorable genotype without any con-
straint on genetic progress (m = 100%). Three initial
frequencies of the favorable genotype were considered
(0.03, 0.3, and 0.69). Then, situations with different
constraints on genetic progress were considered while
fixing the initial frequencies. Finally, simplifications of
the strategy were explored to make the optimized selec-
tion procedures more practicable for farms.

Effect of Different Initial Frequencies
Without Constraint on Genetic Progress

Whatever the initial frequency, the unfavorable geno-
type disappeared after 15 yr of selection (Table 1). The

Downloaded from www.journal ofanimalscience.org at INRA Institut National de la Recherche Agronomique on July 31, 2013


http://www.journalofanimalscience.org/

890 Costard et al.

Table 1. Final genotype frequencies for young females, objective function, and loss of genetic progress for 3 initial
frequencies (genotype 1, favorable genotype; genotype 2, intermediary genotype; genotype 3, unfavorable genotype)

without any constraint on loss of genetic progress

Initial frequency

Final frequency for young females

Genotype 1 Genotype 2 Genotype 3 Genotype 1

Genotype 2

Loss of genetic

Genotype 3 Objective function progress, %

0.03 0.28 0.69 0.77
0.30 0.50 0.20 0.91
0.699 0.28 0.03 0.97

0.23 0.00 0.68 18.10
0.09 0.00 0.88 6.40
0.03 0.00 0.96 2.00

loss of genetic progress was more important (18.1%)
with a low initial frequency of the favorable genotype
than with a high initial frequency (2.0%). This loss is
much greater in the first few years, and impacts in the
first few years are very important if counting discount-
ed returns. The optimal selection proportions and mat-
ing rules evolve during the 15 yr process. The favorable
genotype frequency increased, keeping a high selection
proportion of the homozygous-resistant males before
and after their progeny test. When the initial frequency
of the favorable genotype (0.03 or 0.3) was low, the se-
lection proportions of males carrying this genotype were
high (0.9 and 0.7) during the first years to rapidly fix
this genotype in the sires. These selection proportions
decreased progressively when all sires became resistant.
When the initial frequency of the favorable genotype
(0.69) was high, the selection proportions for the favor-
able genotype were less, in particular before progeny
testing (0.32 instead of 0.9 and 0.7). Moreover, the se-
lection proportions after the progeny test were constant
from the beginning, whereas they were constant only
after yr 9 and 4 for the case of low frequencies (0.03 and
0.3). Whatever the initial frequencies of the favorable
genotype, none of the susceptible males were selected,
eliminating all of them from the beginning. A fully fa-
vorable population of sires was reached more rapidly
with a high initial frequency of the favorable genotype
(yr 3) than with a low frequency (yr 8).

The reduction of the unfavorable genotype frequen-
cies in the dam population occurred very slowly be-
cause (i) dams were selected just once, (ii) the selection
threshold was the same across genotype classes, and
(iii) the selection pressure was low. With a high initial
frequency of the favorable genotype, the objective was
reached and the dam population was fully resistant.
However, with a low frequency, only sires were resistant
at the end of yr 15, with the unfavorable genotype still
segregating in the dam population.

Effects of Different Constraints on the Loss
of Genetic Progress

In contrast to the situation described above in which
no constraint was put on genetic progress, a 10% maxi-
mum loss of genetic progress at the end of the process
was allowed (m = 90%) for the situation with the de-
creased initial frequency (0.03). The case with the ini-

tial low frequency of the favorable genotype was studied
because the loss of genetic progress with this frequency
was the most important (18.1%). In this situation, the
optimal selection proportions of males with a favorable
genotype were less and fluctuated between high and low
values (Figure 4). These fluctuations can be explained
by the fact that the genetic progress must be kept over
a threshold. Each year, the selection intensity varies to
compensate for the loss in genetic progress. Contrary
to the previous case, the selection proportions of favor-
able and heterozygous genotypes were high and similar
(0.7). The selection proportions for homozygous unfa-
vorable sires were null. After the elimination of unfavor-
able genotype carriers, the selection proportions of the
favorable genotype (20 to 30%) were greater than for
the heterozygous genotype (5 to 20%). The heterozy-
gous genotype was conserved for a longer time than
without any constraint on the genetic progress. The ob-
jective of achieving a fully resistant population of sires
was reached less rapidly with 10% of maximum loss of
genetic progress (yr 11) than without any constraint on
genetic progress (yr 8). In the dam population, propor-
tions of favorable homozygous and heterozygous geno-
types were similar. Dams with an unfavorable genotype
were almost entirely eliminated, being kept at less than
5%. Thus, the optimal strategy of selection depends on
the constraints put on genetic progress. If the priority
is to reach a population fully resistant to the disease,
the loss of genetic progress may not be essential; the
selection on genotype information is drastic at the be-
ginning of the process and the animals are quickly fully
resistant. If a more important penalty is put on the loss
of genetic progress, the selection changes, with cycles
of high and low selection proportions for the favorable
genotype. Eventually, the unfavorable genotype disap-
pears and the population is divided between favorable
homozygous and heterozygous genotypes.

In the previous case (Figure 4a), the selection pro-
portions decreased gradually as the population became
progressively resistant. With a constraint on genetic
progress, the fluctuation of selection proportions was
larger (Figure 4b). The selection proportions of the fa-
vorable genotype were high during the first years, in-
ducing an increase in resistance during this period; they
were less than with previous cases to maintain accept-
able genetic progress. This optimal strategy would not
be practicable for breeders because of the annual varia-
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tions of the selection proportions. However, a detailed
analysis of selection proportions and assortative mating
during the 15 selection years suggests some simplifica-
tions.

Simplifications of the Optimal Strategy

Two cases were analyzed: (1) a low initial frequency
of the favorable genotype and a maximum 10% loss of
genetic progress accepted after 15 selection years and
(2) a low initial frequency of the favorable genotype
without any constraint on the loss of genetic progress.
The results are given in Table 2. The first case shows

the evolution of the objective function without any pen-
alty on loss of genetic progress. The second case shows
the evolution of the objective function with a maximum
loss of 10% in the genetic progress.

In the optimal strategy, the selection proportions of
the males before progeny testing (Wi, Figure 3) var-
ied between years and thus needed to be optimized. On
the contrary, some selection proportions were constant
after a few years of selection, suggesting some simpli-
fications.

1. Within genotype selection proportions of males
after progeny testing: The stabilization of these

a
1.00 -
— —— — Before progeny test
0.80 = s After progeny test
3 For elite
0.60 - a
=
= Y
2 ;
0.40 -
0.20 -
0.00 T T T T T T T T T T 1
1 2 3 4 5 6 7 8 9 10 11 12 13
Selection years
b
1.00
}T\ — —— — Before progeny test
! |lll . After pmgeny test
0.80 1 For elite
0.60 1
2
&
0.40
0.20
0.00 .

4 5 6

7 8 9 10 11 12 13
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Figure 4. Selection rate evolution for the favorable genotype (¢ = 1) without (a) and with (b) constraint in loss of genetic progress before

progeny test (—), after progeny test ("), and for elite males (—).
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Table 2. Value of the objective function with some simplifications in 2 cases without
constraint on loss of genetic progress (L-0) and with 10% of loss of genetic progress

(L-10)

Item L-0 L-10
Fully optimized scheme 0.68 0.53
Constant selection rate for elite males 0.67 0.53
Constant selection rate after progeny testing 0.56 0.48
Random mating 0.68 0.52
Constant selection rate for elite males + random mating 0.67 0.52

selection proportions is late, after the 11th selec-
tion year. However, the fixation of these selec-
tion proportions was tested. The values of the
objective function were less than in the optimal
strategy. Thus, these selection proportions have
to be optimized.

2. Within genotype selection proportions for elite
males: The results of the previous optimization
suggest a suboptimal strategy where these se-
lection proportions are constant. The objective
function value obtained with this simplification
was similar to the optimal one (Table 2). Con-
sequently, it appears that it is not critical for
within genotype selection proportions for elite
males to be optimized every year.

Another question was to check if assortative mating
based on the genotypes was necessary or not. The slight
difference in the objective function value between the
fully optimized scheme and the simplified one shows
that mating optimization was not necessary.

Globally, 2 simplifications were thus possible: fixed
selection proportions for elite males and random mat-
ing. The case combining simplifications gave a value
of the objective function similar to the optimal one.
Moreover, the penalty weight of the loss on genetic
progress was identical with or without simplifications.
Implementing other simplifications could give a reduced
value of the objective function than the one obtained
in the fully optimized scheme, but these were not con-
sidered here.

In our example, we proposed that the objective was
to maximize the genotypic frequency of the favorable
female genotypes with a penalty on genetic progress.
Avoiding loss of genetic progress increases the time
needed to reach fixation of the favorable genotype. For
example, sires are all resistant at the end of yr 8 or
after yr 11 without any constraint or with a maximum
loss of 10% of genetic progress, respectively. Other ob-
jective functions are possible and must be adapted to
the aim of the breeder. For example, the frequency of
males may be considered instead of the frequencies of
females. Males have a more important impact on the
selection scheme. In this example, the objective was to
keep the homozygous genotype; however, in the case of
breeds with a risk of extinction, it could be preferable
to keep heterozygote genotypes. Another option could

be to consider the whole process, rather than only the
final state of the population, possibly using a discount-
ing factor if sooner is better.

DISCUSSION

In this paper, a method was developed to optimize se-
lection on an identified QTL or gene and a quantitative
trait over multiple generations. The breeding program
modeled assumed assortative mating and overlapping
generations. This modeling may easily be adapted to a
variety of situations concerning the underlying genetic
model and the selection scheme. In this study, 2 alleles
were considered, but the methodology can consider a
multi-allelic case. However, the number of alleles (and
genotypes) should be limited. The number of optimized
parameters increases in an exponential manner with
the number of alleles considered. For instance, when
3 genotypes (2 alleles) are considered, 10 parameters
have to be optimized, and if 10 genotypes (4 alleles)
are considered, the optimization problem would involve
108 parameters. Only the case with an additive QTL
or gene was considered here, but dominance could be
included. The method can also be extended to multiple
QTL or genes with any type of linkage between them
(epistasis).

Different methodologies to solve multiple-generation
selection problems in animal breeding are possible. In
this study, a GA was used to solve the optimization
problem. Genetic algorithms are more flexible when
additional constraints have to be added than optimal
control theory, the method used by Dekkers and van
Arendonk (1998), because to optimize selection the de-
rivative of the selection criterion has to be calculated
with optimal control theory. Use of a GA bypasses this
difficulty.

Additive variance was assumed to be constant over
generations, and genotyping errors and relationship er-
rors were assumed to be nonexistent. The reduction of
the additive variance by selection could be considered
in the model.

The strategy developed here consisted of selecting
animals that were resistant to a particular disease to
decrease the number of infected animals. The aim was
to reduce the incidence of the disease, while keeping the
genetic progress on the traditional production traits.
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In this model, inbreeding was not considered. A pos-
sibility for taking this into account would be to add the
notion of family for males. Males of one family partici-
pate for the renewal of the males for their family and
males of different families participate for the renewal
of the females. This possibility would allow a certain
genetic variability to be maintained.

Domestic animal diseases might represent a risk to
human health. Thus, identification of genes involved
in disease resistance is an important genetic research
subject. The scrapie case is an example where a na-
tional selection program for scrapie resistance was im-
plemented as a precautionary measure. This dynamic
and deterministic model was applied here in the scrapie
case; however, it can be extended to other genes and se-
lection schemes. For example, genes affecting important
performance traits such as adiposity or meat quality in
pigs (Le Roy et al., 1990; Larzul et al., 1997a; Hamil-
ton et al., 2000) or prolificacy in sheep (Davis, 2005;
Fabre et al., 2006) could use this model. Moreover, this
deterministic model could evolve to a stochastic model
for a limited number of breeding animals in a small
population. Our model would need to be simplified for
use in stochastic simulation because stochastic simula-
tions with a large number of choice variables can be
impractical.
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APPENDIX: EQUATIONS
OF THE EXAMPLE

Two-year females:

Foovy = f211(t71)g;

Moot = Hor1(1-1)g°
Three-year nonelite females:

w221tg(1 - w232tg)

f232tg = f221(t—1)g W, (1— W232)

Hogatyg = Hagii-1)g

i(w221tg) — Wozoyg i(w221tgw232tg)

1- w232tg)

19

where () is the selection intensity.
Three-year elite females:

fooo— Wao11Wasaty
231ty — J221(1-1)¢ ;
Wy iWass

Hosirg = Hao1(i-1)g

n i(w221tg) ~ Wy i(w221tgw232tg)

Wo3atg

Four- to six-year females:
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Hoa1tg = Haa—1)1(t-1)¢° i1+ 1)g
11
_ : 2 1
fyary = f2(a71)1(t71)g’ 11(t+1)e
6 f2a22fk a,
ZZT‘M hkt Z (M142th * H oo
— d =1k=1 ay,=3 2
Mgty = Ho(a—1y2(t-1)¢5 A1 Z f2a22tk a,
ay=3
anth - fZ(“_l)Q(t_l)g ' Newborn females:
Two-year males before progeny testing: 3.3
f211(t+1)g = ZZTghk 1 Wozo
w h=1k=1
hatg = Fng s fZaQUk ay
9 (t-1)g W, -1—2

a2= 3 6)m VVMZ + (1 6) ne(l - W ) + 6mT

142
[fl42th ((1 o)m W,

Fiang = gy 1{010)Pn W,y (1= 8)m Wy + (1= 6)m, (1= W,,) + 5mT))

. Fhan = 8)m, (L =W, o )+6mpfy ])3
Two-year males after progeny testing:

_ . 11
f131tg fl?l(t—l)g’ Fari(t41)g 3 7
211(t+1)g
m =pu . 3.3 2a22tk ay
131tg 121(t-1)g ZZTW hit Voo Z (/‘1421,1 B, o
h=1k=1 ay=3 Z f ) 25
2022)% a,
Four-year nonelite males: ay=3
W1311gW14244
Faoyy = lel(f, 1) ) + D faom
9 9 [/[/131[/[/142 GZZ?) 142th 2a211k ay
( (5)’/71 I/V142 - W
Paorg = Pgigi—1yg T i(w Wy3119W14944 )P0 (1 =)m W, + 1 —=0)m, (A —W,)+ém, 2
X (p

+
142th M2a21tk
Four-year elite males:

f =f w +Z Fainboa, 1
141tg 131(t—1)g W131( W142) ’ =3 2 2
X (1 — 6) m(l — I/V142)
i = 1y Q1=8m W, + A —=8)m (1—W,,)+dom,
141tg 31(t—1)g % (N Tou
i(w )—w, ., (W, w ) 141th 291tk
131tg 142tg 131tg 142tg 2
+ 7rL20'
1- Wy g9
+Z f2a ltk/\a fl?lth
Renewal. a,=3 :

Newborn males:

6mT

1=86mWw,, +Q1 6)mne(1—Wl42)+(‘5mT]

f111 t+1)g ZZthk bkt x (p

+u .
el k=1 121th 2aq 1tk
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