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STELLINGEN

An optimal mix of a high response to selection with constrained increase
of inbreeding by an optimal contribution of parents to the next generation
can be further improved by a proper mating of parents (this thesis).

Well designed genetic conservation programs can conserve most of the
genetic diversity in small populations (this thesis}.

Despite the difficulties in defending the assumptions underlying linear
models, such as BLUP breeding values for binary traits, these models are
very useful and thus abundantly used.

The future key issue in animal breeding will be to change the focus from
product quantity to product quality.

Diversity in research groups is at least as important for the fitness of the
group as genetic diversity is important for animal breeding populations.
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Abstract. This thesis deals with the definition of selection and mating criteria
for animal breeding populations under selection and for genetic conservation
populations, especially emphasizing on populations with small effective size
and with known pedigree. For populations under selection with ovetlapping
generations, a method was developed that maximizes genetic response with a
restriction on the rate of inbreeding (AF). At the same AF, the genetic
response was up to 44% higher for the presented method than for truncation
selection on BLUP breeding values. In combination with the presented
selection method, non-random mating systems could further increase genetic
response. For genetic conservation schemes, 2 method was developed that
minimizes rate of inbreeding for populations with overlapping generations.
For very small schemes, AF was 18-52% higher when simply selecting the
oldest animals than for the proposed scheme. Use of frozen semen from sires
of the oldest generations could reduce AF to zero in combined in situ/ex situ
conservation schemes.

The research described in this thesis was financially supported by the Ministry
of Agriculture, Nature Management and Fisheties, The Netherlands.
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Chapter 1

General Introduction






General Introdudion

INTRODUCTION

This thesis deals with the definition of selection and mating criterta for animal

breeding populations under selection and genetic conservation populations,
especially emphasizing on populations with small (approximately 50 (FAO,
1998)) effective sizes that have known pedigrees. The effective population size
(N,) is defined as N, = 2AF, where AF is the rate of inbreeding, such that the
selecion and mating criteria will deal with the management of AF. For
selected populations, genetic gain will be maximized with a restriction on AF.
For genetic conservation schemes, AF will be minimized in order to maximize
the effective population size.

The AF needs to be managed in selection and genetic consetvation schemes,
because the genetic makeup changes irreversibly by two processes in finite and
closed populations. Firstly, the frequency of heterozygote animals decreases
on average by 2pgF at any locus with two alleles, where p and g are the
frequencies of the two alleles in the base population and F 1s the average level
of inbreeding of the population. A decrease of heterozygosity leads to
inbreeding depression for traits affected by directional dominance. Since
directional dominant alleles are often related to fithess traits, 2 lower fitness is
expected when inbreeding increases. Secondly, random drift increases, which
increases the probability of loosing favorable and unfavorable alleles. Random
drift also induces variation of genetic levels for selected and non-selected
traits. The only source of new variation in closed populations is by mutations.
Mutational vatiation is however small, about .1 to .5% of the environmental
variance and mutations are mostly detrimental with respect to fitness
(Falconer and Mackay, 1996; Hill, 2000).

In randomly selected and mated populations with Poisson family size and

discrete generations, AF equals 1/(8N) + 1/(8N,), where N, and N, refer to
the number of selected sires and dams (Wrght, 1931). However, the

management of AF in selected populations is more complicated than simply
choosing N, and N, because selection and mating are often non-random
processes and generations are ovetlapping in most practical populations. In

selected populations, AF can exceed 1/(8N) + 1/(8N,) by a factor 1-3 for
schemes with high intensity of selection and in high family weights (Woolliams
and Bijma, 2000).

Several methods have been proposed to reduce inbreeding in selection

schemes. Some methods attempt to reduce the selection criterion of

individuals, ¢g by reducing the weight of between-family information
3



(Dempfle, 1975; Grundy and Hill, 1993; Vertier ef al., 1993). However, these
individual-based methods do not consider the selection candidate in relation
to the other selected animals. Woolliams and Meuwissen (1993) introduced
the group profit function that maximizes genetic gain with a cost factor on the
prediction error vatiance of the average genetic level of the group. Wray and
Goddard (1994) and Brisbane and Gibson (1995) maximized genetic gain with
a cost factor on the average relationship of the selected animals. The above
individual and group based methods do, however, not control the inbreeding,
ze. high inbreeding is still accepted if genetic gain is high. Meuwissen (1997)
derived a group based method that maximizes genetic response while
restricting the average coancestry of the selected animals, and thus the average
inbreeding of the offspring, to a predefined rate for populations with discrete
generations. The genetic contribution of each candidate was optimized each
generation with the Lagrangian multiplier method for populations with
discrete generations. The use of the Lagrangian multiplier method implies that
the genetic contributions of the method of Meuwissen (1997) are close to
optimum.

This thesis will extend the theory behind the method of Meuwissen (1997) to
several applications that all consider the management of rate of inbreeding in
selection and genetic conservation schemes.

OUTLINE OF THE THESIS

The thesis can be divided into four main parts. Firstly, Chapters 2 and 3 deal
with selection algorithms that manage AF for populations under selection with
ovetlapping generations and random mating. Secondly, Chapters 4 and 5 deal
with non-random mating schemes in combination with selection algorithms
for discrete and overlapping generation structures, respectively. Thirdly,
Chapters 6 and 7 deal with algorithms that minimize AF for small and
endangered populations with overlapping generations and when frozen semen
of sires from the base population is available, respectively. Fourthly, Chapter 8
deals with alternative methods to select against genetic defects while restricting
AF in populations with increased frequency of diseased alleles.

CHAPTERS 2 AND 3

In Chapter 2, the group selection index of Meuwissen (1997) is extended to
account for populations with overlapping generations and progeny testing.
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General Introdudion

Populations with ovetlapping generations have selection candidates from
several reproductive age-classes, and therefore also complex pedigrees. Thus,
the selection algorithm has to take account of previous and future use of the
selection candidates. Genetic gain is maximized with restrictions on AF and
on the genetic contribution per sex. The genetic contribution of each selection
candidate is optimized using Lagrangian multipliers. In Chapter 3, the method
of Chapter 2 is compared to similar method by Grundy ez 4/. (2000), where the
contribution of each age-class is explicitly optimized.

CHAPTERS 4 AND §

In Chapter 4, the effect of non-random mating methods on AF and AG are
compared to random mating in combination with the selectton method of
Meuwissen (1997). In truncation selection schemes, non-random mating
systems have been shown to improve the family structure, thereby reducing
AF (Caballero ¢ al, 1996), but the selecion method of Meuwissen (1997)

restricts AF, such that no change in AF is expected. Considered non-random
mating systems are minimum coancestry mating that minimizes the average
coancestty of the mating pairs, compensatory mating that connects families
with many selected animals to families with few selected animals (Santiago and
Caballero, 1995), and factorial mating that restricts the number of full-sibs to
zero or one (Woolliams, 1989). In Chapter 5, non-random mating systems are
compared for the optimum contribution selection method with ovetlapping
generations, presented in Chapter 2.

CHAPTERS 6 AND 7

In Chapter 6, an algorithm is presented that minimizes AF for small and
endangered populations with overlapping generations, but without aiming for
genetic gain. It minimizes the average coancestty of selection candidates in the
form of a group index with a resttiction on the genetic contribution per sex.
The genetic contribution of each selecton candidate is optimized with
Lagrangian multipliers. The same method is used in Chapter 7 to minimize AF
when frozen semen is available, which results in 2 combined #» sitw and ex situ
genetic conservation scheme.



CHAPTER 8

In Chapter 8, populations with an increased frequency of a diseased allele are
considered. The efficiency of selection against the disease allele is compared
for alternative genetic models and evaluation methods, where the genetic
evaluation method does not always agree with the true inheritance of the
disease. A genetic model for a single gene is compared to a threshold model,
where many genes and the environment affect the Lability of an animal to
become diseased. Selection on breeding values estimated with BLUP
(Henderson, 1984) is compared to selection on breeding values estimated by
segregation analysis (Elston and Stewart, 1971) and to selection on DNA-
genotypes for a known disease gene. The optimum contribution selection
method for discrete generations of Meuwissen (1997) is used to select against
the disease.
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Chapter 2
ABSTRACT

In a breeding scheme, the aim is high rates of genetic gain with limited
inbreeding. A dynamic selection rule is developed that maximizes selection
response in populations with overlapping generations. The rule maximizes the
genetic merit of selected animals while limiting the average relationship of the
population after the current round of selection. The latter is shown to limit the
contribution of the current population to the future inbreeding. The rule
accounts for the selection of some candidates during previous selection
rounds and for the expected future contributions of the selection candidates.
Inputs for the rule are the BLUP breeding values and ages of selection
candidates, the relationship matrix of all animals and contributions of animals
during previous selection rounds. Output is the optimal number of offspring
for each candidate. Computer simulations of dairy cattle nucleus schemes
showed that predefined rates of inbreeding were actually achieved, without
compromising long-term selection response, at least up to 20 yr of selection.
At the same rates of inbreeding, the dynamic selection rule obtained up to
44% more genetic gain than direct selection for BLUP breeding values. The
advantage of the dynamic rule over BLUP selection decreased with increasing
population sizes and with higher predefined rates of inbreeding. Consequently,
the dynamic rule should be especially useful in small selection schemes where
relatively low rates of inbreeding are desired.

1. INTRODUCTION

Breeding schemes are usually designed to maximize genetic gain while limiting
the rate of inbreeding. Rates of inbreeding are reduced by simply selecting

mote sites (and dams), by selection for EBV(42), where EBV are estimated
using a heritability of ., and the true heritability is Foand 2 > F {Grundy
and Hill, 1993), by increasing the weight of the within family component of
the EBV (Verrer ¢ 4/, 1993), by using a selection index with a cost on the
average relationships (Wray and Goddard, 1994; Brisbane and Gibson, 1995),
and by selection with a constraint on the rate of inbreeding (Meuwissen,
1997). The latter two methods maximize genetic response given the rate of
inbreeding that they achieve, and they are dynamic selection rules. A dynamic
selecton rule optimizes selection given the available selection candidates,
whereas a static selection rule optimizes the breeding scheme beforehand (i.e.,
for an average group of selection candidates) (Goddard and Howarth, 1994).
Villanueva and Woolliams (1997) suggested a static rule for restricting rates of
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inbreeding by predefining the numbers of sires and dams seclected and the
selection index weights.

The dynamic selection rules of Wray and Goddard (1994), Brisbane and
Gibson {1995) and Meuwissen (1997) are not strictly applicable to situations
with ovetlapping generations. They reduce or constrain the relationships
among selected parents, but, when generations overlap, some parents may
have already produced many offspting during previous rounds of selection,
and the dynamic rules do not account for this. The aim of this paper is to
extend the above dynamic selection rules to situations with overlapping
generations. In particular, the selection rule of Meuwissen (1997) will be
extended to populations with ovetlapping generations, and, from this, the
extension of the rules of Wray and Goddard (1994) and Brisbane and Gibson
(1995) will be shown in the DISCUSSION section.

2. METHODS
2.1, The contribution of cutrent to future relationships

In a population, inbreeding increases on average with half the increase of the
average relationship. Following Wray and Goddard (1994), Brisbane and
Gibson (1995), and Meuwissen (1997), inbreeding will be limited here by
reducing the increase of average relationship. If relationships of an animal
with itself are included, the average relationship is:

A=1A1/-,

where A = matrix of additive genetic relationships, # = number of animals; 1
= vector of ones. If genetic variance is assumed 1, Var(u) = A. Thus 4=
Var(u), where u = vector of true breeding values, and u= 1'u/# is the
average true breeding value. Following Johnson (1977), a recursive formula
foru will be derived in order to obtain a formula for 4 in the situation where
generations ovetlap.

At any time, /4 there are animals of different ages in a population with
ovetlapping generations. The animals will be divided into age classes, where an
age class is defined as the time period between two consecutive rounds of
selection. For convenience, this time period will be assumed to equal 1 yr here,
but other time periods can be assumed without affecting the derivation. Let

u, = [u, (1) u,(2) u,(3)..] be a vector of mean true breeding values of the

12




Chapte 2

age classes, 1, 2, 3, ..., in year # where u, (i) = average breeding value of age
class 7 in year £ The following recursive relationship exists between u,and

Be., (Hil, 1974):
Et+1 = Pﬁt +€.4, [1]

where P = mattix of gene flow between the age classes (see Hill, 1974, for
details), and e,,, = sampling deviation from the expected breeding values, Ze.,
the Pu, term. It will be assumed that the gene flow matrix, P, is the average
gene flow matrix over years, and the detivation is simplified by considering
only age classes instead of age X sex classes as in Hill (1974). The vector e,
represents the deviation from predictions based on this average gene flow
matrix.

In the following, the contribution of relationships in year 7 to a future year #+s
will be derived, where s is assumed to be large. Hence, the contribution of
current relationships to long-tetm future telationships will be derived. From
Equation [1], it follows that the vector of average true breeding values in year
t+ris:

_ —_ —_ 5 .
., =P'u,+P e, +P e, +..+e,, =P'u, + §p°" € » 2]
p

where P° denotes P to the power 1. Let &, =1ar(u,)be a matrix with the

average relationships within age classes on the diagonals and between age
classes on the off-diagonals. From Equation [2],

A, =Var(uw)=PA P+ 3PV, P, B3]

=1

White V., = varance of the e, vectors. In Equation [3], the term
P’ A, P*shows the contribution of average relationships in year / to those in

year f+s, and the second term shows the contributions from later years to the
relationships in year #+s. Hill (1974) showed that, for large s:

LimPs=1r"

$—Pe=

13



where t = vector with element i equal to r(z')=}:i P(1, j)]/ L, where 4 =
J=1

number of age classes in P, (ie, the dimension of P), and L = average
gencration interval of the sires and the dams. In words, 7{7)equals the current
plus futute contributions of age class 7 until it dies, (Z.e., age class ¢ is reached),
divided by the generation interval. Hence, for large s, the term P*A, P*in
Equation [3} becomes

LimPPA P =1r Al =1'Xr A 1,
§—ro0

where 11' = 4 X 4 matrix of ones and t At is a scalar that indicates the
contribution of average relationships in year # to average relationships many
years after year /. When selecting parents in year /7, we want to limit the
future increase of average relationships, which is limited by constraining the

tA,r term of year .

2.2. A constraint on £ K,t

In this section, it will be assumed that the distribution of the parents over the
age classes is known, (Ze., r is known). Optimization of r is considered in the
next section. The population of year t is formed from that in year 1. Age
classes 2, 3,..., ¢ of year # are formed by ageing, from the age classes 1, 2, ..., 4-
1, respectively, in year #1. It is assumed here that an age class consists of both
culled and nonculled animals, which implies that culling does not affect the
number of animals nor relationships within an age class. Age class 1 is newly
formed in year 4, and is due to selection in year #7. It is useful to partition the

term £ A,r into components due to ageing that are not affected by the
selection, and components that are detetmined by selection in year #-7:

) — —

=277 ‘A
r Atl' =rt, Ar(a,a) +2 Ty A:(a,b) t, 1y At(b,b) L, 4

where the submatrices are defined by:

— | A
1-=[ra th] and At=[__t(a’) K'(n.h)],

Ap,o Ag,n
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Chapier 2

where subscript @ refers to the element 1 and # to the elements 2, ..., 4. The

A by [T in Equation [4] does not depend on the selected parents, because

animals in age classes 2 to ¢ in year  are identical to those in age classes 1 to ¢-
1 in year #1. Hence, Xtﬂ,,‘,) equals the (1:4-1; 1:4-1)-block of matrix A,,,
and t'b A

wopy Ty 10 [4] is calculated from A, and £,. The terms 2 A, and

r,A,pf, 2re affected by selection of parents, where the former term
represents the average relationships among new progeny and the second term

represents the average relationships of new progeny with other older animals
(age classes 2 to ).

In Equation [4], the average relationships in age class 1, Ay, equal the

average relationships of selected parents of year 21, if the average
relationships within a group do not include the relationships of an animal with
itself, as will be assumed in the following. It follows that:

Zf(a,a) = c'tAl At—l ct*l » [5]

where A, = relationship matrix among the animals in year #1; ¢, = vector of
genetic contributtons of amimals in year #1 to age class 1 in year ¢
(conttibutions of animals not selected are 0; and male [female] contributions
sum to '2). Also the term A, in Equation [4] depends on selected parents

in year £-1:

Ay =CaAul [6]

where ¢ A,, = tow vector of average relationships of the selected group
with every individual animal; and the ng X 4 matrix J averages these
relationships of the individual animals within every age class, (ie., the jth
column of J has the # elements that correspond to anitals in age class ; equal
to 1/# and all other elements equal to zero, whete #» = number of animals per
age class).

If the contribution of the population of yeat t to future relationships, (fe.,

£ A,r) is to be constrained, we have to constrain (combining Equations [4],
[3], and [6]):
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nucleus. Genotypes, g, of the base animals were sampled from the distribution
N(0,.3). Dams had up to three records, where the /* record was calculated as
Jj = & + b + ¢, where p; = permanent environmental effect sampled from
N, .2) (p; was identical for all three records), and ¢, = temporary
environmental effect sampled from N(O, .5). Later years were obtained by
simulating offspring genotypes from g = Vg + Yag, + m, where s and 4 denote
the sire and dam of the offspring 7, respectively, and 7, = Mendelian sampling
component which was sampled from N(O, .15).

Table 1. Parameters of the closed nucleus breeding schemes.

Constraint on inbreeding .50 ar .25 %fyr
No. of new progeny per yr (males and females) 256 or 512

Size of unrelated base population 5 x (No. of new progeny)
Nao. of years evaluated 20
Involuntary culling rate of males and females 3
Voluntary culling rate negligible

Age at which females completed lactation records 23and4yr®

No. of test danghters of hulls with unrelated cows outside the noclens Oor 100

Age at which progeny test became available 5y:c®
Reproductive rate of males and female within nucleus unlimited

No. of sires and dams selected in BLUP sclection schemes equal such that inbreeding

constraint holds
Genetic, and permanent and temporary environmenal variances .3,.2,.5

2 When the animals are selected for this information, the offspring are bom 1 yr later (ie., the generation interval is 1
yr longer than the age at which the nformation becomes available)

Note that the variance of the Mendelian sampling effect was not reduced by
inbreeding, (ie., genetic variance is not reduced by inbreeding). Hence,
selection response is expected to asymptote to a constant value over years,
which provides a test whether or not the OC method can maintain a constant
selection response over time. If the Mendelian sampling variance was reduced
by inbreeding, the selection response would decrease over time. This decrease
of the selection response would be confounded with any decrease of the
selection response, when the OC method would not be able to maintain its
initial selection response. One of the goals of the simulation study was to
detect any reduction in selection response over time of the OC method.

The number of offspring that a dam could produce was assumed unlimited,
because of the use of new reproductive techniques such as ova pick up, I vitr
maturation and fertiization (Kruip, & &/, 1994). Hence, one dam could
produce a maximum of 256 or 512 offspring per yr, (e, the total number of

18




Chapter 2

new progeny of the nucleus), but this number is reduced when more dams are
selected because of the inbreeding restriction. A dam was mated to several
sires to produce these offspring, and because mating was at random, 2 random
site was allocated to every offspring of the dam, where every sire had a
probability of 2¢,() of being allocated, where ¢,() was the optimal
contribution of animal Z In order to account for some variability in success of
the female reproductive techniques, the number of offspring that a dam
obtained varied around the optimal number, which is 2 X ¢,(7 X (total
number of new progeny in the nucleus). The vatiation in number of progeny
of dams followed a multinomial distribution with 2, ,(?) being the probability
that dam i produced an offspring.

For comparison, schemes were simulated with selecton for BLUP-EBV,
where every selected bull and dam had an equal probability of producing an
offspring. The number of bulls and dams selected was assumed equal and was
determined by trial and error such that the inbreeding constraint was also
achieved in the BLUP schemes. In BLUP schemes, optimal unequal numbers
of sires and dams can be selected, but finding the optimum BLUP scheme
would require simulation of very many BLUP schemes, {z¢., every possible
combination of a number of sires and a number of dams selected). Because of
the large amount of computer time involved, this optimization was not
attempted. Equal numbers of sires and dams selected seems a reasonable
starting point, because it is in between selecting fewer sires than dams, which
is common in practice, and the selection of more sires than dams, as was
found optimal in closed nucleus schemes with high female reproductive rates
(De Boer ¢f af, 1994).

The inbreeding constraint was either .50 or .25% per yr for both the BLUP
and OC schemes, (z.¢., the desired inbreeding coefficient after 20 yr was .10 ot
.05, respectively). The number of replicated simulations was 50, except for the
large scheme (512 new progeny per yr) with OC selection where the number
of replicated simulations was 25, because of the large amount of computer
time needed for these schemes. Mean and standard errots of genetic levels and
inbreeding levels after 20 yr of selection were calculated for 50 or 25 replicated
simulations.

19



3. RESULTS

In Figure 1, the average genetic level and inbreeding coefficients of the new
progeny are shown with the OC and BLUP methods for populations with 256
new progeny per year and no progeny-testing. In the first year, coancestry
between new progeny was telatively high because the method constrained
average coancestry of the entire population, and the rest of the population was
still unrelated. This also allowed for the latge selection response of the OC-
method during the first year. When new progeny of yr 1, which had a high
genetic level, were available for selection (as parents of new progeny of yr 3),
few animals could be selected from them because they were so highly related.
Hence, new progeny in yr 3 had approximately the same genetic level as those
in yr 1. The same arguments hold for new progeny in yr 2 and 4, and this
explains why the OC method yielded almost no selection response during yr 2
to 4. After these initial years, the method yielded a constant selection tesponse
over years, which shows that the long-term performance of the OC selection
method is as good as its short-term performance. However, this constant
response was only possible because the effect of inbreeding on the Mendelian
sampling variances was ignotred in the simulations. If this effect of inbreeding
had not been ignored, the long-term tesponse would decrease owing to the
reduction of the genetic variance, but it would not decrease more than
expected based on the reduced genetic variance.

G (G,-units) F
2.5 -
0.14
2 0.12
0.1
1.5
- 0.08
1 - 0.06
- 0.04
0.5
- 0.02
0 0

—®— GBLUP —&—G OC — -8 —-FBLUP —%—F QC

Figure 1. Genetic level (G) and inbreeding coefficient (F) for the optimal contribution (OC) and
BLUP-EBY (BLUP) selection of 64 sires and 64 dams. Avcrages of 50 simulations with 256 new
progeny per year without progeny-test of young bulls.
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Table 2 shows the genetic level at yr 20 for the populations that were simulated
with the OC and the BLUP methods. In all simulations, the realized inbreeding
coefficient was around the value to which it was constrained. For the
populations to which 256 animals were born and AF was constrained to .0050
per year, the OC method reached 25% higher genetic level than the BLUP
method without progeny-tests and a 36% higher genetic level when the
populations were progeny-tested. With a constraint on AF of .0025 per year,
these figures were 37 and 44%, respectively. Note that these increases of
genetic gain are partly because the BLUP schemes were not optimized for the
number of sires and dams selected, and they should be seen as an upper limit
for the increase of the response when starting from an optimized BLUP
scheme. In schemes with discrete generations, Meuwissen (1997) found also
that the advantage of the OC method increased when the restriction on AF
became more stringent.

For the larger populations with 512 animals born and AF constrained to .0050
per year, the OC method yielded more genetic gain than did BLUP selection:
16 and 27% for schemes without or with progeny-testing, respectively. Hence,
the advantage of OC over BLUP selection decreased with increasing

population size, and increased when young bulls were progeny-tested. With AF
constrained to .0025, these figures were 29 and 38%, respectively. Again, a
more stringent constraint on the rate of inbreeding increased the extra gain of
the OC method.

Table 3 shows the number of animals selected and the generation intervals
with OC and BLUP selection. At the same levels of inbreeding, the OC
method selected many fewer animals than BLUP selection. This indicated that
OC selection achieved its higher genetic gains by realizing a higher selection
differential at the same rate of inbreeding. Without progeny-testing, the OC
method selected dams more intensely than sires, because this combined the
higher mntensity with the higher accuracy of selection of the cows. De Boer ef
al. (1994) found also that the selection intensity of the dams was higher than
that of the sires when optimizing a nucleus scheme without progeny-testing of
young bulls.

If young bulls were progeny-tested, the OC method selected mainly progeny-
tested bulls, whereas the BLUP method continued to select mainly not
progeny-tested bulls (Table 2). The latter occutred because the best young
bulls had higher EBV than the best progeny-tested bulls in the BLUP schemes,
in which the selection intensity of bulls was not very high and genetic gain was
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substantial, (%.e., the average EBV of young bulls was substantially higher than
that of progeny-tested bulls). In the OC schemes, the intensity of selection of
the bulls could be and was increased, because the longer generation interval
had a decreasing effect on the rate of inbreeding per year. Hence, the OC
method combined the higher intensity with the higher accuracy of selection of
progeny-tested bulls. Because the OC method tock greater advantage of the
availability of progeny-tested bulls than did BLUP selection, its superiority
over BLUP selection was substantially higher when young bulls were progeny-
tested (see Table 2).

Table 2. Genetic level (G) and inbreeding coefficients (F) at yr 20 when nucleus herds were
selected with the optimal contribution method and with selection for BLUP-EBYV. »

Optimal Contribution BLUP
New borns per year Size of progeny test G F G F
(no of animals) (no of records) {op-units) (o -units)

Constraint on AF per year = .0050

256 0 2.52 10 2.01 .10
100 312 08 2.30 .09
512 0 2.83 11 2.43 1
100 3.46 .09 2.73 .09

Constraint on AF per year = .0025

256 ¢ 2,24 .05 1.63 .05
100 2.83 04 1.97 .05
512 0 2.65 05 2,05 .05
100 3.27 .04 2.35 .05

* Results from 50 replicated simulations, except the case of 512 new progeny and optirnal contribution selection when
there were 25 replicates. Standard errors over replicated simulations were .13 to .29 for optimal contribution selection
and .14 to .19 for BLUP schemes. For these schemes, the standard errors of F were .007 to .062 and .007 to .026,

respectively

4. DISCUSSION
4.1. The inbreeding constraint

A dynamic selection rule was proposed for the selection of animals while
restricting the rate of inbreeding in populations with ovetlapping generations.

It was shown that a restriction of the r At term restricted the future increase
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of average relationships in populations with overlapping generations. The
elements of the vector r are proportional to the sum of the expected future
contributions of an age class, which is the largest for young, immature age
classes. Hence, the algorithm accounts for the relationships of the currently
selected parents with the young, immature animals. For instance, consider a
bull with a high EBV, which was selected during the previous years. When

considering the bull again for selection, the r At term accounts for the fact
that the bull alteady has a lot of (immature) offspring and thus has already
contributed much to the population. Also, consider an age class, which is still
expected to contribute about 30% of the offspring next yeat and then die. The
element of r will be propottional to 30% for this age class. Hence, the selection
of the current parents accounts for the fact that this age class will also have to
contribute genes in the next year. For example, if this age class has very high
EBV animals, we cannot use them very heavily because we also have to use the

same animals in the next year. Hence, the constraining of the r A, term

seems to make sense when consideting the selection of individual animals in
populations with overlapping generations.

Table 3. Number of animals selected and generation imtervals at yr 20 with the optimal
contribution and BLUP selection, where numbers selected were chosen to achieve the
inbreeding constraint,

New progeny Size of Optimal Contribution BLUP

per year progeny test Selected Gen. Interval Selected Gen, Interval
sires/dams sires/dams sirea/dams sires/dams

(1o of animale) {no of records) (oo of animals) (years) (no of animals) {years)

Constraint on AF per year = 0050

256 0 19.2 /5.3 27/47 64 / 64 27/33
100 28/45 62/45 64 / 64 3.2/31
512 0 246/53 29/45 80 /80 25732
100 58/27 60/44 80 / 80 31/30

Constraint on AF per year = 0025

256 o 349 /114 2.9 /45 105 / 105 28/33
100 7.6 /101 6.0 /4.4 95 /95 31/31
512 0 429 /140 26/45 130 /130 2.6 /3.2
100 6.4 /9.7 6.0/45 125 £ 125 3.1/31

* Results from 50 replicated simulations, except the case of 512 new progeny and optimal contribution selection
where there were 25 seplicates
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The dynamic selecton rule restricted the inctease of the inbreeding,
(F,~F.,.1). More precisely, we wanted to restrict the rate of inbreeding,

AF =(F,— Fis)/(t= Fi4), but the ptesent level of inbreeding, F.,, was
assumed to be small here. In the simulations, the level of inbreeding after 20 yr
of selection was not very small, but this happened because of the long time
petiod that was considered to test the long-term properties of the method. In
practice, cutrent levels of inbreeding are often small. Otherwise, the constraint

C; of equation [7/B] has to be increased by ZAF(I—.F:—‘I) in year 4, (ie.,
C.=C,142AF(1— F,_))), instead of by 2AF, in order to achieve the desired
rate of inbreeding.

Further it was assumed that the annual inbreeding rate instead of the rate per
generation had to be constrained. The latter does not affect the optimization
when breeding schemes have fixed generation intervals. However, when the
generation intervals are also optimized, a breeding scheme with a short
generation interval and high annual inbreeding rates may have acceptable
inbreeding rates per generation but not per year. In practice, a constraint on
the annual rate of inbreeding seems mote approptiate, because practical
breeders want to limit the inbreeding depression, variance reduction due to
inbreeding, and the risk of the breeding plan, until a time horizon, (%.e, a fixed
number of years and not a fixed number of generations).

From a theoretical and more long-term perspective, a limit on the inbreeding
per generation may be more appropriate, because factors that counteract the
detrimental effects of inbreeding are probably effective on a per-generation
basis. For instance, the genetic variance generated by new mutations is
probably constant per generation, at least if the number of new mutations is
constant per generation number instead of per year, which may be questioned.
Further, the response from natural selection that countetacts the inbreeding
depression of fitness traits is probably constant per generation, although 2
longer generation interval may increase the selection differential of natural
selection because animals have to survive until and reproduce at a later age.

The presented generation intervals are optimized with a restriction on the
inbreeding per year. The inbreeding restriction favors long generation intervals,
because with long generation intervals 1) the number of animals selected per
generation tends to increase and 2) the inbreeding per generation is spread
over mote years. The latter argument holds only when the inbreeding per year
is restricted. Hence, restricting the inbreeding per generation leads, generally,
to shorter generation intervals than when annual inbreeding was restricted.
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4.2. Other constraints

It was assumed that cows could produce as many offspring as required to
achieve the optimized contributions. With new reproductive techniques, such
as ova pick up, 7z zitro matutation and fertilization (Kruip ¢ 2., 1994), this may
be possible, at least in small nucleus herds. If reproductive limitations restrict
the maximum contribution that a cow can achieve, additional constraints
apply: ¢; <cma for all cows, where ¢; is the optimal contribution, and ¢q.x is
the maximal contribution of a cow and is based on the maximum number of
offspring from one cow. Meuwissen (1997) provided some approximations to
deal with such additional constraints. The optimal solution requires allocating
maximum contributions to some cows and smaller contributions to othets,
which is a large combinatorial optimization problem if the number of cows is
large.

4.3. Cost factor methods and overlapping generations

The optimal contribution method can also be used to restrict the varance of
the selection response, (r.., 2 component of the tisk of the breeding scheme),
In this case, the A matrix is replaced by the prediction error variance matrix of
the EBV (Henderson, 1984). Average relationships of age classes are replaced
by prediction etror variances of average genetic merit of the age classes. If
inbreeding and the variance of the selection response are to be restricted, the
alporithm needs to be extended so that it can deal with two quadratic
constraints instead of with one.

For discrete generations, the algorithms of Wray and Goddard (1994) and
Brisbane and Gibson (1995) select the group of parents with maximum

EBV-£A,

where EBVand A are the average EBV and relationship of the selected
parents, respectively, and £ is the cost factor of the average relationship.
Meuwissen (1997) used the Lagrangian multiplier method to determine a cost
factor k so that the desited rate of inbreeding is achieved. With overlapping
generations, the cost factor would apply to the average relationships among the

animals in the next year, (e. to the t At term). Hence, the Wray and Goddard
(1994) and Brisbane and Gibson (1995) algorithm is extended to ovetlapping

generations by maximizing

EBV-krA,r
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of the selected parents, where r A,r is decomposed as in Equation [4]. The

distribution of selected parents over age classes is optimized as described in
section 2.3.

4.4. General remarks

The computer time required was about 30 min CPU per year of a replicate on
an Alpha 500 workstation, when the population size was 512 new progeny per
year, which yielded about 1700 selection candidates. This was about 8 times
longer than with 256 new progeny per vear, (ie., half the size of 512 new

progeny), and suggested that computer time was proportional to #” , where # is
the number of selection candidates. The matrix inversions that were required

to calculate the optimal contributions, could explain this propottionality to 7,

because the computer time required to invert a matrix 1s proportional to e
(Press er al, 1989). Hence, computer time may be large in practical schemes
with many selection candidates, but it does not seem to be prohibitively large.

In a conference abstract, Grundy e 4/ (1997) presented a similar selection rule,
but did not optimize the distribution of the parents over the age classes.
Recently, they developed an alternative method for this optimization (B.
Grundy, Personal Communication). The methods will be compared in a
subsequent paper. The presented selection rule was compared with BLUP
selection, in which the numbers of selected animals had to be predefined, (z.e.,
BLUP selection is not a (completely) dynamic rule) (Goddard and Howard,
1994). The extra selection response at the same rate of inbreeding increased
when populations became smaller and inbreeding restrictions became more
stringent. Hence, the selection rule is especially useful when the population size
is small relative to the required rate of inbreeding. Whether the optimal
contribution selection is useful in practice depends on the size of the
population, but at a nucleus size of 512 new progeny per year, (#e, £ 1700
nucleus animals), optimal contribution selected yielded 16 to 38% more genetic
gain than BLUP selection. However, part of this supetiority of the OC scheme
is becaunse the BLUP selection schemes did not select unequal (optimal)
numbers of sires and dams, such that the increased responses should be seen
as upper limits for the superiority of the OC schemes.
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4.5, Implications

A dynamic selection rule was developed that maximized the selection response
at a predefined rate of inbreeding in populations with overlapping generations.
At the same rates of inbreeding, the dynamic rule yielded up to 44% more
selection response than selection for BLUP-EBV. The superiority decreased
with increasing population sizes and with increasing rates of inbreeding. The
dynamic selection rule is most useful in small selection schemes where
relatively low rates of inbreeding are desired.
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APPENDIX

The Lagrangian multipliers A and A, in Equation [8] are derived by Meuwissen
(1997) and, when adopted to the optimization problem of Equations [7], are:

1=(Q A, Q)" lQ AL (EBV,,-21,A,T5)-248]

A= “EBV. R EBV,,
" K+nd A RALIG -S(QALQ) s <25 (QALQ)" Q Iy,

where R = (A:l - A:1 Q (Q'A:,Q)-1 Q'A:I )/ r’ and K=C,— T, K:@.b) Iy
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ABSTRACT

Methods that maximize genetic response in populations with overlapping
generations while controlling rate of inbreeding by constraining average
relationship among selection candidates were compared. Firstly, computer
simulations of closed nucleus selection schemes showed that a two-stage
optimization algorithm apptroach, where the distribution of pareats within and
thereafter over age classes was optimized resulted in different breeding
schemes than an approach that performed iteration on this distribution. It
yielded significantly lower annual genetic gain (194 versus .223 5, units),

fewer animals selected (21.9 versus 26.4) and longer generation intervals (2.38
versus 1.68 years), but maintained the rate of inbreeding closer to its
constraint. In large schemes, iteration may be computationally the only feasible
method for the optimization of parents across age classes. Secondly, the use of
conventional relationships for constraining inbreeding was compared with that
of angmented relationships, which do not depend on the level of inbreeding.
Both relationships resulted in very simnilar breeding schemes, but the use of
augmented relationships avoids correction of the cutrent level of inbreeding.
Thirdly, a constraint of the rate of inbreeding on a per year basis was
compared with 2 constraint on a per generation basis. When optimising per
generation, the generation interval was shorter compared with a scheme where
an analogous annual restricton was in place (2.01 versus 2.38 years) and the
annual rate of genetic gain was higher (214 versus .194 4, units).

1. INTRODUCTION

Recently, selection methods that maximize genetic gain while inbreeding is
constrained have been developed for discrete generations (Wray and Goddard,
1994; Brisbane and Gibson, 1995; Meuwissen, 1997; Grundy &7 @/, 1998). They
are called Optimum contribution (OC) methods because they optimize genetic
contribution of current generation to future generations (Meuwissen, 1997).
The method of Meuwissen (1997) was extended to populatdons with
overlapping generations by Meuwissen and Sonesson (1998), referred to as
OCl1, and by Grundy e @/ (1997 and 2000), referred to as OC2. These two
methods optimize genetic contributions over age classes. There are three main
differences between OC1 and OC2. Firstly, OC2 uses Meuwissens (1997)
algorithm to find optimum contributions within age classes and the annealing
algorithm (Press ¢ 4/, 1989) to find the global optimum contributions over age
classes. OC1 uses Meuwissen’s algorithm to find optimum contributions
within and over age classes. With OC1, distribution of parents over age classes

E) |




is calculated by iteration. Secondly, OC2 uses an augmented relationship matrix
(Grundy ¢f 4/, 1998) instead of the conventional relationship matrix, which is
used by OCI1. Augmented relationships are larger than conventional
relationships, because they do not account for reduction of Mendelian
sampling variances due to inbreeding. Thus, augmented relationships do not
depend on current level of inbreeding. This difference between the two
relationship matrices affects how the constraint on inbreeding is implemented.
OC1 constrains the absolute increase of inbreeding (F; 11— F :), which can be

adjusted to obtain a constant rate of inbreeding, ie. F,, —F,=AF (1-F,),

where F, is inbreeding in year # and AF is rate of inbreeding. Since the
augmented relationships are independent of F, the {(1—F,) correction in the
above constraint is not needed in OC2 and so AF is constrained directly. A
third difference between the methods is that OC2 can be used to restrict AF
per generation or per year, whereas OC1 restricts AF only per year.

The aim of this paper is to compare how differences between OC1 and OC2
affect breeding schemes, with particular emphasis on AF and rate of genetic

gain (AG), generation intervals and number of animals selected in populations
with overlapping generation structure.

2. MATERIAL AND METHODS

2.1. General optimization of contributions

The selection method OC1 was described in detail by Meuwissen and
Sonesson (1998) and OC2 by Grundy e 4/ (2000) and here only an outline of
OC1 and the main differences between OC1 and OC2 are given.

In a population, the annual increase in inbreeding, AF (1 -F ,_,) , equals half the
increase of the average relationship. Hence, animals in year # should be selected
such that the average relationship of the population in year (#+7) does not
exceed the constraint:

C,,=C,+20F1-%C,), 1]

where AF is the desired rate of inbreeding and Y2C, represents approximately
the level of inbreeding, I. The average relationship of the population is
defined as the average relationship between all possible pairs of individuals in
the population including the relationship of each individual with itself.
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In discrete generations, AF can be controlled by constraining the average
increase in the relationship of new bom progeny through constraining the
average relationship of their parents. Relationships between the progeny have
to be constrained because all future genes will derive from this progeny
population. With ovetlapping generations, all animals up to and including
maximum teproductive age have the potential to carry genes of future
generations and so there is a need to consider also young age classes that are
not yet reproducing when selecting. The long term contribution of age class i
to the future gene pool, 7, was derived by Hill’s (1974) gene flow method. The
#; will serve as a weight for the relationships within that age class (Meuwissen

and Sonesson, 1998). It equals tAt  whererisa {g X 1) vector of weights (g
= number of age classes), A is a (7 X ¢) matrix of the average relationship

between the age classes. Now r A,z of all age classes can be split into three
terms:

ff/_411+2f1K1212+r;K22[2) [2-A]

a4 A
where A = [ Au:l and r=[r’]

A Ay 2
and subscripts 1 and 2 denote new progeny and older animals respectively (r, =
weight of new progeny age class, £, 1s a ((¢-1) X 1) vector of weights of older

age classes), Zu= average relationship of age class one, A, = average

relationship between age class one and older age classes, A= average
relationship between older age classes. The first term (77 A,,) involves the

average telationship between new progeny, the second term (r, Ay, 1,) involves
the relationship between old animals and new progeny and the third term
(r,Az r,) between old animals. The r, A, r, tetm is not affected by current
selection since old animals are alrcady born, The average relationship matrix

among new progeny is:

A =cAc [2B]
1

and the average relationship of new progeny with older animals is:

A =cAJ, [2C)
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where c is a (# X 1) vector of contributions of selection candidates to new
progeny (7= number of selection candidates); A is a (# X #) relationship matrix
of the selection candidates and J is a (# X 4) matrix that averages individual
relationships to average relationship per age class.

Combining [1] and [2A to 2C] yields a restriction on the average relationships
in a population with overlapping generations:

CmsSriaAct2rcAJntn,A, 1, [3]

where the value of C,;is calculated by Equation [1} and subscript # refers to
year £ The optimum always lies at the border of the solution space, so the
smaller or equal sign in Equation [3] may be replaced by an equal sign.

The product of the vector of contributions for selection candidates in year 4 c,,
and the vector of breeding values in year /4, represents the weighted average
genetic merit of the selected group of candidates and thus of their progeny:

G,=c,EBV, , 4

where EBV | is a vector of estimated breeding values of selection candidates in
year /.

The algorithms optimize ¢, such that G, (in Equation [4]) is maximized under
the restriction imposed by Equation [3] and Equation [5]:

Qc,=s, [5]

where, in OC1, Q is 2 (2 X #) design matrx indicating sex of the selection
candidates and s is a (2 X 1) vector of halves; ie the restriction [5] ensures
that for the optimization procedure, the sum of contributions of each sex
actually sum to .5. For OC2, the contribution of each sex within each age class
is restricted to a predefined value indicated in 8. The contribution of each sex
within each age class, s, is optimized with the annealing algorithm. Herte, Q is 2
{24 X n) design matrix indicating sex within age class of every animal.

2.2. Annealing versus iteration method

Weights of the age classes, t;, are calculated from the distributions of patents
over age classes and determine the long term contribution of the age class
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