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Wei M., 1992, Combined crassbred and purebred selection in animal breeding. The aim
of this thesis is to study the selection methods to optimize genetic response in crossbreds by |
combining both crossbred and purebred information in selection. (1} The locus model study
clarified theoretically the meaning and use of genetic parameters related to crossbreds, which
are generally not a function of parameters in parental lines. (2) Additive and dominance
variances were estimated for egg production traits using linear mixed models and a restricted
maximum likelihood. Sire-dam model, additive animal model and dominance animal model
were compared in estimating heritability. (3) A combined crossbred and purebred selection
method (CCPS) was developed to optimize crossbred response. The method was compared
with the pure line selection and crossbred selection methods. Robusiness of the method against
inappropriate values of genetic parameters was studied. A linear mixed model was presented
to apply CCPS. (4) The application of CCPS in animal breeding was extensively discussed.
Doctor Thesis, Department of Animal Breeding, Wageningen Agricultural University,
P.O.Box 338, 6700 AH Wageningen, The Netherlands.
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STELLINGEN

To obtain genetic progress in crossbreds, combined crossbred and purebred
selection (CCPS) is always more optimal than pure line selection (PLS) or
reciprocal recurrent selection (RRS).

This thesis

Most models for analysis of crossbred data incorrectly assume that variances and
covariances related to crossbreds are a linear function of variances in the purebred
populations.

This thesis

In contrast to the statement of Pirchner and Mergl (1977), the genetic correlation
between purebred and crossbred performance (r,.) can be smaller than unity in case
of partial dominance.

Pirchner and Mergl, I. Anim. Breed. Genet. 94:151

To optimize the genetic progress in crossbreeding systems, the breeding goal
should be based on the breeding values for purebred, as well as for crossbred
performance.

This thesis

Selection for litier size in crossbred pigs should be based on combining selection
for high ovulation rate at the level of parental populations, with selection for high
survival of the crossbred embryo.

The availability of genetic markers increases the value of genetic conservation for
animal improvement.

In the expression of a quantitative trait the interaction among genes is unjustifiably
ignored in studies searching for the effect of quantitative trait loci.

Making a decision is easier than providing alternatives. However, the people who
make decisions are often more rewarded than those providing alternatives.

There is no paradise uniess you make one for yourself.

You can enjoy a grander sight, by climbing to a greater height.
Wang Zhihuan (Poet of Tan Dynasty)

M. Wei
Combined Crossbred and Purebred Selection in Animal Breeding.
Wageningen, The Netherlands, 14 December 1592,
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General Intfroduction

Ming Wei

Department of Animal Breeding, Wageningen Agricultural University,
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The aim of this thesis is:
"to study the selection methods to optimize genetic response in crossbreds
by combining both crossbred and purebred information in selection.”




General Introduction

Ming Wei

Department of Animal Breeding, Wageningen Agricultural University,
P.O.Box 338, 6700 AH Wageningen, The Netherlands

Crossbreeding is intensively applied to produce commercial animals in almost all
species of livestock, especially in poultry and swine (Arthur, 1986; Lasley, 1987; Legates,
1988). The advantage of using crossbreds is mostly based on the appearance of heterosis
which is a general phenomenon for most commercially important traits (Orozco, 1986).
Moreover, crossbreeding enables to combine different traits from more than one population
(Smith, 1964; Moav and Hill, 1966). Based on the fact the final commercial products are
crossbred animals, it is believed that the breeding goal should be set at the level of crossbred
performance rather than purebred (Comstock, 1961; Orozco, 1986; Hartmann, 1992).
However, most selection methods are optimal for improving animals within purebred
populations (Legates, 1988). Genetic evaluation in crossbreeding systems may not be optimum
if it relies on purcbred selection theory.

In the analysis of data on crossbreds, attention has been primarily paid to the additive
breed or line effects, and an interaction between lines as heterosis or recombination. The
relevant theory on analyzing crossbreeding experiments and genetic effects is well presented
by Dickerson (1973), Hill (1982) and Kinghorn (1982). Relatively, little attention has been
given to genetic variation within a line for the crossbred performance, i.e., for the breeding
value of animals that are crossed to other lines.

Two selection methods to improve crossbred performance in animal breeding have
generally been used, (1) pure-line selection (PLS) which uses information from purebred
animal and/or their relatives within populations, and (2} crossbred selection (CS), such as
recurrent selection (Hull, 1945) and reciprocal recurrent selection (RRS) (Comstock et al.,
1949). These methods uses crossbred progeny or crossbred sib information as selection
criteria. However, selection methods for optimizing crossbred improvement by using both
purebred and crossbred information have rarely been studied.

The genetic improvement with regard to crossbreds is characterized by the utilization
of both additive and non-additive variances in traits. Therefore, to obtain a maximum genetic
progress in crossbred performance, both kinds of genetic variance have to be exploited
efficiently (Siegel, 1988). There is a marked difference between pure line selection and
crossbred selection methods in utilizing the genetic variances. Under a PLS program,
purebred animals are improved by efficiently exploiting additive variance. Through PLS the
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breeding goal aims at improving purebred performance within populations and crossing these
populations causes an amount of heterosis which has not been selected for. Theoretically, a
PLS scheme can maximize the purebred response. In fact, the success of this approach in
practice has always been with the continuous utilization of additive variance. However, both
theory and experiments have failed to prove that PLS can maximize crossbred response fif
non-additive variance is involved (Bell, 1982; Hill, 1971). For example, in some experiments
RRS effectively improved crossbred performance when the purebred lines did not respond to
PLS any more (Kojima and Kelleher, 1963).

The CS method was designed to maximally exploit both general and specific
combining abilities (Comstock et al., 1949). Orozco and Bell (1974) showed that the CS can
exploit nonadditive variation better than PLS. The crossbred animals were faster improved
than the purebreds through a RRS scheme (Saadeh et al., 1968). The experiments on
comparison of PLS with RRS methods have shown that most experiments were in favour of
PLS when comparisons were based on the crossbred response (Bowman, 1959; Bell, 1982).
However, several shortcomings of RRS are known and they are not always due to inefficient
selection but moreover a result of the design of selection program. For example, a progeny
test is mostly used resulting in a longer generation interval and realised selection intensity for
CS is often not equal to PLS given a limited number of total progeny.

This thesis starts with a critical review on theoretical and experimental comparison of
pure-line selection with reciprocal recurrent selection systems and the emphasis will be on the
reasons why different selection schemes have different effects on crossbred animal
improvement (Chapter 2).

Combining purebred and crossbred information seems to be a logical way to achieve
maximum genetic progress in crossbreds. However, a method with optimal weighing both
types of information to maximize crossbred progress has not been established. In poultry
breeding, both crossbred and purebred information are used to some extent to achieve genetic
progress of crossbreds under crossbreeding systems (Arthur, 1986 and Flock, 1988), for
instance by means of independent culling. But, this method has no properties of optimality.

Still, several aspects of such an "optimal" procedure are unanswered. For example,
to optimize crossbred response to selection, genetic parameters related to crossbreds should
be known. Some selection experiments have demonstrated the difference between purebred
and crossbred parameters. For instance, the crossbred and purebred heritabilities were not
equal (Louca and Robison, 1967; Pirchner and von Krosigk, 1973). To obtain a better
theoretical understanding of reasons for such differences, a locus model was used to study the
genetic parameters related to crossbreds (Chapter 3 and 4). Chapter 3 aims at developing
knowledge on the sire component of variance in crossbreds, the heritability for crossbreds,
the genetic covariance between purebred and crossbred half-sibs, and relationships among
these parameters. Chapter 3 concentrates on how the dominance effects and gene frequencies
in parental populations influence the genetic correlation between purcbred and crossbred
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performance (r,.).

The increasing value of crossbred information in relation to purebred information is
greatly dependent on the nonadditive variance. In Chapter 4, the dominance variance is
estimated for egg production traits in poultry using a restricted maximum likelihood (REML)
method to allow for data on several generations. The estimates of dominance variance were
compared with crossbreeding parameters, e.g., r,, heterosis, and inbreeding depression, to
test the theory on dominance. Also, three models (i.e., sire-dam model, additive animal
model and dominance animal medel) are compared in estimating heritability in order to
examine the effect of dominance on heritability estimation.

In chapter 5, selection index theory is applied to establish a combined purebred and
crossbred selection method (CCPS). It aims at solving the problem how to construct a
selection index for a CCPS scheme once both purebred and crossbred information, and
relevant genetic parameters are available. The CCPS is compared with PLS and CS methods
in terms of crossbred response under different circumstances. Moreover, it is studied how
robust the methods are against inappropriate genetic parameters, because an objection against
using combined information might be that the crossbred parameters are unknown or not
estimated very precisely and accurately.

In the final chapter (Chapter 7), implications of the CCPS methods for practical
crossbreeding programmes were thoroughly discussed. Some relevant problems which have
not been solved in this study and some prospects for applications of the results on this topic
were presented. In the appendix, an animal model applying mixed model methodology was
given for an implication of the proposed genetic evaluation method when data is on several
generations,
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"Maximum selection response in crossbreds may be obtained only
when proper weighing parameters are given to purebred and crossbred
performance in a selection index designed to aim at the best hybrids."



Comparison of Reciprocal Recurrent Selection
with Pure-line Selection Systems
in Animal Breeding (a review)

Ming Wei and H.A.M. van der Steen

Department of Animal Breeding, Wageningen Agricultural University,
P.0.Box 338, 6700 AH Wageningen, The Netherlands

I. ABSTRACT. Comparisons between reciprocal recurrent selection (RRS) and pure-line
selection (PLS) in both theory and experiments were reviewed. The relative importance of
additive and non-additive genetic variance is important to predict the effectiveness of RRS and
PLS. RRS is more efficient than PLS to improve a heterotic trait. RRS obtains its highest
selection response when overdominance genes exist. On the other hand, PLS is belter than
RRS to improve a trait whose heritability (h?) is high. The genetic correlation between means
of purebred and means of crossbred half-sib (r,.) is a reliable indicator for evaluation of RRS
and PLS. The experimental comparisons are basically in agreement with theoretical results.
PLS is better than RRS to exploit additive variance, while RRS, which makes use of both
additive and non-additive gene effects, is more efficient to exploit non-additive variance. A
RRS scheme is very suitable for a Iong-term selection programme. During the initial
generations of RRS, selection response is usually low. After the “lag" period, RRS gain will
be faster. Experiments showed that RRS always obtained higher selection response than PLS
in an adverse environment. Modified RRS schemes have some advantages over RRS. An
important point is that PLS and RRS are not contradictory but complementary selection
methods. Thus, the combination of them is expected to be successful. Some forms of the
combination and their merits are discussed here. It is concluded that the optimal selection
response may be obtained only when optimal weighing parameters are available for the
purebred and crossbred performance in a selection index.

. INTRODUCTION

The reciprocal recurrent selection procedure (RRS) was proposed by Comstock et al.
(1949) for using specific combining ability in plant breeding. It was introduced into animal
breeding by Bell et al. (1950). Since then, many RRS experiments have been done in animals,
including laboratory animals (Drosophila, Tribolium and mice) and domestic animals (poultry
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and pig). The main objective of the experiments was to determine the effectiveness of
selection based on (1) crosshred progeny performance in RRS and (2) purebred performance
under pure-line selection (PLS). The results have been rather conflicting. Although slightly
more comparisons were in favor of PLS, results did not indicate that PLS is a better method
in general, as RRS is significantly more efficient in exploiting non-additive variance in
selected traits.

Today, when almost all commercial breeding animals are highly selected under PLS,
crossbreeding to exploit non-additive variance can be more important (Barker, 1974). Legates
(1988) pointed out that the utilization of hybrid vigor has been a major component of applied
breeding programs. Especially, Arthur (1986) pointed out that modern breeding systems in
poultry generally use reciprocal recurrent selection or some modifications of that system to
improve the performance of the cross.

Bowman (1959), King (1971}, Bell and Moore (1972), Bell (1982) and Sellier (1970 and
1982) reviewed crossbreeding, including experiments on RRS. However, the studies oﬁ
comparing RRS with PLS have not been comprehensively reviewed. Therefore, the present
paper will focus on the comparison of RRS with PLS systems, in theory and practice. The
merits existing in the two selection systems, and some possible further studies to improve
them, are discussed.

II1. SELECTION METHODS

Before discussing the comparison of PLS with RRS, several selection methods concerned
will be described.

1. Pure Line Selection

PLS can be defined as selection based on the performance of individuals (and/or relatives)
within a certain population (Legates, 1988; Siegel, 1988). PLS used in animals includes
independent culling, mass selection, family selection, progeny testing, index selection and the
BLUP method. As a breeding system, PLS is frequently combined with line (strain or breed)
crossing (Legates and Politiek, 1971; Cahaner and Siegel, 1986).

2. Recurrent Selection

Recurrent selection for specific combining ability (RS) was proposed by Hull (1945 and
1952), and is basically a system of progeny testing. It involves (1) a segregating population
and (2) a constant tester line. The segregating population can be a breed, strain or line. The
constant tester might be an inbred line or a single cross of two inbred lines. Both males and
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females from the segregating population are crossed to the constant tester. Selection is based
on performance of the test-cross progeny. Proven males and females of the segregating
population are mated together to reproduce the population. Selection may be continued until
individuals of the segregating population uniformly combined well with the tester line.

In animal breeding, RS is not practicable, as it involves maintaining a tester line without
selection. There are only quite rare reports about its use in animals (Andrews and Stephenson,
1970; Bell et al., 1955; Bowman, 1959 and 1962; Hansson and Lindkvist, 1962; Hupp,
1977).

3. Reciprocal Recurrent Selection

In general, RS has been replaced by RRS (Comstock et al., 1949) to select for specific
combining ability. RRS was an extension of RS. Application of RRS to animals was first
discussed by Bell et al. (1950) and Heisdorf (1950). RRS differs from RS only in that
segregating populations (A and B) are utilized on both sides of the cross, The selection of
purebred animals is based on the performance of A*B (and/or B*A) hybrids. Selected
individuals are mated at random within each population to form new A and B populations.
RRS is a kind of progeny-testing system and each selection cycle covers 2 generations
(Comstock et al., 1949; Jull, 1952).

4. Modified RRS Methods

Because RRS did not achieve the goals expected in theory, some modified RRS methods
were developed improve it by shortening generation interval, using purebred performance or
considering environmental effects (Sellier, 1982). Main types of them are described below.

(a). Half-sib RRS scheme (HS-RRS). HS-RRS is suggested to shorten selection interval.
Under HS-RRS, selected pure-line animals produce the next purebred generation and the
crossbred progeny simultaneously. The selection is based on the performance of half-sib
crossbred. Sclection cycle takes only one generation.  (b). M-RRS. M-RRS is based on the
mean performance of purebred and crossbred animals in order to use both purebred and
crossbred information. Krehbiel et al. (1971a and 1971b) and Hetzer et al. (1977) carried out
M-RRS experiments.

(c). PC-RRS. PC-RRS is based on purebred and crossbred performance in two-stage
selection with independent culling levels for purebred and crossbred progeny performance.
The purebred selection in PC-RRS precedes each cycle of crossbred selection (Brown and
Bell, 1980). Schnell (1961) also suggested the scheme.

{d). Environmental RRS (E-RRS). A significant higher selection response in stress
environments from RRS than from PLS has been described (Krause et al., 1964; Kincaid and
Touchberry, 1970; Orozco, 1974; Barlow, 1981). E-RRS is based on the mean performance



12 Chapter 2, Ming Wei and H.A.M. van der Steen

of crossbred and purebred in an adverse and optimal environment respectively (Orozco,
1974). Moreover, Moreno-Gonzilez (1986) suggested a method called dual-environment RRZﬁ(L
(DE-RRS). Progeny from line A and B are evaluated in two different environments., DE-RRS
would provide a wider range of genes under selection if different sets of genes were operating
in different environments.

(5). Others. Moreno-Gonzalez and Grossman (1976) proposed a modified RRS scheme
in order to use overdominant gene effects.

IV. THEORETICAL COMPARISON OF RRS WITH PLS

The first theoretical comparison of RRS with PLS was made by Crow (1953). Later,
Griffing (1962), Hill (1970), McNew and Bell (1976) and some others compared the two
systems with respect to genetic gain and selection limits. In general, two models described
below were used in the comparison.

1. One Locus Model

The study was based on a simple model of a single locus with two alleles with specific
degree of dominance. Gene epistasis and linkage are not relevant in the model. Here the
comparison model proposed by Hill (1970) will be described.

Considering an autosomal locus with alternative alleles A, and A,, the average genotypic
values of A A, and A,A, were assumed to be a, and a,, respectively. The frequency of A,
is q, and q’ is defined as a,/(a, +4a,). Since only differences in genotypic value are important,
the genotypic value of heterozygote is assumed to be a = a,+a,. There are,

Genotype AA, AA,; AA,
Genotypic value  (a,+a,)-3, a,+a, (a,+ay)-a,
= aq’ a a(l-q")

The alternative types of gene action can be summarized as follows,

A, overdominant NN<g <l

A, completely dominant over A, q'=1

A, partially dominant over A, l<g’ <o

Additive q'— oo (but aq’ is finite)

A, partially dominant over A, -00 <q’' <0
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A, completely dominant over Al q =0
A, overdominant 0<q'<1/2

If truncation selection is practised on individual phenotypes in a large single population,
the change in gene frequency in one generation is, approximately,

D, = —2a(1-q) (a-a’) [1)

where i is the selection differential in standard units and o is the phenotypic standard
deviation. Formulae similar to equation (1) have been derived by various authors, notably
Comstock et al. (1949), Crow (1953), and Griffing (1960). Equation (1) holds only if gene
effects are small such that terms in (a/6)* can be ignored relative to a/o for w> 1. If progeny
testing, for example, is practised in a pure line, the response becomes,

1ia

(1-q) (g-g9) (21
2 O

D, =

where o; is the standard deviation of progeny test means. More generally, the response will
be proportional to the average of i/a; for two sexes, if, as is probable, they are not tested with
exactly the same design. The relative response with different schemes, such as individual
selection and progeny testing is well known (Falconer, 1981). The formula can be simplified
below if s = ia/e;. s may be regarded as a selective value.

D, = -2sq(l-g) (a-a’) (3]

In a RRS scheme, the individuals with the highest average crossbred progeny test are
assumed to be chosen as parents of the next generation. Two populations X and Y are
assumed; p and q are the frequencies of allele A, for X and Y, respectively; r and s are
respective selective values (i.e. the mean over sexes of ia/oy). Predictions of changes in gene
frequency in a RRS programme have been given by Comstock et al. (1949) and Dickerson
(1952). The changes in gene frequency will be,

Population X: D, = --;'—rp(l—p) {g-a”

(4)

Population Y: D, = —%sq(l—q) (p-a"

In a RRS programme, r and s are expected to be equal, but this would not be the case if
no reciprocal crosses are made. When comparing PLS with RRS schemes the selection value,
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s, may not be assumed to be the same for both systems because the selection intensities may
not be the same. |

If random mating is practised between individuals of both strains, the mean, u, of thL
crossbred progeny for the quantitative trait is:

g =all-g/(1-a’ - (p-a”) (g-q") ] (5]

This mean is maximized with overdominance if p=1 and q=0 or vice versa, with complete
dominance of A, if p=1 or q=1, and with partial dominance or additivity if p=q=1. The
change in the mean with one cycle of selection is:

D, = ~al{g-q))D,+ (p-q")D,+D,D,] (6]

Thus, if the product term DD, is ignored, which should introduce little error if changes in
gene frequency are small each generation, the responses to a single cycle of selection for the
alternative schemes are as follows,

System DH

PLS 3 (p-a’) (g-q/) [rp(1-D) +sq(1-)]
RRS % [xp (1-p) (g-g/) 2 +sq(1-q) {(g-g’) 2]

In the PLS system, selection is carried out independently in the two populations, and r and
s refer to population X and Y, respectively.

After the theory above is expanded to finite populations, the comparison of two methods
is made in terms of the parameters Mr and Ns (mainly the case Mr=Ns was studied) where
M and N are the effective population sizes for X and Y, respectively. Conclusions
summarized by Hill (1970) were: (1) with complete dominance RRS is more effective than
PLS; (2) with partial dominance RRS and PLS have similar efficiency; and (3) with
overdominance PLS is not useful and RRS is much better than PLS,

2, Quantitative Genetic Theory

Comparisons between RRS and PLS from Griffing (1962), McNew and Bell (1976) and
Bell (1982) are summarized here. Assuming equal selection intensity and equal phenotypic
variance among purebred and crossbred lines, the formulae to compare RRS with PLS in
selection gain are,
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z 2
Oax1 * Oaxz nd (7]

Comparison 1: )
(0§p1+0§p2)/2 nd+n+2

oixl + Uixz nd ) [8])
Cov, +Cov, nd+n+2

Comparison 2:

where, ¢*,, = additive variance in purebred; (Cov); = covariance of additive effects of alleles
between purebred line i and crossbred; (¢%,,); = variance of additive effects of alleles in
crossbred contributed by line i; n = number of offspring in purebred full-sib family; d =
number of purebred dams mated to a male; i = purebred population 1 or 2.

Comparison 1 is a direct comparison of purebred response to PLS with crossbred response
to RRS. In the case of purely additive gene action, 2¢%, and ¢?,, are equal for any population
and PLS excels over RRS, which reflects the increased efficiency of family selection over sib
selection. When mass selection is applied in addition to family selection, the superiority of
PLS over RRS is increased even more (this happened in the Tribolium experiment of Bell and
Moore, 1972). When non-additive gene effects are present, the ratio of 242, to o%,, is
primarily a function of previous selection history. With unselected base populations, ¢%,, and
20%,, are not greatly different, and PLS frequently excels in early generations. But when 2¢%,,
become significantly larger than o°,,, the outcome favors RRS as happened in the experiment
of Orozco and Bell, 1974,

For the comparison of RRS with PLS for crossbred selection response, comparison 2 is
applicable. In this case, the covariance between purebred and crossbred (Cov) becomes of
major importance. For a simple case of additive gene action, 2Cov is equal to ¢%,, and PLS
excels as for comparison 1. However, when non-additive gene effects exist and population
1 and 2 do not have identical gene frequencies, Cov will be smaller. It is obvious that Cov
term does not need to be negative, as for over-dominance, for RRS to excel over PLS. When
Cov becomes negative, RRS certainly excels over PLS (Bell, 1982).

Another comparison formula is described by Sellier (1982) as,

BLS _, 1p e hy 191
RRS i, t, Bh,

where, PLS/RRS = ratio of "correlated” response in crossbred from PLS to "direct" response
from RRS per year; 1, = purebred and crossbred genetic correlation, and the method to
estimate 1, is proposed by Henderson (1953); i, and i, = selection intensities in PLS (p) and
RRS (¢), respectively; t, and t, = selection generation intervals in PLS and RRS respectively;
2h, and h, = square roots of heritability in purebreds and crossbreds; « and § = coefficients
depending on specific methods used as PLS and RRS, respectively. For example, ¢ is simply
equal to 1 when mass selection is applied in PLS. If RRS is based on progeny testing males
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with n crossbred offspring (paternal half-sibs) per sire, 8 is given by {n/[4+(n-1)h’J}*.

Among the 9 parameters to determine PLS/RRS, three (r,., h, and h,) strictly depend on
the penetic properties of the trait in particular populations. If assuming o = 1, 8 =
V{n/[4+ -]}, t/t, = 2, h, = h,, and i, = i, formula (9) becomes,

PLS _ ,, | [4+(@-1)hd] (10}
RRS pe n

PLS/RRS depends greatly on r,.. When r,, is near 1, PLS/RRS is larger than one and PLS
usually is better than RRS (Dunn et al., 1970; Standal, 1968). When 1, is low or even
negative, RRS will be more efficient. The last part of the formula, V[4+(n-1)*h2]#/n, is
favorable to RRS when n is large.

Comstock (1961) proposed a comparison formula which is,

PLS _ h& COVipe [11)

RRS i, 0, &2,

where, i, i, and PLS/RRS have the same meaning as in formula 9; ¢, and ¢, are phenotypic
standard deviation of individuals in purebred and crossbred population, respectively; &%, is
the sire component of variance in crossbred progeny; Cov, is the sire component of
covariance between purebreds and crossbreds. Comstock (1961) suggested i /i, between 0.4
and 0.8, being larger when population size is large. The formula has been used by Stanistaw
et al. (1967) and Wong et al. (1971),

3. Selection Limit

The selection limits on RRS and PLS are also important for breeders. Under a single locus
model with two genes (A, and A,), the efficiency of RRS and PLS at the selection limit in
crosses is strongly determined by the level of dominance and initial allelic frequencies in the
two lines, When dominance is zero, partial or complete, the effect of RRS as well as PLS is
to lead both lines towards fixation for the favorable allele, A,. They have the same selection
limit (Bell et al., 1952), On the contrary, at loci with overdominance effects, the frequencies
of favorable alleles tend toward fixation in one purebred line and toward zero in the other
under RRS. For overdominance loci, frequencies of heterozygosis tend to move toward one:
in crossbred progenies (Comstock et al., 1949). The selection limit under RRS is reached
when lines 1 and 2 are fixed for the A, and A, alleles, respectively. The selection limit under
PLS is still the fixation for the A, in lines, or the maintenance of a certain frequency of gene
A, and A, in both lines.
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4, Epistasis

Epistatic gene effects (nonallelic interaction effects) sometimes are involved in discussing
the comparison of RRS with PLS. With epistasis, the frequencies of alleles in the entire
interacting system in two purcbred lines are changed due to RRS in such a way that the
frequency of the best gene combinations tends to I in crossbred. When the best genotype is
heterozygous at some loci, the allelic frequencies at these loci tend to unity in one purebred
line and zero in the other. With respect to the loci which are homozygous in the best
genotype, the fixation of these homozygosis will result in both purebred lines. PLS is much
less efficient in using epistatic gene effects. Bell et al. (1952) pointed out that RRS provide
an opportunity for increasing the frequency of those genes which would combine for superior
epistatic combinations in the strain-cross progeny, but, no detailed study on this was found.

5. Others

Dickerson (1952) reported that when both lines involved in RRS are initially at
equilibrium frequencies for the same overdominant loci, and the cross progenies display the
same gene frequency, RRS is likely to have little effect in the first few generations. Further
studies were done by computer simulation (Arthur and Abplanalp, 1964 and 1970). RRS was
used, starting with two lines each at an initial equilibrium for overdominant loci due to
previous PLS. Under RRS, there was an initial lag period of 4 to 5 cycles during which little
or no response occurred. But when disequilibrivm was created in one of the lines by putting
it through a bottleneck of 1, 2 or 3 generations of sibbing, it resulted in immediate response.
The second study showed that reducing one line to a bottleneck of two individuals for one
generation or more before initiating RRS was very effective in overcoming the equilibrium.
RRS with prior recurrent inbreeding was not effective in overcoming the unstable equilibrium,
but yielded greater response per cycle after selection response began.

V. EXPERIMENTAL COMPARISON OF RRS WITH PLS
1. Comparison of RRS with PLS

The first experiment to compare RRS with PLS in animals (Drosophila) was reported by
Bell et al. (1955). Since then, many reports on this topic have appeared. Twenty two
experiments, specially designed to compare RRS with PLS in animals, are outlined in Table
1.

Experimental results about the comparison are still conflicting, and similar to those
reviewed by Bowman (1959), Hale and Clayton (1965) or Sellier (1970; 1982). More
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experiments were favorable to PLS than RRS (Table 1).

TABLE 1. A list of experiments comparing RRS with PLS.

Species Reference Cycles Trails Comparison®
Poultry Krueger et al., 1961. 3 9-week weight PLS>RRS
Hatchability PLS>RRS
Saadeh, 1968. 7 Egg number PLS>RRS
Calhoon and Bohren, 1974. 6 Survivors egg production PLS>RRS
Pigs Stamislaw et al., 1967 10 years 56-day weight PLS>RRS
Postweaning mean daily gain RRS>PLS
Probed backfat thickness PLS>RRS
Biswas et al., 1971 7 PLS Litter size RRS>PLS
5 RRS Mean pig weight per litter PLS>RRS
Litter weight RRS>PLS
Krehbiel et al., 1971%° 5 RRS Preweaning litter size RRS>PLS
9 PLS Litter size RRS>PLS
Postweaning gain RRS>PLS
Wong et al., 1971 9 Litter size PLS>RRS
Daily gain PLS>RRS
Backfat thickness PL5>RRS
Feed efficiency RRS>PLS
Index (4 traits) PLS>RRS
Dickerson et al., 1974 7 RRS Preweaning litter size RRS>PLS
14 PLS Litter weight PLS>RRS
Postweaning litter growth RRS>PLS
Hetzer et al., 1977 6 RRS Preweaning litter growth RRS>PLS
12 PLS Litter size RRS>PLS
Mice Hansson and Lindkvist, 1962 7 Body weight at 6-week RRS>PLS
Vinson et al., 1969 2 Body weight PLS>RRS
Litter size RRS>PLS
Bell, 1982 8 60-day body weight RRS>PLS
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(contivued Table 1)

Drosophila  Bell et al., 1955 16 (1) Egg production + egg size RRS>PLS
(2 experiments) 3% (2) (index}
Egg production RRS>PLS
Egg size PLS>RRS
Rasmusan, 1956 20 (D) Egg production RRS>PLS
(3 experiments) 13(2) Hatchability RRS>PLS
6 (3) Body weight RRS>PLS
Kojima and Kelleger, 1963 16 RRS Egg number PLS>RRS
13 PLS
Kincaid & Touchberry, 1970 30 Thorax length
(2 experiments = {1) Normal environment PLS>RRS
2 environments) (2) X-ray environment RRS>PLS
Brown and Bell, 1980 10 Egg number RRS>PLS
Tribolinm  Bell and Moore, 1958 16 Body weight PLS>RRS
(2 experiments)
Bell and Moore, 1972 24 () Pupal weight PLS>RRS
(2 replications) 172
Orozco and Bell, 1974 Egg number
{optimum and mild stress) PLS>RRS
{severe stress) RRS>PLS
McNew and Bell, 1976 11 3-day larval weight PLS>RRS
Orozco et al., 1979 9 Adult weight (in logarithms) PLS>RRS

Egg number

* RRS and PLS methods are compared with respect to the selection response per year.

The effectiveness of RRS and PLS greatly depends on the trait selected. For highly
heritable traits primarily governed by additive genes, RRS does not lead to as high
performance as PLS (Bowman, 1959). For lowly heritable and heterotic traits, PLS loses its
superiority over RRS (King, 1971). For example, egg production in Drosophila, a heterotic
trait (Robertson, 1957), was improved by RRS more quickly than PLS (Bell et al., 1955;
Rasmuson, 1956; Brown and Bell, 1980). For the same reason, RRS was more efficient in
improving litter size in pigs (Biswas and Craig, 1969; Krehbiel et al., 1971a and 1971b;
Dickerson et al., 1974; Hetzer et al., 1977) and also in mice (Vinson et al., 1969).
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Conversely, for the body weight, which usually has high h% RRS is less efficient than PLS
(Bell and Moore, 1958 and 1972; Krueger et al., 1961; Stanislaw et al., 1967; Vinson et al.,
1969; Wong et al., 1971; Biswas et al., 1971; Robertson, 1971; Orozco, 1972; Dickers&m
et al., 1974; McNew and Bell, 1974 and 1976).

RRS can more efficiently exploit non-additive genetic variance than PLS. The experiment
by Kojima and Kelleher (1963) showed that RRS was effective in improving a quantitative
trait on a hybrid basis, even when purebred lines did not respond to PLS because of the lack
of additive variance within lines. In the experiment, egg production of crossbred Drosophila
under RRS increased about 25% but the trait of purebred under PLS showed almost no
change. In an experiment with fowls (Saadeh et al., 1968), cross performance (egg
production) was improved under RRS, but parental strains showed less improvement. An
experiment was designed by Richardson and Kojima (1965) to determine the genetic structure
of two pairs of populations which had experienced earlier selection. They concluded that
crossbred selection (RRS) must have exploited the new genetic variation (non-additive
variance) existing in crosses in such a way that crossbred fecundity increased considerably.

RRS can exploit not only non-additive variance but also additive variance as expected in
theory (Cress, 1966; Vinson et al., 1969; Bell and Moore, 1972; Orozco, 1974; Hill, 1971).
As pointed out by Orozco and Bell (1974), the evidence from realized h? and genetic
correlations suggested that RRS had utilized both additive and dominance effects, but PLS
response was limited to additive effects. In almost all experiments, the purebred performance
from RRS was improved when the performance of crossbred was. As an example, R
brought about a increase in body weight of both purebred and crossbred broilers (Griesbach,
1962). The purebred broilers from selected strains increased in weight as the experiment
progressed, at approximately the same rate as their crossbred. The selection apparently
resulted in an accumulation of genes having an additive favorable effect on body weight. RRS
failed to improve combining ability because the trait, body weight, was primarily controlied
by additive genes. Krosigk et al., (1973) reported a RRS experiment in fowls using an index
designed to maximize net profit. The selection responses indicated an increase of 1.5%, or
about 5.5 eggs per generation in purebred for 5 generations.

When comparing RRS with PLS in using additive variance, PLS is more efficient than
RRS. In almost all experiments, the improvement of purebred to RRS was lower than that to
PLS (Richardson and Kojima, 1965; Saadeh et al., 1968; Bell, 1972; Calhoon and Bohreli,
1974; McNew and Bell, 1976). |

As expected by Comstock et al. (1949) and others, RRS is especially efficient for using
overdominant gene effects. In some experiments, negative genetic change occurred in pure
lines submitted to RRS, whereas crossbred from RRS exhibited genetic gain. The egg
production of poultry (Calhoon and Bohren, 1974) and the postweaning growth in pigs
{Bereskin and Hetzer,1981) showed this. It indicated that overdominance controlling traits had
been exploited. According to Richardson and Kojima (1965), the final populations under RR$
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were being fixed in a complementary fashion with respect to these overdominant and/or
dominant alleles. In maintaining genetic variance of traits, RRS has a certain advantage over
PLS (Al-Murrani, 1974). In some experiments, additive variance of crossbreds was higher
than that of purebreds (Comstock and Robinson, 1957; Stanislaw et al., 1967; Taran et al.,
1971; Pirchner and Krosigk, 1973; Brown and Bell, 1980; Lépez-Fanjul and Villaverde,
1989). A Tribolium experiment showed that h? of purebred (egg number) declined under PLS,
but that of crossbred under RRS showed no decline. Cathoon and Bohren (1974) reported that
the lines under RRS had a slightly larger realized h?, as expected in the presence of non-
additive variance.

The number of selection cycles and the base populations are important factors affecting
the comparison. Theoretical studies (Dickerson, 1952; Schnell, 1961; Arthur and Abplanalp,
1964 and 1970) showed that a slow initial response could happen under RRS in certain cases.
On the other hand, in theory, the larger the allelic frequency difference between the two
populations, the more efficient RRS is in exploiting non-additive effects. At the same time,
the larger the allelic frequency difference between the two lines, the greater the superiority
of PLS over RRS in utilizing additive effects (Orozco, 1973). The lack or low magnitude of
initial response under RRS may indeed be predicted when base populations have similar gene
frequencies and/or the additive genes are dominant. Evidence supporting the “delayed"
response is found in the same successful RRS experiments which clearly gave greater
crossbred response than PLS in late generations of RRS, for example in two Drosophila
experiments (Bell et al., 1955), two Triboliom experiments (Bell, 1972; Orozco and Bell,
1974) and one poultry study (Saadeh et al., 1968). In the poultry experiment, selection
involving a heterotic trait (egg production) was initiated from heterogeneous base populations.
The initial responses in all three cases were in favor of PLS, yel RRS cumulative response
had overcome the initial lag when the experiment was terminated after 7 generations of
selection. In the two Drosophila experiments, in which selection was extended to 16 and 35
generations respectively, the early advantage of PLS was lost by the 12th generation, with
RRS response continuing to a higher level. Moreover, a long-term RRS experiment (Flock,
1974) indicated that replicate breeding programs based on the same source lines, with
different or even identical breeding goals, may produce genetic diversification of the sub-lines
which can be utilized to achieve greater over all progress.

2. Environment relative to the comparison of RRS and PLS

The relation between heterosis and environment was discussed by Lerner (1954), Sang
{1956), Young (1971), Orozco (1976), Barlow (1981), Sheridan (1981) and Velasco et al.
(1987). Lerner (1954) proposed the concept of genetic homeostasis, in which heterozygoses
are expected to be less influenced by environmental effects than homozygoses.

Young (1971) reported that the amount of heterosis for weight of Drosophila was
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dependent upon both temperature and larval density. The hybrid advantage was least under
optimum conditions and greatest under less desirable conditions. Krause et al. (1964) reported
a RRS experiment in poultry in 3 diversified environments, and demonstrated that the
genotype (crossbred and purebred) by environment interaction variance component (as a
percentage of total variance), which were 10% for sexual maturity and 8% for egg
production, were significant sources of variation. Another poultry experiment (Hull et al.,
1963) also showed this,

Kincaid and Touchberry (1970) compared RRS with PLS in different environments. In
two environments (2 levels of X-irradiations, zero and 500R), two groups of Tribolium were
selected for thorax length for 30 generations. The interaction of selection method with
irradiation level on genetic gain was highly significant. PLS yielded 11.9% more genetic gaiin
per generation than RRS in the non-irradiated environment, and RRS yielded 105.8% more
gain than PLS in the irradiated environment. Later, Orozco and Bell (1974) reported an
experiment with Tribolium in 3 environments (optimum, mild stress or severe stress
environment). Only in severe stress did RRS response significantly exceed that of PLS. They
concluded that PLS response was limited to additive gene effects, but RRS had utilized both
additive and dominant effects because crosses combining non-additive gene effects from RRS
had a ability to resist severe stress environments. The experiment by Carbonell-Guevara
(1974) further demonstrated that RRS was very efficient in building up non-additive genetic
complexes o resist stress in the line selected in the stress environment.

|

3. Genetic correlation between purebred and crossbred performance (r,) !

An important genetic parameter in discussing the merits of PLS and RRS is the genetic
correlation between purebred and crossbred performance (r,). The reports about r, are
summarized in Table 2. Bell (1982) suggested 1, as the most reliable indicator of the relative
emphasis to give to purcbred versus crossbred information when selecting for crossbred
performance. :

Most of r,,, values are moderate to high positive. A high positive r, indicates the relativ
higher importance of additive variance {(Biswas and Craig, 1969). It suggests that the
performance of crossbred can efficiently be improved as a correlated response to PLS for
purebred improvement, because the crossbred response to PLS is dependent upon the genetic
covariance between additive effects in purebred and crossbred (Griffing, 1962; Hale and
Clayton, 1965; Salah et al., 1969; Dunn et al., 1970; Wong et al., 1971; Bell and Moore,
1972; Singh and Dev, 1974; Ayyagari et al., 1982; Brah et al., 1987). Some experiments
showed a low positive r,, for some traits (Krause et al., 1965; Taylor et al., 1965; Biswas and
Craig, 1969; Pirchner and Mergl, 1977; Singh et al., 1983). A negative r,, was found in
some studies (Bowman, 1960; Enficld and Rempel, 1962; Wilson et al., 1962; Taylor et all,
1965; Pirchner and Mergl, 1977; Brown and Bell, 1980). A low and negative r,. is favorabl¢
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TABLE 2. A list of experimental values of r,,.

Species  References Methods Traits L
Pouliry Comstock and Robinson, 1957 RRS 8-week weight 0.6 (average)
Hale and Clayton, 1965 Diallel Egg production 0.37
crossing Pullet weight 0.88
Age at 1st egg 0.92
Egg weight 0.79 (average}
Krause et al., 1965 RRS Sexual maturity 0.17 (& 0.24)
Egg percentage production 0.26
Biswas and Craig, 1969 RRS Rate of laying to 260 days 0.92-0.96
Age at first egg 0.70-0.89
Taran et al,, 1971 RRS Egg number 0.66
Egg weight 0.70
Body weight 0.71
Pirchiner and Krosigk, 1973 PLS & Body weight 0.88-0.97
crossing Age at 1st egg 0.55-0.79
Egg number 0.32-0.72
Egg weight 0.77-0.99
Singh and Dev, 1974 Crossing Age at lst egg 0.78
test Egg production 0.85
Egg weight 0.81
Body weight 0.64
Pirchner and Mergl, 1977 RRS Egg production 0.10 0 0.38
Rabsztyn, 1979 Crossing Body weight 0.92
Egg weight 0.4%
Egg production 0.46
Singh et al., 1983 Diallel 10-day body weight 0.36
Cross Shank length 0.17
Keel length 0.10
Breast angle 0.15
Mielen and Muller, 1989 RRS Egg production 0.38-0.63
Egg weight 0.62-0.96
Body weight 0.68-0.94
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(continued Table 2)

Sheep Salah et al., 1969 PLS & Weaning weight 0.82
crossing
Hupp, 1977 RS Growth rate 0.0 (realized)
Pigs Robinson et al., 1964 Crossing 140-day weight 0.22 & 0.72
140-day backfat thickness 0.21 and >1
Litter size -0.74
Number of pigs raised < -1.0
Taylor et al., 1965
Litter size and litter weight 0 & negative
at birth and weaning for 4 traits
Stanislaw et al., 1967 RRS & PLS
56-day weight 1.617
Daily gain 0.0013"
Backfat thickness 0.0023"
Standal, 1968 Cross
progeny test  Birth weight 0.70
Daily gain 1.33
Backfat thickness 0.41 !
3-week weight 0.83
Biswas et al., 1971 RRS &
PLS Litter size Low, negative
Litter weight Low, negative
Mean pig weight per litter <0.44
Wong et al., 1971 RRS & PLS
Litter size 0.74
Daily gain 0.55
Backfat probe >1
Feed efficiency .09
Index (4 traits) 0.47 o
Tribolium  Wong and Boylan, 1970 PLS & Pupa weight 0.40
crossing
Bell and Moore, 1972 RRS & PLS  Pupa weight (2 replicates) >0.9
Drosophila  Orozco, 1974 RRS & PLS  Rate of egg laying .53 ‘
I
Brown and Bell, 1980 RRS & PLS Egg number 0,32 10 -0.85
(2 populations)
Mice Vinson et al., 1969 Body weight around 0.7-1.0
Litter size negative

* refers to Cov.
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“to RRS, especially negative r,, which may show overdominant gene effects in the selected
trait (Bowman, 1960; McNew and Bell, 1971). Bichard and Yalcin {1964), Biswas and Craig
(1969) concluded that when r,, is low, PLS is not likely to improve crossbreds. Comstock
(1960) pointed out that if negative r, is important, the effective genetic variance among
crossbred sire families may be considerably greater than that within the populations.

When considering 1, and the comparison together, it can be found out that r, is a
satisfying indicator for predicting the effectiveness of RRS versus PLS. As expected in
theory, a moderate to high r,, is favorable to PLS. In the experiment of Bell and Moore
(1972), a near perfect genetic correlation existed between purebred and crossbred (pupa
weight), as evidence by purebred response, with the reciprocal lines paralleling those
observed for RRS crossbred. PLS was significantly more efficient than RRS in two
replications (Tables | and 2). In a pig experiment, Wong et al. (1971) reported r,, for litter
size, daily weight gain, backfat probe, feed efficiency and index (4 traits) to be 0.74, 0.55,
>1, 0.09, and 0.47, respectively. Except for the feed efficiency, all other r,, were moderate
and high, and thus the response to PLS was higher than to RRS for the 4 traits. But for the
feed efficiency (r,, was low), RRS obtained a higher selection gain. In an experiment in
Drosophila (Brown and Bell, 1980), values of r,, in egg number were negative (-0.85 and -
0.32) for the two base populations. RRS showed its advantages over PLS. In a mouse
experiment (Vinson et al., 1969), the same phenomena was found.

Many authors have reported a decrease of r, after long-term PLS. Comstock and
Robinson (1957) reported 1, for body weight of broilers to decrease from 0.67 to 0.25 after
several generations of sclection. In the study of Pirchner and Von Krosigk (1973), 1,
appeared to decrease over a span of five generations (b = -0.11 + 0.08 and -0.16 + 0.06,
respectively in two lines). In a report on poultry (Pirchner and Mergl, 1977) 1, also declined
over 12 generations of RRS.

VI. DISCUSSION
1. Theory

In the early years after RRS. was proposed by Comstock et al. (1949), main emphasis was
on the theoretical comparison of RS with RRS (Comstock et al., 1949; Bell et al., 1952;
Dickerson, 1952; Schnell, 1961; Griffing 1962 and 1963; Cress, 1966). Later, many studies
comparing RRS with PLS were reported.

With regard to the limitations of these studies based on the locus model, Bowman (1959)
and Hill (1970) have pointed out that the theoretical calculations at the locus level are
generally based on 4 assumptions, (1) no epistasis; {2) no more than two alleles per locus;
(3) linkage equilibrium; (4) an infinitely large population. It is no doubt that these
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assumptions decrease the practical values of the theory.

In the analysis based on quantitative genetics at animal level (Formula 9, 10 and 11), the
effectiveness of RRS versus PLS depends greatly on additive and non-additive variance, and
also 1. Generally, theoretical results on comparing RRS with PLS are in agreement with
experiments. McNew and Bell (1976) reported that realized response rates under RRS (and
PLS) were similar to those predicted in theory. In the experiment of Brown and Bell (1980),
the difference between predicted and realized response in crossbred under RRS and PLS was
quite small (about 20%). However, the present theory on crossbreeding such as RRS is
effective only for short term selection. Up to now, all theory on RRS is based on an additive
effect model (Orozco and Bell, 1974). In these selection formula for RRS and PLS (McNew
and Bell, 1976), non-additive effects (dominance and epistasis) are ignored. So the theoretical
discussion above is limited to an additive selection theory for a short-term response. Bell
(1982) and Brown and Bell (1980) pointed out that a predictive model for the total genetic
vatiation may not be feasible without a better understanding of the kinds and amounts of non-
additive gene effects. Almost no studies on the theory of a long-term crossbred selection are
to be found. Some basic concepts, such as r,,, crossbred h?, heterosis and the response to
crossbred selection, still need more theoretical understanding. Krause et al. (1965) reported
that the additive variance observed among crossbred progeny might contain both the additive
variation found in pure-lines and the purebred’s non-additive variance which was observed
as additive variation in the crossbred. More authors reported that crossbreds had higher
than parental purebred lines (Stanislaw et al., 1967; Vinson et al., 196%9; Wong and Boylan,
1970; Orozco and Campo, 1974 and 1975; Pirchner and Mergl, 1977; Rabsztyn and Nowak,
1978). Especially when RRS continues for many cycles, the genetic parameters like h? and
r,. will obviously change in a different way from PLS (Sellier, 1982). As reported by Taran
et al. (1971), the h? of various traits was higher when calculated on the basis of crossbred
offspring than when calculated on the basis of purebred offspring. Ldpez-Fanjul and
Villaverde (1989) reported that inbreeding converted a fraction of non-additive variance into
additive variance.

2. Experiments

Bowman (1959), Hale and Clayton (1965) and Sellier (1982) concluded that the actual
merit of breeding schemes such as RRS, relatively to PLS, appears to be questionable except
in a few cases. Experiments showed that these general remarks are not adequate judgement
to the two methods, because each of them has its own advantage in the use of either additive
or non-additive gene effects.

There are some reasons which result in the fact that more experiments were favorable to
PLS. First, RRS does not utilize additive variance as efficiently as PLS. Second, realized
selection intensity could be higher in PLS than RRS. For a given total number of animals,
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family selection, as compared to mass selection, is known to reduce selection intensity. The
selection intensity ratio of RRS/PLS is lower than 1, namely 0.4-0.8 proposed by Comstock
(1961) and 0.3-0.8 by Robertson (1957). When PLS was designed as half-sib selection, RRS
could give a higher response (in pig, Stanislaw et al., 1967 and Standal, 1968; in mice,
Vinson et al., 1969). Third, when RRS is carried out as a progeny testing, its generation
interval is twice as long as in PLS. Fourth, the selection in some experiments lasted on only
for few generations. During the short period, RRS might not have showed its advantage as
an effective long-term selection scheme. Finally, the population size in some experiments was
not large enough for RRS. As described previously (Formula 10), when population size is
small, the accuracy to select animals is lower for RRS. From formula 9, it can be seen that
the effectiveness of RRS and PLS can increase by raising population size. Moreover, the
purebreds under RRS have lower performance (Bell, 1972),

RRS has some advantages appealing to animal breeders. The inbreeding coefficient in
purebreds under RRS is smaller than under PLS, because progeny testing makes the selection
cycle twice as long as for PLS. RRS increases h? of the selected trait because the additive
variance of crossbred may contain some non-additive variance (Comstock and Robinson,
1957; Krause et al., 1965; Stanislaw et al., 1967; Taran et al., 1971; Pirchner and Krosigk,
1973; Orozco and Bell, 1974; Orozco and Campo, 1974 and 1975; Brown and Bell, 1980;
Lépez-Fanjul and Villaverde, 1989). In the absence of linkage or negative pleiotropic effects
with fitness, the ultimate effect of PLS is to exhaust additive variance (Enfield, 1979). The
populations of domestic animal usually have a long PLS history. Additive variance in the
populations has greatly been exploited. So, RRS can increase the variation of traits by using
non-additive variance. Schell (1961) suggested that RRS should not be regarded as a shortcut,
but as a way to enhance the genetic diversity of breeding stocks for the future.

Importantly, the breeding goal of RRS, selecting for hybrids, is more suitable for a
commercial breeding because almost all commercial animals are crosses. Comstock (1960)
pointed out that as long as our market hogs are crossbreds, the primary criterion of genetic
value in breeds should be the performance of the crossbred offspring of purebreds rather than
that of purebreds themselves. Also, Brascamp (1985) pointed out that the breeding goal
should be defined at the level of commercial growing in pig breeding program. The studies
of Merks (1988) supported the conclusion. Under PLS hybrids are only the result of
commercial crossing and not the result of selection for this goal. After a long-term PLS, the
crossbred response to PLS may decrease or stop because PLS cannot use non-additive genes
efficiently. For example, in the Tribolium PLS experiment (Wong and Boylan, 1970},
continued purebred response in pupal weight was predicted while cross response appeared to
be ceasing after 22 generations of PLS.

Some mistakes in the comparison are worthy of being mentioned. First, a comparison
should be based on the crossbred under RRS and PLS because the breeding goal is to improve
crossbreds (Calhoon and Bohren, 1974). In fact, some experiments were designed to compare
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crossbred under RRS with purebred under PLS. Second, to keep the comparable basis bot
types of populations shouid be derived from a common base population. This design
decrease the error from different base populations. In fact, almost no experiment w:
available on this point except one reported by Hetzer et al. (1977). Limited number of
selection generations and population size also reduces the effectiveness of these experiments.
In the experiments (Krueger et al., 1961; Hansson and Lindkvist, 1962; Saadeh et al., 1968;
Vinson et al., 1969; Biswas et al., 1971; Krehbiel et al., 1971a and 1971b; Calhcon and
Bohren, 1974), the selection was made only for 2 to 7 cycles.

3. Environment

Experiments demonstrated that environment*selection-method interaction is significant,
and RRS is more efficient in achieving a response than PLS in adverse environments. This
was explained by the assumption that hybrids have a higher ability against an adverse
condition than purebreds (McDowell, 1982). Orozco (1974) proposed the E-RRS method, in
which crossbreds are tested in an adverse condition and purebreds in optimal conditions. So,
the use of E-RRS should depend on the breeding goal and the existing environment-genotype
interaction. It is reasonable to look for effective heterozygous combinations for traits through
RRS in adverse environments, such as a tropic area.

4. Genetic correlation between purebred and crossbred performance (r..)

For the traits with high r,., their h*> usually was high because large additive variance
(Wilson et al., 1962; Robinson et al., 1964; Vinson et al., 1969; Robertson, 1971; Ameli,
1989). Many authors indicated that crossbred selection schemes are not necessary when r,
is positive and high, and PLS followed by crossing is a better scheme (Biswas and Craig,
1969; Robertson, 1971; Bell, 1982; Sellier, 1982). But, experimental evidence does not
completely support this view because r,, may change (usually decrease) during long-term
selection (Comstock and Robinson, 1957; Pirchner and Krosigk, 1973; Pirchner and Mergl,
1977). Wong and Boylan (1970) found out that, after a long-term PLS in two lines, thg
improvement of crossbreds might not continue, even when improvement continued within thd
lines. During the initial PLS period, the additive genes are more rapidly approaching fixation,
and non-additive gene effects become important for the trait later. Thus, r, will be decreased
by PLS. Pirchner and Mergl (1977) reported that the decline of r,, indicates overdominance
as a cause of heterosis. Pirchner and Krosigk (1973) stressed that if r,, changes over relatively
short periods, as appears possible, indices would have to be frequently reconstructed.

Moreover, some estimates of r,, were not so accurate due to the limits of experiments,|
such as population size (Robertson, 1959). Biswas et al. (1971) used only 3 - 4 breedingl
sires; Krause et al. (1965) 22 and 24 sires for two lines; Salah et al. (1969) fewer than [0
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sires on average.
5. Modified RRS methods

There are several modified RRS methods, each of which has its own advantages. To a
great extent, modified RRS is more efficient than RRS (Krause et al., 1964; Kincaid and
Touchberry, 1970; Krehbiel et al., 1971; Orozco, 1974; Moreno-Gonzalez and Grossman,
1976; Hetzer ¢t al., 1977; Brown and Bell, 1980; Moreno-Gonzalez, 1986). Especially, the
modified RRS experiments, in which both purebred and crossbred performance were
considered, all showed higher response than RRS and/or PLS (Krehbiel et al., 1971; Hetzer
et al., 1977; Brown and Bell, 1980).

6. Combining PLS with RRS

An important finding is that RRS and PLS are not contradictory but complementary
selection methods, because they are efficient in using different variances (Hansson and
Lindkvist, 1962; Vinson et al., 1969). According to Bell (1582), during the past 25-30 years
there has been an enormous increase in the use of controlled hybridization for improving
commercial livestock and poultry. While animal breeders agree that an optimum combination
of individual and family selection provides maximum genetic gain in purebreds, there is no
agreement as to the most effective method of improving crossbreds. Many scientists have
tried to combine purebred with crossbred selection scheme for improving hybrids. The basic
principle of this has been considered by Hill (1971) and Sellier (1982). There are essentially
two "families” of breeding programme for obtaining good hybrids. In the first family,
emphasis is given on selection within lines. In the second family, in the simplest case, one
starts with-a pair of lines known to be a good cross combination, and then selection is made
within the lines with the objective to improve their crosses. The two approaches are not
entirely independent of each other, and, in real situations, mixture of the two generally
occurs. Bichard et al. (1986) also mentioned the combination of breeds or lines into an
optimum crossbreeding system to exploit both the strengths of each line and the heterosis
expressed in some traits. So hybrid breeders can continue to exploit both between- and within-
line variation. Ameli (1989) pointed out this idea based on a long-term RRS experiment. The
main types of the combination are discussed below.

(a) Method 1: The combination of PLS with crossing is a popularly used breeding scheme
{Legates and Politiek, 1971; Cahaner and Siegel, 1986). During the period of PLS, additive
variance is well exploited, and in the final phase, non-additive variance is used through
crossing. The breeding scheme utilizes non-additive and additive variance in separated
periods. Clearly, it is not an optimum strategy to exploit non-additive variance because,
during a long period of PLS, no consideration is given to non-additive variances. It can be
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imagined that many valuable non-additive genes are lost during the PLS period. Commercial
crossing utilizes only a limited part of non-additive genes. Tijen (1976) emphasized th
capitalising on heterosis is only possible if one selects at the same time. Similarly, the schem
is not very efficient for a trait primarily governed by non-additive genes, such as litter sizé
in pigs (Wilson et al., 1962; Robinson et al., 1964; Louca and Robison, 1967) and egﬁ
production in poultry (Goto and Nordskog, 1959; King, 1961; Wearden et al., 1965; King,
1971; Sato and Nordskog, 1977; Rabsztyn and Nowak, 1978).

(b) Method 2. In the system, RRS is used to improve those traits in which non-additive
genes play an important role, and PLS to improve other traits in which additive genes ar¢
significant. Over a number of generations, good crosses may be produced through crossing
the two lines. This scheme has not been carried out in practice. King (1961) suggested that
selection should be for specific combining ability for egg production and viability, and with
most of the selection for other traits within lines involved. Here, the consideration 1s given
to both additive and non-additive effects. A heterotic trait indicates only that additive variance
is relatively less important. It is still necessary io pay an attention to additive effects, even
when the emphasis is given to non-additive effects.

(c) Method 3 (Modified RRS Method 2, M-RRS). Under M-RRS, additive and non-
additive variance are both considered, and with the expectation that they can be utilized at the
same time. Tow experiments (Krehbiel et al., 1971; Hetzer et al., 1977) showed that the
response to M-RRS was higher than that to PLS. In theory, the mean of crossbred and
purebred performance is not an optimal index. When a trait has extremely high h? and is
almost completely governed by additive genes, the information from crosses should be less
important than that from purebreds. As an example, Ameli et al. (1988} used M-RRS to
replace RRS in the last period of a long-term RRS experiment. They reported that the change
from RRS to M-RRS had decreased heterosis for egg production. This result was in
agreement with the thinking that M-RRS decreased the selection power for non-additive
variance relative to RRS.

(d). Method 4 (Modified RRS Method 4, PS-RRS). PC-RRS is also designed to consider
both additive and non-additive variance. The experiment of Brown and Bell (1980) showed
that PC-RRS was better than both PLS and RRS in improving hybrids. However, with thi
scheme, it is not altogether clear as to the kind of gene effects involved, or how they ar
utilised.

Moreover, some authors tried to combine both purebred and crossbred information into
a selection index {Henderson, 1963; Jakubec et al., 1974) in order to obtain the highest
response. The index has been used in some experiments. Singh and Dempfle (1989) included
the information on individual, dams, purebred full- and half-sibs and crossbred paternal and
maternal half-sibs. This idea is valuable, and should be developed. Information is needed on
the genetic parameters to be used in a selection index to improve crossbreds, and how the
parameters should be used. Also, the following questions need to be answered. What is the
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result when comparing the two selection indices (with and without crossbred information) in
theory and experiments ? Is it correct to derive a selection index including crossbred
information by the method as described by Hazel (1943) ?

VII. CONCLUSION

In comparison of PLS and RRS, (1) Slightly more experiments favored to PLS; RRS was
better than PLS when they were both designed as a progeny test. (2) PLS is better for using
additive variance. RRS can exploit both additive and non-additive variance, and is more
efficient for using non-additive variance. So, the 2 selection methods are not contradictory
but complementary. A combination of RRS with PLS could be the most efficient method. (3)
RRS is suitable for long-term selection programmes. During the initial few generations of
RRS, the response is usually slow. After a "lag" period, the genetic gain will increase. (4)
The effectiveness of RRS and PLS greatly depends on the amounts and kinds of genetic
variance. The h? and r,, are suitable parameters for evaluating the effectiveness of the 2
methods. (5) Almost all experiments showed that purebreds under RRS had poorer
performance than under PLS. This can be explained on the basis that RRS uses less additive
variance and/or RRS uses overdominant effects, and makes the lines diversify. (6) In an
adverse environment RRS is more efficient the PLS in making selection response. (7) After
long-term selection, r,. may change (usually decrease) after long-term selection. (8) Modified
RRS schemes have shown an advantages over RRS. (9) The current theory on RRS is based
on an additive model, and is suitable only for a short-term selection. RRS theory to deal with
long-term selection has not yet been developed. (10) Information from both purebreds and
crossbreds is important for improving crosses. Maximum selection response in crossbreds
may be obtained only when proper weighing parameters are given to purebred and crossbred
performance in a selection index designed to aim at the best hybrids.
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SUMMARY: A one-locus model with twe alleles was used to study the relationship between
purebred and crossbred parameters. Sire and dam lines contribute a different amount of
additive variance for their crossbreds if there is a gene frequency difference between sire and
dam lines. An estimate of the heritability for a crossbred population using four times the sire
component of variance does not give the ratio of additive genetic to total variance for the
crossbreds. In the case of dominance, the additive variance for the crossbreds can be higher
than both the variances in the parental populations because of the different gene frequencies
in the rwo populations. The sire component of covariance between purebreds and crossbreds
is not always equal to one quarter of the additive variance in sire line. The genetic regression
of sires’ crossbred progeny on purebred progeny depends on gene frequency and dominance
effect. The absolute value of the regression is positively related to the additive variance for
crosshreds contributed by the sire line. The genetic correlation between purebreds and
crosshreds could not be adequately studied under the one-locus model and a study with a two-
loci model will be undertaken.

1. INTRODUCTION

The genetic correlation between purebred and crossbred half-sibs (z,.), the regression of
crossbred on purcbred half-sibs (b) and the additive genetic variance for crossbreds are
important parameters 1o optimize purebred and crossbred selection schemes in animal
breeding (Bell, 1982; Sellier, 1982). They are needed to predict the selection response in a
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crossbred population and to evaluate different purebred and crossbred selection methods
(McNew and Bell, 1971; Pirchner, 1974; Wei and Van der Steen, 1990).

Wei and Van der Steen (1990) reviewed theoretical and experimental results on the
comparison of reciprocal recurrent selection with pure-line selection. Experimentally obtained
values for crossbreeding parameters could not always satisfactorily be explained by theory.
Firstly, many experiments have shown a higher heritability in crossbreds than in the
constituting purebreds (Krause et al., 1965; Stanislaw et al., 1967; Taran et al., 1971;
Pirchner and Von Krosigk, 1973; Orozco and Bell, 1974; Brown and Bell, 1980; Van der
Werf, 1990). Secondly, the additive genetic variance for crossbreds was often estimated as
four times the sire component of variance in the crossbred population (Hale and Clayton,
1965; Krause et al., 1965; Louca and Robison, 1967; Stanislaw et al., 1967; Standal, 1968;
Vinson et al., 1969; Orozco and Campo, 1975). This procedure seems debatable because the
sire component and the dam component of variance in the crossbred population are often rT)t
equal. A more theoretical basis to understand estimation of the genetic parameters
crossbreeding was felt to be lacking.

The objectives of this paper were to study the relationships between purebred and
crossbred parameters, as affected by gene frequencies in the constituting purebreds and the
magnitude of dominance. A one-locus model with two alleles was used.

in

2. METHODS |

The genetic model used in this study was based on Griffing (1960 and 1962), Stuber and
Cockerham (1966) and Grossman and Fernando (1989).

2.1. Model of genetic effects

One locus with 2 alleles (A, and A;) was assumed. The frequency of A; in p‘opulation* k
is f;. The frequency of genotype A;A; in population k is f,;. The value of genotype A/A; in
population k is y,;. The subscript k refers to population 1, 2 or 3. Population 3 is crossbred
between sires of population 1 and dams of population 2. Random mating and infinite
population size are assumed. Environmental effects are not considered.

The values of genotypes AjA,, AjA, (= AA)) and A,A, are defined as 1, d and -1,
respectively, and d is the dominance level. ‘

The model of genotypic effects under the assumptions is,

Viig = ¥ig = Mt uyp v @, #8555 = By +Apy + 8,45 (1]

where, y,; = value of genotype AA; (with y,; equal for all k); u, = population mean; “Liv
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= additive effect of gene A, from the sire; o, = additive effect of gene A; from the dam;
A,; = additive value of genotype AA; and §,; = dominance effect. These effects are
calculated as follows,

by = i Zz:(fhjyu')

=1 j=1

Z (573}

—I'l'k

2

Zl: (Fes¥y)
Cpipg = oy

3 )

i=1
ki = Yy e %np” Fim
2.2. Model of genetic variances

The variance of genetic effects defined in (1) is represented as,

Voo = Voo Ve " Var = VetV [2]

where, V,;, Vi, Vam Va and Vg are the variance of yy, oy Oy Ay and Oy,
respectively. These variances are calculated as,

Ve = 2|2 )

j=1
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VAk = valp+ vahn

It should be noted that V,, is the additive genetic variance in the parental purcbred lines for
crossbred performance. The value of V,;, is equal to the sum of V,, and V3, which are the
additive variances for crossbreds contributed by sires and dams, respectively. This parameter
will be called shortly crossbred additive variance or additive variance for crossbreds.

2.3. Sire component of covariance between purebreds and crossbreds (Cov,)

There are four different genotypes (A A, A A, AyA, and AyA)) in the sire line. Sires of
one particular genotype (A;A;) and dams of another (A,A,) have a progeny mean of
(1/4)(¥iu+ YT ¥ ;o). Sires of the particular genotype (A;A;) mated with a random sample
of the dams have purebred and crossbred half-sib means (M,; and M), respectively, as
follows,

] 1 .
My = 2:..; gl: flwn(Z)(Yiw *Vin *’Yjw*)’ju)

2 2 1 :
M&ij = qu § fm(z}(yiw+yh+ij+yjn)

The sire component of covariance between purebreds and crossbreds (Cov,.) in this case
can be calculated by the covariance between purebred and crossbred half-sib means as,

2 2
=3 jzl:[flij(Mlu K1) (Mg~ 13)] 3]

i=]l

2.4. Correlation and regression

The sire components of variance in sire line (Vhsp) and crossbred population (V hs,) have
to be derived to calculate the genetic correlation between purebred and crossbred half-sibs

(t;0)- Here, Vhs, and Vhs, can be calculated by the variances of paternal purebred and
crossbred half-sib means, respectively, as,

vhsp = ii[lu M- 1)]

i=1 -1
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2

Vis, = Y Ez:[flij(M’Jij - "'3)2]

=1 j=1

The genetic correlation between purebred and crossbred half-sibs (r,) and genetic
regression of crossbred progeny on purebred progeny (b) are,

Cov
I, = R [4]
Vi *Vy
] (4
C
b = ov,, 5]
Vi

The correlation and regression coefficients are based on the sire component of variance and
covariance, and therefore do not contain any other non-genetic components of variance.

3. RESULTS AND DISCUSSION
3.1. Additive variances for pure lines (V,, and V,;) and crossbred population (V)

In the absence of dominance, the crossbred additive variance (i.e., additive variance for
crossbred performance in parental purebreds) is the average of the additive variances in the
parental populations, i.e., V.3 = (V4 + V,)/2 (Table 1; Fig. 1a). With dominance, V ,; can
be larger than (V,, + V,,)/2 and sometimes larger than both V,, and V,, (Fig. lb and lc¢}.
This effect is stronger with overdominance (Fig. 1b and lc).

In some experiments, h%, calculated from the sire variance in crossbreds was larger than
that for the parental lines (Miquel and Cartwright, 1963; Bassett and Shelton, 1966; Wong
and Boylan, 1970; Orozco and Campo, 1975; Pirchner and von Krosigk, 1973; Pirchner,
1974, McLaren, et al., 1985). This has been explained by a higher additive variance among
the crossbreds oontainin'g both additive and non-additive variance found in the purebreds
(Krause et al. 1965; Pirchner, 1974; Brown and Bell, 1980). This study shows that these
differences in variance are due to the different gene frequencies in parental lines in
combination with dominance.

3.2. Sire component of variance in crosshred population (V,,)

Twice the sire component of variance in a crossbred population (2*Vp ) represents the
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crossbred additive variance contributed by sires (V,,,,), and also for dam line 2*Vp,, = V,;
holds (Table 1). Four times the sire component (4*Vhsc) has been used to estimate the
additive variance for the crossbred population (Miquel and Cartwright, 1963; Hale and
Clayton, 1965; Louca and Robison, 1967; Stanislaw et al., 1967; Standal, 1963; Salah et al.,
1969; Wong and Boylan, 1970; Pirchner and Von Krosigk, 1973; Koger et al., 1975; Orozco
and Campo, 1975; Brown and Bell, 1980). In this study, the additive variance for crossbreds
(V.,) was found to be equal to the sum of the additive variances contributed by sires and
dams (V,, + V,). However, these contributions, V,,, and V,,,, are different when the
gene frequency differs between sire and dam lines (Fig. 2a, 2b and 2¢). The sire component
of variance estimated from crossbreds is, therefore, not an appropriate estimator of the
additive variance for crossbred population. Furthermore, the additive variances for crossbreds
contributed by parental lines (V,,, and V,,,) are not proportional to the additive variances of
the parental lines (V,, and V ;) (Table 1), i.e., V,,/V,, generally is not equal to V,,,/V,,.
Additive variance in purebred lines, therefore, is not a measure of the contribution from the
pure lines to the crossbred additive variance.
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Experimental results confirm that the values of h.? {or additive variance) calculated by sire
and dam component of variance differ (Hale and Clayton, 1965; Pirchner and Von Krosigk,
1973; Louca and Robison, 1967; Vinson et al., 1969; Wong and Boylan, 1970; Biswas et al.,
1971; Wong et al., 1971). Biswas et al. (1971) explained this as either caused by a maternal
effect or a higher non-additive genetic variance. This study shows that also the unequal gene
frequency in the parental lines is a cause for the difference between sire and dam component,
irrespective of dominance level.

The definition of h% as 4*V}, may be used to predict the crosshred response to the
selection in the sire line. Howevcer, this h?, could not be used to predict the crossbred
response to selection in the dams or in both sire and dam lines. To predict the crossbred
response, the dam component in crossbreds is needed. It should be kept in mind that both of
the two components should properly be considered to obtain the crossbred response to
selection in both sire and dam lines because the sire and dam components in crossbreds are

generally not equal.
w 0.2
2 ND DOMINANCE
H (d=0} ——= V¥sire, Cov, Yasire
T ——— Vdam
o
3 I
o - T
- -~

g o1} L Sw
< -~ ~
w // \\
g - N
=
©
<
> oo

0.1 0.3 0.5 0.7 0.9

DAM LINE GENE FREQUENCY

w 06
g . OVERDOMINANCE e vesire
« 05 -~ {d=1.5)
z N —- vaire
g oAy . — == ¥dam
- ~N.
o 03f S Gov
B el ~
Z oap e -
w ——-— e - ——
o wf =T S T T T -
5 :——— ‘\_“"-—"—'.'-_._t:
z &0 ik
«
L R

0.1 ¢3 0.5 0.7 0.9

DAM LINE GENE FREQUENCY

VARIANCE AND COVARIANCE

0.3
PAATIAL DOMINANGE  _
€-0.5) Vashe
= —_— Viire
02| . == ¥dam
e Cov
e = e @ e —=—= i T -
01} - Tl
- "-'-_,_:"‘-.;; .
e Tl
0.0 -
o1 0.3 0.5 0.7 Q.

DAM LINE GENE FREQUENCY
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3.3. Sire component of covariance between purebreds and crossbreds (Cov,.)

Without dominance, the value of Cov,, depends on the gene frequency in the sire line but
not on the dam line gene frequency. And, 4*Cov,, is equal to the additive variance of the sire
line (V,,) (Fig. 2a). Cov,, changes with the gene frequencies in both sire and dam lines if
dominance is involved. In the case of partial dominance, Cov,, is always positive. With
overdominance (d=1.5), Cov,, becomes negative when the gene frequencies in parent
populations appear in one of the following situations, (1} f;; < 5/6 and f,;, > 5/6, or (2) f;,
> 5/6 and f,, < 5/6, where 5/6 represents the genotypic maximum for a population (see
Pirchner and Mergl, 1977, for more detail). It means that in the case of f;, < 5/6 and f,; >
5/6, the ranks of sires evaluated by progeny mean in purebreds are the opposite of those in
crossbreds.

It should be noted that unless f,, is equal to fy,, Cov,, is equal to neither 1/4 of the
additive genetic variance of the sire line nor to 1/4 of the additive variance for crossbred
population (Fig. 2a, 2b and 2¢).

3.4. Genetic correlation between purebred and crossbred performance (r}

The results on r,, are the same as found by Pirchner and Mergl (1977). In the case of
partial or no dominance, r,, is equal to 1. With overdominance, r,. becomes -1 when the gene
frequencies in parental lines give rise to a negative Cov,,, i.e., when sire and dam gene
frequencies are on either side of the equilibrium frequency given by (a+d)/(2d), where a
indicates the value of favourable gene A,.

Experimental estimates for r,,, which were reviewed by Wei and Van der Steen (1990),
varied over all values between -1 and 1. In the one-locus model, there are only three
genotypes used to calculate purebred or crossbred half-sib means, and the breeding values of
sires change with gene frequency from one extreme to another. Therefore, the one-locus
model is not suitable to study r,, and a model with more loci will be needed.

3.5. Genetic regression of crossbred progeny on purebred progeny (b)

Results on b show that both gene frequencies in parental lines and dominance level affect
b. First, b is always equal to 1 when parental lines have equal gene frequency or when there
is no dominance. Second, with partial dominance, b is positive. For a constant gene frequendy
of A, (=f};), b decreases with increasing f,, (Fig. 3a and 3b). For a constant f,,, b increases
with decreasing f;, (Table 1). Generally, the larger the difference of gene frequency between
parental lines is, the more b deviates from | (Fig. 3a and 3b). Third, when overdominance
exists, the change in b behaves similarly to the situation with partial dominance. The value
of b becomes negative when the gene frequencies in parental lines give rise to a negative
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Cov,.. Fourth, b has no particular relationship with the sire component in the sire line, but
the absolute value of b has a positive relation with the additive variance (V,,) contributed by
sires to crossbreds (Table 1, Fig. 3a and 3b).

The indirect response in crossbreds (R.} to selection in parental purebred populations when
selection is based on individual phenotypes is,

1. .
R = E(llhl o, b, +ih, "Azbz) [6)

where, the subscript 1 and 2 refer to sire and dam line, respectively; i, = selection intensity;
h; = square-root of heritability; o,; = square-root of additive variance; b, = genetic
regression of crossbred progeny on purebred progeny. Notice that the b values calculated for
the parental lines are generally not equal to each other.
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Fig. 3. Genetic regression of crossbred progeny on purebred progeny (b), additive variance for crosshreds
contributed by sire line (V ), and sire component in sire line (V) for a variable dam line gene frequency
and for different dominance levels (d). The frequency of gene A, in sire line is fixed at 0.5.

4. CONCLUSION

The present study indicates that some genetic parameters of the crossbred population can
be obtained only when the crossbred information is available.

(1}. In case of dominance, the additive variance for crossbred population (V,,) can not
be predicted by the average of additive variances in parental populations (V,; and V). Vs
can be larger than both V,, and V,,. It implies that crossbreds could have a higher heritability
than both parental lines.

(2). Sire and dam component of variance in a crossbred population are generally unequal
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to each other in the case of unequal gene frequency of parental lines, and they are not a
function of additive variances in parental populations. The estimation of crossbred additive
variance (V,,) using the sire component is not appropriate. To predict crossbred response
when selection happens in both sire and dam lines, both sire and dam components should be
considered. Alternatively, when using crossbred data from relatives from more generations,
an animal model could be considered. Such a model should allow for heterogeneous additive
variances, e.g. the variance contributed from sire and dam lines is not necessarily equal.

(3). The sire component of covariance between purebreds and crossbreds (Cov,,) is not
a function of the variances within the sire line. Cov,,, can not be replaced by one quarter of
the additive variance in the sire line.

(4). The genetic regression of crossbred progeny on purebred progeny is a suitable term
to predict the crossbred response from pure-line selection. Its magnitude depends on the
crossbred additive variance contributed by the sire line. The regression coefficients generally
differ between parental lines. It seems appropriate to choose as a sire line the one with higher
regression because of higher selection intensity.

(5). In the case of no interaction among loci, the results on variances and covariances can
be extended to a more loci case. Results on genetic correlation between purebred and
crossbred performance could not be appropriately studied with a one locus model and a model
with more loci is needed.
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SUMMARY: The present study under the model with two loci showed that the genetic
correlation between purebred and crossbred performance (r,) reflects not only dominance
levels at loci but also the gene frequency difference between parental populations. The value
of r,. was found to vary over all values between -1 and 1 depending on dominance and gene
Jfrequency difference between parental populations. The r,, is 1 in the case of no dominance
or with equal gene frequencies in parental lines. It is positive in any case of partial
dominance, and becomes negative only in some cases of overdominance. In general, r,,
decreases with increasing dominance level or gene frequency difference between parental
lines. With a high r,., it is generally impossible to distinguish whether the gene frequency
difference between parental lines is large or dominance effects are small. It was concluded
that r,. is a reliable indicator for the effect of selection method on genetic response. For a
long term selection, r,. is expected to increase with no or partial dominance, but with
overdominance r,. decreases after crossbred selection.

1. INTRODUCTION

The genetic correlation between purebred and crossbred performance (r,.) can be used to
predict selection response in crossbreds based on pure line selection (McNew and Bell, 1971;
Pirchner, 1974; Bell, 1982; Sellier, 1982). Wei et al. {1990) argued that a one-locus model
is sufficient to understand the behaviour of the relevant covariances and variances, To
understand the nature of the genetic correlation the model with two-loci is needed because in
the one-locus model only +1 and -1 are occurring to the value of t,.. This is in agreement
with Pirchner (1974) and Pirchner and Mergl (1977), who concluded by extrapolation to more
loci that r,, < 1 would occur only in the case of overdominance. This is a somewhat
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surprising result because in most experiments estimates of r,, are smaller than 1 (Wei and van
der Steen, 1990) and overdominance is expected not to occur very often.

The aim of this paper is therefore to study the behaviour of the genetic correlation
between purebred and crossbred performance under the model with two-loci, in dependency
of gene frequencies and degree of dominance. Furthermore, the effects of selection in relation
to r,. and dominance are discussed.

2. METHODS
2.1, Basic assumptions

It is assumed that there are two loci (L=1, 2), each with two alleles (A;, and A, for
locus L). The frequency of allele, A;;, in population p is f,;;. The frequency and value of
genotype, Ay;A;, in population p are f,; (= £,,f,,) and ypy (Yoi = Yy), respectively. The
subscript p refers to populations 1, 2 and 3. The population 3 is the crossbreds from crossing
sires of population 1 with dams of population 2,

For each locus, the values of homozygote, A, A, and A, A, are defined as 1 and -1,
respectively. The value of the heterozygote A, A, (=A,A,;) is defined as d; which is
dominance level.

The mean of population p (&) is as,

L
2 2 2 2
15+,
§§§§[plh p2uv’ 1 21")]
No interaction effect between loci, no environmental effects, random mating and infinite
population size are assumed. More details on the genetic model with one locus were described
by Wei et al. (1990).

2.2. Sire component of covariance between purebreds and crossbreds (Cov,)
There are 16 different genotypes possible in each population. Sires of one particulaf

genotype (A;A;AxAz) have a purebred progeny family mean (My,,) and a crossbred
progeny family mean (M;,,) as,

My, 2 E nefi2m [(Ymmm) (Vtin * Y2} * (V125 Y 20m) * (V10 *Y2m0)]

n=1 m=1
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2 2
1
My = 2; 2:1 fZlanZmZ[(ylin+y2nm) *(V1in * Y200w) * (V1g*Youtn) * (¥ 10 * Y 2000)]
=1 m=

The sire component of covariance between purebreds and crossbreds (Cov,), in this case,
is calculated by the covariance between sires’ purebred (p) and crossbred (c) half-sib means
as,
2 2 2 2
Cov,,, = Zl 393> [F1 1y 120 Mger = B )My = B3)] [

i=l j=1 g=1 v=]

2.3. Correlation

The sire components in the sire line (Vhsp) and crossbred population (Vi ) are determined
to calculate the genetic correlation between purebred and crossbred half-sibs (r,.). In this case,
Vhsp and Vg are calculated as the variances of paternal purebred and crossbred half-sib
family means, respectively, as follows,

2

vm,“ ii

i=1 j=1 w=1 ¥

MN

[Fony FrzaMig = 11’ ]

Il
=

g B

>

=1 v

M-

Vi =

[y Eraa™agey ~ H3)']

The genetic correlation between purebred and crossbred performance (r,,) is, therefore,
calculated as,

2
1 j=1

-
1l

-]
L

—

Cov
e = ——— [2]
h.l,"‘vme

3. RESULTS AND DISCUSSION

3.1. Effect of dominance and gene frequency on the genetic correlation between purebred
and crossbred performance (r,)

The genetic correlation between purebred and crossbred performance (r,.) are shown in
Table 1 and Figs. 1 and 2 for different levels of dominance and gene frequency difference
in parental populations. The 1, takes all values between -1 and 1 depending on dominance
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levels and gene frequencies. The r, is always equal to 1 in the case of no dominance or with
equal gene frequencies in parental populations. It is positive in any case of partial dominance,
and becomes negative in some cases of overdominance.
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Fig. 1. Relationship between genetic correlation
between purebred and crossbred performance
(r,) and dominance levels. The gene frequency
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2 for lines 1, 2, 3 and 4 are defined as (1) small
and small; {2) medium and small; (3} medium
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Fig. 2. Genetic correlation between purebred and crossbred performance (r,.) in dependency of gene frequency
(f;), under different deminance levels (d,~d,=0.5 for Fig. 2a; d,=d,=1.5 for Fig. 2b). The gene
frequencies, f,,-f,, and f,;, are fixed for 4 lines as (1) .1-.1 and .9; (2) .7-.3 and .1; (3) .9-.1 and .13 a#d
(4) .1-.9 and .9, respectively. f, is the frequency of favourable gene, A, at locus L of population p. d, is

the dominance level at lIocus L.

The value of r,, generally decreases with increasing dominance levels. Fig. 1 shows the
decline of r,, with dominance levels at various gene frequency combinations. The decline of
1. with dominance is also dependent on the gene frequency difference between parental
populations (Fig. 1 and Table 1). The larger the gene frequency difference is between parental

lines, the lower is r,.
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Fig. 2 illustrates the effect of the gene frequency difference on r,, under partial dominance
and overdominance. The curves of r,, increase with decreasing gene frequency difference
between parental lines (Lines 1 and 4 in Fig. 2a), and vice versa (lines 2 and 3 in Fig. 2a).

The effect of gene frequencies on 1, increases dramatically with overdominance compared
to partial dominance (comparing Fig. 2a with 2b). Under certain conditions, r,. becomes
negative. These conditions were studied by Pirchner and Mergl (1977) under the one-locus
case. With overdominance, r,, generally changes similarly as with partial dominance (lines
1, 2 and 3 in Fig. 2b), but in some cases, 1, changes differently (e.g. line 4 in Fig. 2b). This
marked difference is determined by an equilibrium point, given by (a+d,)/(2d,), where the
population obtains its maximum value, as discussed by Dickerson (1952), Arthur and
Abplanalp (1964 and 1970), and Pirchner and Mergl (1977).

In the case of one locus with partial dominance combined with another locus with
overdominance, 1, is more affected by the change of the gene frequency difference at the
locus with overdominance (Table 1 and Fig. 3). The higher the dominance level, the more
the gene frequency difference at that particular locus contributes to the change (decline) of

Tpe-
1.0

o-a B (1) b b ~ ~ .
0.6 S - Fig. 3. Genetic correlation between purcbred
{ A and crossbred performance (r,) in dependency
0.4~ S . of gene frequency (f,,) in the case of one locus
T AR with partial dominance and another one with
0.2 [ O] Tl S . overdominance, d,=0.5 and d,=1.5 for (1); 4,=
B 1.5 and d,=0.5 for (2). The gene frequencies,
0.0 — = T e I e m—— f;-f;, and f, are fixed at .9-.1 and .1. f; and

0.1 0.3 0.5 0.7 0.9 d, are defined as in Fig. 2.

GENE FREQUENCY

Pirchner and Mergl (1977) extended the result under the one-locus model to the more loci
situation by adding the effect from each locus, and proposed a formula for r, ie., 1, =
(s+5’-x)/(s+s’+x). In the formula, s’ represents the number of loci with overdominance and
gene frequencies in both populations to cause r,,=1 for each single locus; x refers to the
number of loci with overdominance and gene frequencies causing r,,=-1; s refers to the
number of loci with partial or no dominance (also leading to r,=1). Consequently, they
concluded that any value of r,, < 1 indicates overdominance at x=(1-1,)/2 loci. However,
it is shown in Table 1 that r,, can be smaller than 1 even with only partial dominance at both
loci.
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TABLE 1. Genetic correlation between purebred and crossbred performance (r ) for the change of dominance
and gene frequency under the model with two loci.

i

Gene Freq. Dif."

Gene frequency

wb at various dominance levels

Locus 1 £, - £y =5 d4=25 d-= d =15
Locus 2 fip - £ =5 d=15 4= d =15
small small 3-1 3-5 0.986 0.953 0.962 0.936
3-1 5-7 0.984 0.907 0.951 0.920
3-1 7-9 0.983 0.894 0.957 0.944
5-3 5-7 0.981 0.894 0.929 0.858
5-3 7-.9 0.980 0.876 0.931 0.894
-5 -9 0.970 0.789 0.832 0.555
small medium 3-1 1-5 0.977 0.905 0.939 0.903
3-.1 3-7 0.965 0.797 0.894 0.822
31 5-9 0.955 0.627 0.857 0.767
-5 1.5 0.963 0.885 0.868 0.752
-5 3-7 0.953 0.747 0.811 0.586
-5 5-9 0.936 0.406 0.658 0.136
9-7 1-5 0.964 0.918 0.909 0.891
.9-7 3-7 0.966 0.779 0.834 0.789
9-7 5-.9 0.946 -.049 0.586 727
medium medium 5-.1 3.7 0.939 0.755 0.818 0.692
51 5.9 0.929 0.600 0.781 0.640
-3 5-.9 0.905 0.438 0.611 0.214
medium large 5-.1 1-7 0.933 0.730 0.810 0.687
5-1 3-9 0.897 0.451 0.692 0.493
5-.1 1-.9 0.902 0.534 0.727 0.559
-3 1-7 0.904 0.661 0.678 0.420
7-3 3-9 0.868 0.294 0.520 0.120
7-3 1-.9 0.859 0.388 0.535 0.188
9.5 1-.7 (0.882 {.603 0.971 0.286
9-5 3-9 0.872 -.056 0.380 -39
9-5 1-9 0.811 0.069 0.303 -284
large large -1 3-9 0.838 0.316 0.493 0.154
-1 1-.9 0.837 0.402 0.517 0210 |
$-3 1-.9 0.763 0.101 0.250 213

* Small, medium and large refer to the gene frequency difference between parental populations as 0.2, 0.4 and 0. 6~¢l 8

at locus, respectively.

* r,.=1 with d,=d,=0 or with equal gene frequencies in parental populations,

¢ fi refers to the frequency of favourable gene, A,, at locus L of population p.

4, refers to dominance level at locus L (L = 1, 2).
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With no interaction between loci, the value of r,, under the n-loci case (r,,) can be
computed as,

Co ) (Cov )
. - Voo _ i1 P B3]

B

where Cov,, and Cov,, are the sire component of covariance between purebreds and
crossbreds calculated from n loci and single locus L, respectively; Vi, and V,, are the sire
component in sire line calculated from n loci and single locus L, respectively; V.., and Vi
are the sire components in crossbreds from n loci and single locus L, respectively; L is the
Lth locus (L = 1, 2, ... n); n is the total number of the loci concerned. Comparison of (3)
with the formula proposed by Pirchner and Mergl (1977) shows that the latter approach only
holds when the gene frequencies are equal at all loci for each line.

The estimates for 1, in experiments ranged all values between -1 and +1 (Bowman, 1960;
Wilsen et al., 1962; Krause et al., 1965; Biswas and Craig, 1969; Pirchner, 1974; Rabsztyn
and Nowak, 1978; Ayyagari et al., 1982; Brah et al., 1987). A high positive r,, has been
explained by a high additive variance; a low 1, was assumed to be due to a large component
of non-additive variance; and a negative r,, was attributed to overdominance (Robinson et al.,
1964; Biswas and Craig, 1969; Salah et al., 1969; Vinson et al., 1969; Wong et al., 1971;
Singh and Dev, 1974; Ameli, 1989). These results were supported by the present theoretical
study. Moreover, this study also clarified the experiments showing a high r,, for a trait with
large non-additive effects (Wong et al., 1971; Rempel, 1974) because of the gene frequency
difference between parental lines being small.

Table 2 summarizes the results in Table 1 showing that a high r, can occur with
overdominance if gene frequency difference between parental populations is small. When r,,
is low, large dominance and big gene frequency difference between parental populations can
be expected. In case of a high r, it is not possible to distinguish between gene frequency
difference and dominance levels. Some authors (e.g. Hill, 1970) suggested that traits with
overdominance could profit from crossbred selection. The interesting question arises if
selection based on crossbred performance is to be preferred in case of overdominance even
if the value of r,, is high. The thought behind this is that gene frequency difference might
increase as a consequence of selection, which justifies selection on crossbred performance in
later generations.
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TABLE 2. Genetic correlation between purebred and crossbred performance
in the case of high or low dominance levels combined with large or
small difference of gene frequencies between parental populations.

Domirance levels Overdominance Partial dominance

Gene freq. diff, °;
Large low or negative high
Small high very high

* the difference of gene frequency between parental purebred populations.

3.2 Response to purebred and crossbred selection in relation to r,. and dominance

We compared the effect of purebred (PS) and crossbred selection (CS) on selection
response and gene frequency change.

Responses to selection based on purebred or crossbred progeny means are shown in Fig.
4. Selection based on purebred performance (PS) is better (Fig. 4a) to improve purebreds.
On the other hand, selection based on crossbred performance (CS) is more efficient to
improve crossbred response (Fig. 4b). Crossbred response to CS and PS is in the same
direction in the case of a positive r,,. Note that response of PS relative to CS is similar for
two levels of dominance but with equal r,, (case 1 and 2 in Fig. 4). With a negative r,,, the
selection response for purebreds and crossbreds has a different sign (case 3 in Fig. 4b). The
same phenomenon was also found in some experiments (Cathoon and Bohren, 1974; Bereskin
and Hetzer, 1981). Results illustrate that r,, rather than dominance level is a good indicator
for the effect of selection method on purebred and crossbred response,

The change of gene frequencies after selection is illustrated in Fig. 5. It is shown that both
CS and PS increase the frequency of favourable genes if the r, is positive (case 1 and 2 in
Fig. 3). PS and CS change the gene frequencies in different direction with a negative r,, (case
3 in Fig. 5).

The change of gene frequencies after selection will inevitably cause a change of r, which
should be considered for a long-term crossbreeding program. In the case of no
overdominance, PS and CS have the same effect on the change of gene frequencies, i.e.,
increasing favourable gene frequencies. In the case of overdominance, CS results in the
frequencies of favourable genes towards fixation in one line and towards zero in another 1inc,;
whereas PS results in frequencies towards the equilibrium point (Comstock et al., 1949; Bell
et al.,, 1952; Dickerson, 1952). It should therefore be expected that in the case of no
overdominance r,,, will increase after a long-term PS or CS whereas with overdominance the
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1, will decrease after a long-term crossbred selection. This supports the conclusion made by
Pirchner and Mergl (1977) that the decline of r, after reciprocal recurrent selection (RRS)
indicates overdominance. The implication is that in the case of overdominance with a high
I,., crossbred selection should still be considered for a long-term breeding program although
the response on a short-term is similar to purebred selection,
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Fig. 4. Purchred (Fig. 4a) and crossbred (Fig. 4b) response to selection based on purebred (PS) and crosshred
(CS) progeny mean. The gene frequency sets, f,,-f,, and [,,-f;,, for case 1, 2 and 3 are .1-.9 and .9-.1; .1-.1 and
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Fig, 5, Change of favourable gene frequency at locus A and B by selection hased on purebred (Fig. 5a) and
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4. CONCLUSION

The present study shows that in addition to dominance the gene frequency difference between
parental populations is an important factor to affect the genetic correlation between purebred
and crossbred performance (1,). Some implications from this study are described. (1) The
value of 1, can be lower than 1 in the case of partial dominance. (2) Because r is betier
indicator than dominance to reflect the effect of selection method on response r,. should be
the indicator for the usefulness of crossbred selection, at least for a short term. (3) The
change of r,, after a long-term selection will depend on dominance effect and selection
method. In the case of partial dominance, the value of r, will increase after either purebred
or crossbred selection. However, in the case of overdominance r,, will decrease after a long-
term crossbhred selection. The optimal selection strategy in case of partial dominance would
be to combine crossbred and purebred information in an index. In the case of overdominance
crossbred selection is to be preferred on a long term because of a higher selection limit (Hill,
1970).




Relationship between purebred and crossbred parameters. 2. correlation 67

REFERENCES

Ameli, H., 1989: Inbreeding and heterosis effects and genetic parameters in two White Leghorn (LSL) lines and their
reciprocal crosses after long-term reciprocal recurrent selection. Ph.D> Dissertation, University Gottingen,
Géttingen, Germany,

Arthur, J.A.; Abplanalp, H., 1964: Studies using computer simulation of reciprocal recurrent selection. Genetics
50,233,

Arthur, J.A.; Abplanalp, H., 1970: Computer simulation of reciprocal recurrent selection with overdominant gene
action. Anim. Prod. 12,639-649,

Ayyagari, V.; Mohapatra, S.C.; Renganathan, P.; Johri, D.C.; T.S. Thiagasundaram, T.S.; Panda, B.K., 1982:
Cross performance as influenced by selection in pure lines. Br. Poult, Sci. 23,469-479.

Bell, A.E.; Moore, C.H.; Bohren, B.B.; Warren, D.C., 1952: Systems of breeding designed to utilize heterosis in
the domestic fowl. Poult. Sci. 31,11-22.

Bell, A.E., 1982: Selection for heterosis—results with laboratory and domestic animal. Proc. 2nd World. Congr.
Genet. Appl. Livest. Prod. 6:206-227,

Bereskin, B.; Hetzer, H.O., 1981: Reciprocal recurrent selection in swine: postweaning growth. J. Anim. Sci. 53,
1446-1457.

Biswas, D.K.; Craig, 1.V., 1969: Relationship between purebred and crossbred paternal half-sisters’ performance
in chickens. Poult. Sci. 48,524-526.

Bowman, J.C., 1960: Recurrent selection. I. The detection of overdominance. Heredity 14,197-206.

Brah, G.S., Chaudhary M.L.; Sandhu, J.S., 1987: Cross-line productivity in relation to selection in pure-line Whit
Leghorns. I. Anim. Breed. Genet. 104,391-396.

Calhoon, R.E.; Bohren, B.B., 1974: Genetic gains from reciprocal recurrent and within-line selection for egg
production in the fowl. Theor, Appl. Genet. 44,364-372.

Comstock, R.E.; Robinson, H.F.; Harvey, P.H., 1949: A breeding procedure designed to make maximum use of
both general and specific combining ability. Agronomy I. 41,360-367.

Dickerson, G.E., 1932: Inbred lines for heterosis ? In: Heterosis (Edited by I.W. Gowen). lowa State College Press.
Towa, USA. pp330-351.

Hill, W.G., 1970: Theory of limits to selection with line ¢rossing. In: Mathematical Topics in Population Genetics
{Edited by K. Kojima). Berlin. Springer-Verlag. New Yark, 1970, pp.210-245.

Krause, E., Yamada, Y.; Bell, A.E., 1965: Genetic parameters in two populations of chickens under reciprocal
recurrent selection. Br. Poult. Sci. 6,197-206.

MecNew, R.W.; Bell, A.E., 1971: The nature of the purebred-crossbred genetic covariance. Genet. Res. camb.18,1-7.

Pirchaer, F., 1974: Genetic correlations between pure-line and cross-line perfarmance in poultry. Proc. 23rd Nat.
Poultry Breeders® Roundtable, May 2-3, 1974, Kansas City, Missouri. pp202-230.

Pirchner, F.; Mergl, R., 1977: Overdominance as cause for heterosis in poultry, J. Anim. Breed. Genet. 94,151-158.

Rabsztyn, A.; Nowak, J., 1978: A comparative study on genetic, environmental and phenotypic variances and on
heritability of some performance traits in purebred hen strains and their reciprocal crosses. Genetica Polonic
19,193-199.

Rempel, W.E., 1974: Selection for crossbred performance in pigs. Proc, 1st World Congr. Genet. Appl. Livest.
Prod. 1,849-858.

Robinson, O.W.; Louca, A.; Legates, I.E., 1964: Purebred and crossbred performance of paternal half-sibs of swine.
J. Anim. Sci. 23,854 (abstr.).

Salah, E.; Galal, E.; Hazel, L.N.; Sidwell, G.M.; Terrill, C.E., 1969: Correlation between purebred and crosshred
half-sibs in sheep. J. Anim. Sci. 30,475-480.

Sellier, P., 1982: Selecting populations for use in crossbreeding. Proc. 2nd World Congr. Genet. Appl. Livest. Prod.



68 Chapter 4. M. Wei, J.H.J. van der Werf and E.W. Brascamp

6,15-49.

Singh, H.; Dev, D.S., 1974: Genetic correlation between performance of pure-bred White Leghorn pullets and their
paternal half-sisters from Rhode Island Red dams. Br. Poult. Sci. 15,513-515.

Vinson, W.E.; Eisen, E.J.; Robison, O.W., 1969: Predicted response to selection for crossbred performance in mice.
J. Anim. Sci. 28,725-733.

Wei, M.; Van der Steen, H.A.M., 1990: Comparison of reciprocal recurrent selection with pure-line selection
systems in animal breeding. Animal Breeding Abstracts 59,281-298.

Wei, M.; Van der Steen, H.A.M.; Van der Werf, J.H.I.; Brascamp, E.W., 1990: Relationship between purebred
and crossbred parameters. 2. variances and covariances under the one-locus model. J. Anim. Breed. Genet.
108,253-261.

Wilson, $.P.; Whatley Jr., J.A.; Whiteman, J.V_; Morrison, R.D., 1962: Influence of sire and line of breeding on
sow productivity. J. Anim. Sci. 21,119-122,

Wong, W.C.; Boylan, W.I.; Rempel, W.E., 1971: Purebred versus crossbred performance as a basis of salection

in swine. J. Anim. S¢i. 32,605-610. i



Chapter 5

Animal Model Estimation of
Additive and Dominance Variances
in Egg Production Traits of Poultry

Ming Wei and J.H.J. van der Werf

Department of Animal Breeding, Wageningen Agricultural University,
P.O.Box 338, 6700 AH Wageningen, The Netherlands

To be published in Journal of Animal Science (in press)
Reproduced by permission of American Society of Animal Science




"Significant dominance variation was found for all egg production traits,
especially egg number. ... To improve performance of commercial laying hens,
crosshred information should be considered so that dominance can be exploited

in the selection program.”
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Ming Wei and J.H.J. van der Werf
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ABSTRACT: Ar animal model analysis was used to estimate simultaneously additive (o)
and dominance (o2} variances for egg production traits within three White Leghorn lines. The
data consisted of information for three generations on egg number (EN) produced at 18 to 25
(EN1), 26 to 65 (EN2), and 18 to 65 wk of age (EN3), egg weight (EW) measured at 30 to
35 (EWI) and 40 to 45 wk (EW2); and egg specific gravity (ESG) measured at 30 to 35
(ESG1) and 40 to 45 wk (ESG2). A transformation was used for EN2 and EN3 because of a
skewed distribution. In total, 813 sires, 2,575 dams, and 28,649 daughters were involved in
the analyses. Three genetic models (sire-dam, additive, and dominance) were compared in
estimating heritability (W’). The sire-dam model underestimated W’ because it ignored animal
relationships. The I estimates from the additive model were approximately 9 to 52% higher
Jor EN and 2 to 18% higher for EW and ESG than those from the dominance model. The
differences berween the h? estimates from the additive and dominance models were increased
for larger dominance variance (o2). Ratios of o> to total variance were high for EN (10 10
20%) and low for EW and ESG (1 to 13%). Ratios of o to total genetic variance for ENI,
ENZ2, EN3, EW1, EW2, ESGI, and ESG2 were 18 to 36, 2910 43, 2910 56, 1 t0 26, 3 t0 8,
20to 27, and 2 to 14%, respectively. The results on dominance were in good agreement with
heterosis and inbreeding depression for these egg production traits described previously.

Key Words: Animal Models, Dominance Variation, Egg Production, Heritability,
Model Comparison, Poultry
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Introduction

There are several reasons for estimating dominance variation: an unbiased estimation
of heritability in the narrow sense, more precise prediction of additive effects, and usage of
dominance effects through a crossbreeding or special mating strategy. Dominance influences
all genetic parameters related to crossbreeding (Wei et al., 1991a,b).

Recently, mixed models including additive and nonadditive genetic effects have been
developed (Henderson, 1988; Meyer, 1989; Hoeschele and VanRaden, 1991). The method
of choice for estimating variance components is REML using a mixed linear model incluqing
matrices for additive genetic and dominance animal relationships. The advantage of this
methodology is that data from several generations can be used so that dominance is no longer
confounded with maternal or common environmental effects to full sibs.

Dominance variation estimation using the described methodology has not been reported
in poultry, even though egg production is influenced by dominance (Fairfull and Gowe,
1990}. VanRaden (1989), Hoeschele (1991), and Tempelman and Burnside {1991) have,
however, reported such estimation of dominance variance for dairy cattle traits.

The objective of this study was to estimate additive and dominance variances for egg
production traits of three lines of laying hens using an animal model analysis. Estimates from
a full model were compared to those from an additive animal model and a commonly used
sire-dam model. |

Materials and Methods
Data

The data consisted of records on egg number (EN), egg weight (EW), and egg specific
gravity (ESG) for three generations of three White Leghorn lines. Data were obtained by
Euribrid between 1987 and 1989. Lines 2 and 3 had been selected mainly for EN and EW
for many generations, but Line 1 had only a short history of selection. Line 3 is used as a
dam line and Lines 1 and 2 as sire lines in a crossbreeding system. All hens were moved to
a laying house at approximately 16 wk of age (ranged from 15 to 17 wk), where they were
raised in individual cages under a well-controlled environment. In each line, each sire was

mated to approximately five dams and each dam produced approximately 20 to 25 progeny

(i.e., approximately 12 daughters). Within line and generation, the hens were distributed gver
groups (one to four groups per line and generation) to facilitate management and pre\:fent
inbreeding. In total, > 2,500 full-sib families and 28,000 records were used in the anal)'{ses
(Table 1). Every record contained information on 1) early egg production defined as !ng
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number laid between 18 and 25 wk of age (EN1); 2) main period egg production between 26
and 65 wk (EN2); 3) total egg production between 18 and 65 wk (EN3); 4) egg weight
measured at 30 to 35 wk (EW1); 5) egg weight at 40 to 45 wk (EW2); 6) cgg specific gravity
measured at 30 to 35 wk (ESGI); and 7) egg specific gravity at 40 to 45 wk (ESG2). The
ESG was defined as follows: ESG = 10,000 X {EW in air/(EW in air - EW in water) - 1},
where EW in air and EW in water refer to normal egg weight and the weight measured in
water, respectively.

Table 1. Number of sires, dams, and daughters (with records)
of three laying hen lines used in analyses

Line 1 Line 2 Line 3
Generation Sire  Dam Daughter Sire  Dam  Daughter Sire Dam  Daughter
1 31 139 1,552 84 370 3,084 49 149 1,703
2 99 238 3,199 216 578 5,658 91 377 4,910
3 42 106 1,250 136 367 3,868 65 251 3,425
Total 172 483 6,001 436 1,315 12,610 205 777 10,038

Because laying hens were hatched in different weeks and the recording of their EN
ended at the same time, the following formula was used to correct EN into a standard 65-wk
egg number (ENg): ENg = EN,, + (65 - m)EN,/n, where EN,, is the actual EN produced
until the m® wk of age, EN, is the EN produced in the last period of recording (last n weeks),
n is the number of weeks for the last period of recording (approximately 10 wk), and m is
the age (in weeks) of a laying hen at the end of EN recording.

The EN traits, EN2 and EN3, showed a negatively skewed distribution. A
transformation of these data was therefore carried out following the empirical method
suggested by Ibe and Hill (1988) as follows:

z(t) = Ay*® - 1) ;}) (1]
tG,
where y is an original untransformed observation, z(t) is the standardized transformed variate,
G, is the geometric mean of the original observations, and t is the value obtained by
maximizing the log likelihood of Equation [2].
The variables, z(t), were used to calculate the log likelihood, L, (t}, for trial values
of 1, which is as follows:
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S, (8) | (2)

Lpae (t) = - 1og, [

where n is the total number of observations and S,(t) is the residual sum of squares from
analysis of the standardized dependent variable [1] using the linear model [3] described later
as a sire-dam model. This procedure treats sire and dam as fixed effects in model [3]. A more
complete methodology for estimating transformation parameters simultaneously with other
parameters in a mixed model was proposed by Gianola et al. (1990).

The optimal t value is empirically chosen in such a way that the log-likelihood L, (t)
was maximum and log [S(t)/n] minimum. The values of t used for EN2 and EN3 in Linés
1, 2, and 3 were 4.7 and 2.7, 6.1 and 4.0, and 8.8 and 5.4, respectively.

Both the transformed and untransformed data were used in estimating variance
components on EN2 and EN3 under all models.

Models

Sire-Dam Model. Sire and dam components were first calculated by a sire-dam model
that did not account for animal relationships other than sire-progeny and dam-progeny. Such
a model is usually applied for analyzing poultry data and it was used here for comparison
with other methods. The kinear model to analyze data for each line is expressed as follows:

Yijximn = B + Gi + GROUPyy + HWi5y + 855 + di51m + Tigaum (3]
where Yy, is the ijklmn™ observation on EN, EW, and ESG; g is the common mean; G; is
the fixed effect of the i* generation (i = 1, 2, or 3); GROUP; is the fixed effect of the ij*
group within generation; HW, is the fixed effect of the ijk™ hatch week within group and
generation; s is the random effect of the ijI* sire within group and generation following
NID(0, ¢%,.) (NIID stands for normal, independent, and identically distributed); dy, is the
random effect of the ijlm™ dam within sire, group, and generation, NIID(0, ¢3,,); and ruu,,‘,rn
is the residual effect, NID(0, o%).

Estimates of variance components were obtained using the REML method in lhb
VARCOMP procedure of SAS (1989). Heritability (h’) was estimated from the sire
component, h? = 402, /(0%,, + 0% + 07), as well as from the sire-plus-dam component, hﬂd
= (0% + Oaa)/ (0% + 0% + 02).

Additive Model. The estimation of additive genetic variances for egg production traits
in each line was based on the following linear model:

Yijk1 = KB +GROUP; +HW;; +a;, + &5 [4]\
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where yy is the ijkI" observation for EN, EW, or ESG; p is the common mean; GROUP; is
the fixed effect of the i* group; HW; is the fixed effect of the ij* hatch week; a, is the
random additive effect of the ik™ animal; and ey, is the error effect.

The model above is expressed in matrix notation as follows:

y=Xb+ Za+e 51

where y is the vector of cbservations, b is the vector of fixed effects, a is the vector of
random additive animal effects, and X and Z are the incidence matrices relating the
observations to the respective fixed and random effects. Z is partitioned into a null matrix for
base animals without records and an identity matrix for animals with records.

The means and variances for the model are assumed to be as follows:

2 2
Via ZAo, Io,

y b4 ) 4
E{ja|l=|0 |, via|=|AZ'0Z A6 0
e 0 e 2

Ioi )] Io,
where V., = ZAo2Z’ + Io?, A is the additive animal relationship matrix, I is an identity

matrix, and ¢? and o? are the additive genetic and error variances.

Dominance Model. The linear dominance model was as follows:
Yijkn = B * GROUP; + HWyy + ay + dy + €45 (6]
where d; denotes the random dominance effect of the ik™ animal, and other variables are the

same as explained in the additive model [4].
The model is expressed in matrix notation as follows:

y=Xb+Za+Zd + e [7]
where d refers to the vector of random dominance effects, and other variables are the same

as explained in model [5]. The means and variances in the dominance model are assumed to
be as follows:

v b v Vin ZAc. ZDoi Iol

a 0 a AZ’0l Aol 0 0
E = ¥ v =

4 0 d pzle? 0 Dol o©

e 0 e

I 0O 0 Io?
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where V,,, = Z(Aa’ + Do2)Z’ + Io?, o} is the dominance genetic variance, and A and D
are the additive and dominance animal relationship matrices.

The method of estimating variance components under both the additive and the
dominance models was based on the derivative-free REML algorithm for animal models
{Graser et al., 1987). The simplex method was used to maximize the likelihood functions.
The DFREML program of Meyer (1989) was used for all animal model analyses. The rapid
method for calculating the inverse of D, developed by Hoeschele and VanRaden (1991), was
used in the analysis. This method partitions dominance effects into sire-dam subclass effects
and constructs the inverse of the relationships matrix among both dominance and subcla#s
effects. We obtained the relationships defined in D' by absorbing the subclass coefficients
into the dominance effects, a principle proposed by Henderson (1976). Asymptotic standalfd
errors of h? and d? (ratio of dominance variance 10 total phenotypic variance) estimates wete
approximated using a Taylor’s series.

Results and Discussion

Heritability Estimnation Under Three Models

Heritability estimates (h?) calculated from three different models are presented in
Tables 2, 3, and 4. Based on the sire-dam model the h? estimates were high for EW (.43 to
.56), intermediate for EN1 (.41 to .49) and ESG (.34 to0 .40), and relatively low for EN2 and
EN3 (.21 to .40). It is noted that only the h?,; estimates based on sire plus dam component
are discussed here, The h? estimates calculated by the sire-dam model (Tables 2, 3, and 4)
were similar to those found in the literature (Fairfull and Gowe, 1990). The h? estimates
observed in Line 1 are the largest, and h? estimates in Line 2 are bigger than those in Line
3. One explanation may be that Line 1 has had only a short history of selection,

Data transformation always resulted in higher estimates of h? for EN traits under all
three models (i.e., 13 to 18% higher for EN2 and 5 to 8% higher for EN3) (Tables 2 and 5).
Similar results were found by Ibe and Hill (1988) and Besbes et al. (1991a). In fact, data
transformation decreased the error (o) or residual (o) variance estimates in relation to
additive variance (o?) or sire and dam variances (¢%, and o3,,), respectively, under the animal
model or the sire-dam model. Results for untransformed data are shown only for Line 1
(Table 5), but the differences between the estimates based on transformed and untransformed
data were similar for Lines 2 and 3.

Because relationships were assumed to account for selection over generations, a
generation effect was omitted from the animal models [5} and [7]. However, the effects of
generation were explained by group effects in the animal model and did not significantly
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influence the variance estimation.

Table 2. Estimates of genetic parameters® under three models in hen Line 1
Models Trait® W + SE &¢ + SE o o o
Dominance model EN1 52 057 11 046 30.50 6.67 21.65

EN2 35 051 .15 .055 41,06 17.13 59.43
EN3 .36 .058 A5 051 66,87 2784  89.86
EW1 55 056 .01 .045 4.272 039 3.440
EW2 .63 .048 06 038 6.379 .565 3.118
ESGt 31 .043 08 046 427.4 105.7 8553
ESG2 .39 .048 .01 .042 474.9 11.9 723.0
Additive model EN1 .60 .018 34.89 23.84
EN2 44 042 52.86 68.53
EN3 .45 .046 84.98 104.16
EW1 .59 043 4.745 3.339
EW2 .66 .042 6.527 3.411
ESG1 38 035 562.5 943.8
ESG2 .40 .042 496.8 740.1
W + SE h,. + SE LF) Carmn «
Sire-dam model EN1 37 076 AT .042 5.09 7.92 41.90
EN2 39 075 40 038 11.27 11.55 91.9%
EN3 41 075 .40 .039 18.26 17.00 143.05
EwWl 52 094 49 .047 952 .849 5.567
EW2 .63 093 .56 .045 1.432 1.105 6.548
ESGI 42 070 36 .037 145.8 104.8 1,142.1
ESG2 .50 078 .33 .040 153.3 80.4 980.7

* o?, o, and ¢ are estimates of additive, dominance, and error variances. h? is the heritability. d* is
the dominance variance as a propertion of total variance. h? and hl, , are the h? estimated by sire and sire-plus-

dam components. ¢’,,, 03, and o’ are the sire, dant, and residual variances.

® EN1, EN2, and EN3 sre transformed egg numbers produced between 18 and 25, 26 and 65, and 18
and 65 wk of age. EW1 and EW2 are egg weights measured at 30 to 35 and 40 to 45 wk, ESG1 and ESG2 are
egg specific gravities measured at 30 to 35 and 40 to 45 wk.

Within each line, the estimates of h? from the additive animal model were higher than
those (hZ, ) from the sire-dam model (i.¢., 3 to 28% higher for EN, 6 to 20% higher for EW,
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and 3 to 8% higher for ESG). The additive model had a lower o2 and a higher o2 than the
sire-dam model. A sire-dam model is expected to underestimate h? because it ignores animal
relationships (van der Werf and de Boer, 1990). The additive animal model, therefore,
yielded higher h? estimates than those found in the literature (Fairfull and Gowe, 1990).

Table 3. Estimates of genetic parameters * under three models in hen Line 2

Models Trait ¥ + SE & + SE 2 a o2
Dominance model EN1 48 043 .10 054 27.17 5.89 23.60
EN2 22 039 20 .060 2871 2042 52.00
EN3 35 040 A8 057 5875  29.67 79.99
EW!1 4t .047 07 040 3.986  .693 5.033
EW2 52 .09 02 046 6.403 214 5.779
ESG1 34 040 A1 054 607.7  191.1 9995
ESG2 40 039 05 053 7340 936 1,003.3
Additive model EN1 53 025 29.99 26.36
EN2 37 023 36.86 63.30
EN3 40 024 66.66 101.75
EWI1 A7 028 4.729 5.320 -
EW2 53 025 6.721 5.930 |
ESG1 38 .04 636.50 1,033.3"
ESG2 43 04 767.40 1,033.7
B + SE K, + SE . - o
Sire-dam model EN1 53 054 49 030 7339 6.175 42.17
EN2 34 040 35 034 8539  8.930 82.28
EN3 42 047 39 035 17.285  14.858  132.94
EW1 S 061 43 031 1.238 843 7.555
EW2 61 058 50 029 1841 1.173 9.075 |
ESG1 36 045 37 025 1592  166.8  1,451.7
ESG2 46 046 40 0% 2069 1552 1,444.4

the dominance variance as a proportion of total variance. h? and h, , are the h? estimated by sire and sire-p

dam components,

Coer

Hves Taams ANd &2 are the sire, dam, and residual variances.

* &%, o}, and o7 are estimates of additive, dominance, and ervor variances. h® js the heritability. (:';%

® EN1, EN2, and EN3 are transformed egg numbers produced between I8 and 25, 26 and 65, and 1§
and 65 wk of age. EW1 and EW2 are egg weights measured at 30 to 35 and 40 to 45 wk. ESG1 and ESG2 are
egg specific gravities measured at 30 to 35 and 40 to 45 wk.
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Table 4. Estimates of genetic parameters * under three models in hen Line 3

Models Traits® ¥ + SE & + SE a2 o &
Dominance model ENI 33 048 .19 .055 14.16 8.10 20.30
EN2 .15 .031 A1 .046 16.08 11.93 77.12
EN3 12 .031 .16 .050 20.90 27.14 123.81
EW1 .38 048 13 053 4.250 1.468 5.552
EW2 .48 049 04 046 6.875 539 6.769
ESGl1 a3 043 13 .049 481.1 177.6 805.5
ESG2 32 037 .05 .044 633.4 107.3 1,3199
Additive model EN1 47 030 20.76 23.14
EN2 .23 024 25.715 86.38
EN3 25 023 41.59 128.67
EW1 48 029 5.481 6.370
EWw2 .52 .034 7.405 6.924
ESG1 37 .029 518.9 £90.6
ESG2 .36 .030 758.4 1,373.0
B + SE hi, + SE Ohiee T 7
Sire-dam model EN1 35 052 41 027 3.695 4.932 33.06
EN2 .18 032 22 .019 5.032 7.034 98.10
EN3 12 .030 .21 019 5.008 12.335 147.49
EW1 47 .058 43 .030 1.341 1.137 8.991
EW2 .50 067 .44 .034 1.715 1.308 10.59¢
ESG1 .39 050 a5 .027 135.3 101.7 1,135.8
ESG2 41 .056 34 .029 215.3 140.6 1,748.¢

* o?, ¢}, and o are estimates of additive, dominance, and error variances. h? is the heritability, @& is
the dominance variance as a proportion of total variance, h? and b, are the h* estimated by sire and sire-plus-
dsm components, o2, ,, o2, and o® are the sire, dam, and residual variances,

* EN1, EN2, and EN3 are transformed egg numbers produced between 18 and 25, 26 and 65, and 18
and 65 wk of age. EW1 and EW2 are egg weights measured at 30 to 35 and 40 to 45 wk. ESG1 and ESG2 are
egg specific gravities measured at 30 to 35 and 40 to 45 wk.

The only previcus report on estimation of h? for egg production traits using an additive animal
model and REML was published by Besbes et al. (1991b). Their h? estimates for EW (.47)
and ESG (.34) are similar to the results of this study. However, their h? estimates for EN

between 19 and 26, 26 and 38, and 26 and 54 wk of age were .25, .09, and .18, respectively.
These estimates are rather low compared with our corresponding estimates for EN1, EN2,
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and EN3.

Consistently lower h? estimates were obtained under the dominance model than under
the additive model (Tables 2, 3and 4) (e, 91030, 201038, 130353, 7Tt0 17,210
8, 11 to 18, and 3 to 11% lower for EN1, EN2, EN3, EW1, EW2, ESGI1, and ESG2,
respectively). This was caused by the extraction of o} from ¢? and o2 components, which
consequently decreased o2 and o2 estimates and kept total variance almost unchanged in the
dominance model. Larger dominance variance (g3) estimates were accompanied by a bigger
difference between h? estimates from additive and dominance models. Resemblance between
relatives is partly due to dominance effects. Under an additive model, part of the resemblance
between related animals due to dominance is contained in the estimated additive effect, hence
overestimating additive variance (o?). In this study, an intermediate to high negative
approximate sampling correlation between h? and d? (ratio of ¢} to total phenotypic variance)
estimates was found for all traits (-.55 to -.86). This indicates that estimation of dominance
and additive effects was largely based on the same comparisons of sibship leading to
correlated estimates.

Table 5. Estimates of genetic parameters® for the untransformed egg number data
under three models in hen Line 1

Models Trait® h + SE & + SE A o o
Dominance model NEN2 a1 051 12 053 42.52 17.15 78.38
NEN3 34 057 .13 .055 61.89 24.24 95.56
Additive model NEN2 .38 045 54.11 86.65
NEN3 43 047 84.32 112.37
h} + SE b,y + SE Tne Toem o
Sire-dam model NEN2 33 065 34 .035 10.77 11.51 108.93 |
NEN3 37 070 37 037 17.31 16.84 150.68 ‘
|

* &2, 0%, and ¢’ are estimates of additive, dominance, and error variances. h? is the heritability. d* is
the dominance variance as a proportion of total variance, h} and h?, , are the h? estimated by sire and sire-plus-
dam components. 0%,., 02m and of are the sire, dam, and residual variances.

® NEN2 and NEN3 refer to the untransformed EN2 and EN3,

With regard to the effect of dominance on estimation of additive variation under an
additive model, van der Werf and de Boer (1989a,b) reported that h? was slightly |
overestimated by an additive model for milk production traits because of a heterotic effect
between breeds. In this study, it was found that within lines dominance variation was a much
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more important cause of a biased estimation of h?. Consequently, estimation of additive
effects is biased (de Boer and van Arendonk, 1992), and selection accuracy is reduced under
an additive model in the case of dominance (Uimari and Miki-Tanila, 1991).

A sire-dam model overestimates h? because it ignores dominance and underestimates
h? because it ignores animal relationships. Coincidentally, the two biases that affect the
estimation of h? under a sire-dam model cancel each other out to some extent, especially for
EN2 and EN3.

Estimation of Dominance Variance

The estimates of o3 and d? for egg production traits are presented in Tables 2, 3, and
4 for Lines 1, 2, and 3, respectively. The ¢ estimates were high for EN (10 to 20%) and low
for EW and ESG (1 to 13%). Estimates for o2 and ¢? for all traits were similar for the three
lines. The trait EN1 is a combination of two traits, early egg laying rate and the age at first
egg, and it is dominated by the second one (Fairfull and Gowe, 1990). Thus, EN1 should be
considered mostly the age at first egg.

These findings on o for egg production traits were consistent with parameters
attributed in the literature to these traits, such as heterosis and inbreeding depression. It is
well known that dominance is an important cause of both heterosis and inbreeding depression,
In different populations, EN has shown a consistently high heterosis (10 to 20%), EW
consistently low heterosis (0 to 5%), ESG no or small heterosis {0 to 5%), and age at first
egg low heterosis (0 to -9%) (Fairfull and Gowe, 1986; Fairfuli, 1990). Inbreeding depression
has been found to be high for EN and relatively low for EW, ESG, and age at first egg
(Foster and Kilpatrick, 1987; Abplanalp, 1990; Flock et al., 1991). Flock et al. (1991)
recently reporied that the inbreeding depression associated with 10% inbreeding was 3% for
EN and only 1% for EW and shell quality.

Data transformation resulted in an increase (15 to 25%) in the d” estimates mainly
because it led to a decrease in the o} estimates. This was also the case for h? estimation
{Tables 2 and 5).

A comparison of variance components for the different models revealed that the
variance attributed to a3 under the dominance model was attributed in part to both o? and o}
under the additive model (Tables 2, 3, and 4).

The percentage of total genetic variance (d?) accounted for by o was 29 to 56% for
EN2 and EN3, 18 to 36% for EN1, and 1 to 27% for EW and ESG (Table 6). The findings
on d§ can be compared with the theoretic results for a single-locus, two-allele model where
d? is given by the formula (Falconer, 1989) as follows:
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d2 = 2paw ? (9]
2pgw? + [1 +w{g - p)]?

g

where p refers to the frequency of a favorable allele, q is the frequency of a recessive allele,
the value of half the difference between homozygotes is assumed to be 1, and w is the value
of the heterozygote defined as d by Falconer (1989). If one is willing to ignore the interaction
of genes of different loci, the formula [9] can be used for a multilocus situation. In the case
in which w = .5, the value of d? reaches its maximum at 14.3% for p = .75. Evenif w =
.8, d will never be larger than 44%. In this study, & for EN reached 29 to 56%, indicating
that dominance effects were large and overdominance should not be excluded. For EW and
ESG, the dominance effects were significant but relatively low.

Simultaneous estimation of ¢ and o3 using REML and an animal model has not been
reported for poultry. However, a few estimates of ¢ for dairy cattle have recently be@n
published. A low o3 for milk and fat yield was reported by VanRaden (1989) using a tilde hat
approach. In contradiction to this, Tempelman and Burnside (1991) found a significant o2 for
fat yield. Hoeschele (1991) found the o7 for female fertility traits to be small and roughly as
large as ¢ under a sire-maternal grandsire model.

Table 6. The dominance variance as a proportion of genetic variance (&)
in three hen lines

Traits® Line 1 Line 2 Line 3

ENI 18 18 36

EN2 29 42 43

EN3 29 34 56

EW1 01 15 26 |
EW2 08 03 07

ESG1 20 24 27

ESG2 02 11 14

* EN1, EN2, and EN3 are transformed egg numbers produced between 18 and 25, 26 and 65, and lli
and 65 wk of age. EW1 and EW2 are egg weights measured at 30 to 35 and 40 to 45 wk. ESG1 and ESG2 arc
egg specific gravities measured at 30 to 35 and 40 to 45 wk.

A comparison of our results from a typical poultry breeding structure with those from
dairy cattle (Tempelman and Burnside, 1991) reveals a few interesting points. First, the




Animal model estimation of additive and dominance variances ... 83

approximate standard errors for d* estimates for dairy production traits (.15 to .20) were
much larger than those for laying hens (.04 to .06). The reason for this might be that there
were many more dominance animal relationships involved in poultry. Second, the o2 estimates
under the dominance model in this study decreased by approximately 9 to 37% for EN and
by 2 to 10% for EW and ESG compared with the additive model; o? decreased by
approximately 9 to 50% for EN and by 2 to 24% for EW and ESG. In the dairy cattle study,
the o? estimates under the additive and dominance models were almost the same (1 to 10%
difference). Surprisingly, the o2 estimate under the dominance model decreased by 60 to 80%
(except in one case by 14%). The estimates of d° (14 to 55%) in the study of Tempelman and
Burnside (1991), however, seem to be rather high compared to literature values for heterosis
(Turton, 1981; McAllister, 1986; van der Werf and de Boer, 1989b).

Domingn riance and the Difference Between Sire and D. Mmponen

The difference between sire and dam components, (o3, - ¢%,.), has been used to
estimate dominance variance under the assumption that maternal, common environmental and
epistatic effects are negligible and not important. The question arises how this estimate, (o3, -

0%e), COmpares to the o2 estimated under a dominance model. The full-sib covariances
contain not only 1/2 additive and 1/4 dominance variances, but also epistatic (¢Z,), maternal
(62), and common environmental (o2) variances or covariances (Falconer, 1989).
Theoretically, ¢2,.,, and therefore o3, can be overestimated due to each of these effects if they
exist.

In this study, common environment effects for full sibs can be ignored because full
sibs were randomly distributed across cages. Maternal effects can also be ignored because
they are not important for EN (Fairfull and Gowe, 1986). When such effects would be
important, a mixed model using <ata on more than one generation could possibly correct for
such effects by including them in the model.

Epistatic interactions have been found to be a significant effect on EN in line-crossing
experiments (Sheridan and Randall, 1977; Fairfuil and Gowe, 1986). Therefore, the value of
(0% - 0%) could result from dominance, and possibly epistatic, effects. Also, the value of
o3 could be due to epistatic effects.

The results presented contradict the method that estimates dominance variance on the
basis of (0%m - 0%e). The 0%, was found to be larger than the o2, for most of the EW and
ESG traits, and also for EN1 in Line 2 and for EN2 in Lines 1 and 2 (Tables 2, 3, and 4),
This phenomenon has aiso been described in the literature, especially for EW (van Tijen,
1677, Poggenpoel and Duckitt, 1988; Mou, 1991). For most traits at the same time that a
significant ¢ was found under the dominance model, o2, was larger than or similar to o2,
(Tables 2 and 3). Larger estimates for o%,, than for o5, may be caused by an additional
variation among sires (e.g., due to sex-linked effects, which leads to increased o?,, estimates).
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However, this point needs further study.

Implications

A commonly used sire-dam model led to two biases in estimating heritability dueto
ignoring the dominance effect and animal relationships other than parents-progeny. An
additive model including all animal relationships overestimated heritability because it ignored
dominance effects. Significant dominance variation was found for all egg production traits,
especially egg number. An animal model accounting for additive and dominance effects and
REML should be used in analyzing laying hen data to obtain unbiased estimates of heritability
and dominance variance. To improve performance of commercial laying hens, crossbred
information should be considered so that dominance can be exploited in the selection
program.
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ABSTRACT: A combined crossbred and purebred selection (CCPS) method, i.e., using
crossbred and purebred information, was proposed to achieve genetic response in crossbred
animals (R.). Selection index theory was applied to establish @ CCPS index. The CCPS was
compared on R. with pure-line selection (PLS) and crossbred selection (CS) assuming a
constant number of total progeny. The CCPS was better than PLS or CS under all
circumstances. The genetic correlation between purebred and crossbred performance (r,.) and
crossbred heritability (h%) are crucial factors in the comparison. The CCPS was a little better
than PLS with a high r,., and than CS when r,. was small. The PLS crossbred response
decreased and the CS response is closer to the CCPS response as h2 increased. The
robustness of CCPS against inappropriate assumptions on r,. and hZ was investigated. The
expected response (EXP) was always an overestimate, and the actual response (ACT) was
smaller than the optimal response (OPT) when r,. was assumed one, but the true r,. was
smaller. The difference between ACT and OPT increased as r,, decreased but was small for
large r, values (e.g., <7% for r,.>.7). When the bl was assumed equal to purebred
heritability (h) and the true bl varied, the ACT was always smaller than OPT, The EXP was
higher than ACT except for a large r,, together with h2>hZ. Finally, the ACT to CCPS was
compared with the R to PLS. With any positive r,., the ACT was always bigger than PLS R,
The crossbred response to PLS became larger than ACT only under negative r,. The main
conclusions, therefore, are (1) the CCPS method is optimal for obtaining genetic response in
crossbreds; and (2) the CCPS with inappropriate assumptions on r,. and b (i.e., recognizing
crossbreds as purebreds) achieves always more genetic response in crossbreds than PLS for
a common value of r,, and crossbred heritabilities.

Key words: Breeding scheme, Crossbreeding, Crossbred response, Selection index,
Selection method
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1. INTRODUCTION

The question that has been arising for a long time is how to maximize genetic response
to selection in crossbreds (Hill, 1971; Bell, 1982; Sellier, 1982; Wei and Van der Steen,
1991). A lack of the solution to this problem may be attributed to the fact that the breeding
goal in a crossbreeding system should be defined at the commercial crossbred level
(Comstock, 1961; Orozco, 1986; Hartmann, 1992) whereas the selection methods used are
optimized to improve animals within lines or breeds.

In practice, selection criteria are generally based on either purebred or on crossbred
information but not both. Only in poultry breeding, especially in layers, both types of
information are sometimes considered in selection (Arthur, 1986), for instance, by means of
independent culling. However, procedures to optimally weigh purebred and crossbred
information have not been developed (Wei and van der Steen, 1991).

Two approaches have basically been used to achieve crossbred improvement. First, pure
line selection (PLS) is based on the breeding animal or its relatives’ information within
populations. Under this approach, the accomplished genetic gain in crossbreds arises from the
regression on purebred response. Alternatively, recurrent selection (RS) proposed by Hull
(1945) and reciprocal recurrent selection (RRS) proposed by Comstock et al. (1949) are based
on the breeding animals’ crossbred information. The last methods have shown their advanta,
to improve traits with low heritability and large nonadditive variation. However, bo
theoretical and experimental studies showed that neither PLS nor RRS is generally optimal
to improve crossbred performance (Wei and Van der Steen, 1991). Both purebred and
crossbred information should be weighted appropriately to maximize genetic progress of
crossbreds (Wei and Van der Steen, 1991).

Selection methods combining both purebred and crossbred information in selection have
not been evaluated although several authors have mentioned this possibility (Hill, 1971;
Jakubec et al., 1974, Sellier, 1982; Bichard et al., 1986; Orozco, 1986; Singh and Dempfle,
1989). A straightforward way of combining performance on purebred animals with
information from crossbred relatives would be to consider purebred and crossbred
performance as two different traits with a genetic correlation between them. An interesting
question is, how much additional genetic gain a selection method combining purebred and
crossbred information would yield when compared with PLS and CS methods.

Genetic parameters involving crossbreds can not generally be derived from purebred
parameters (Wei et al., 1991a,b). For example, heritabilities were found to be generally
different for crossbreds and purebreds (Pirchner and von Krosigk, 1973; Biswas et al., 1971),
and the genetic correlation between purebred and crossbred performance (r,) has to be
known. The sire component in crossbreds reflects how much genetic variance existing in
purebreds influences the crossbred progeny. This is not generally equal to the dam component
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or one quarter of additive variance in the sire population (Wei et al., 1991a). The 1, is equal
to 1 in case of no dominance or equal gene frequencies in parental populations, and decreases
with increasing dominance or gene frequency difference between parental populations (Wei
et al., 1991).

Since crossbred parameters might not always be accurately known, breeders might not feel
comfortable using such parameters in the CCPS method. Therefore, an additional question
would be whether such a combined selection method is robust against inappropriately assumed
values of genetic parameters.

This study presen'ts a selection index combining crossbred and purebred information
(CCPS) to maximize genetic response in crossbreds under a two-way crossing system. The
CCPS method is evaluated in comparison with PLS and CS, and the robustness of the CCPS
method against inappropriate assumptions on 1, and crossbred heritability (hd) will be
examined.

2, METHODS

A two-way crossing system is assumed, in which both purebred and crossbred information
is available. Selection occurs within the sire line, and is aimed at improving crossbred
performance. Alternative selection methods are pure line selection (PLS), crossbred selection
(CS) and combined crossbred and purebred selection (CCPS), i.e., using as selection criterion
either purebred or crossbred information or both. All symbols used are explained in Table
1.

2.1. Construction of selection indices for three selection methods.

The aggregate genotype (H) of a purebred animal is expressed as H = g, where g is the
true breeding value of the animal for crossbred performance, i.e., crossbreeding value. The
selection index is I = b’X with vector b optimally weighing the different sources of
information in X (Hazel, 1943; Henderson, 1963). Selection index theory is applied for (1)
CCPS, (2) PLS, and (3) CS.

Four types of information (observations) are assumed to be available: crossbred paternal
half-sib family mean(x,}, purebred paternal half-sib family mean including the animal to be
seiected and its full-sibs (x,), purebred full-sib family mean including the animal to be
selected (x;) and animals’ own performance (x,). The selection index (I;} for different methods
(=1, 2 and 3 for CCPS, PLS and C8) includes different sources of information,

I] = b]Xl +b2X2+b3X3+b4X4 [1'1]
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L, = b.X,+b:;X;+bX, [1-2]
I, = b)X, [1-3]
The genetic response in crossbreds to index selection (Ryy) is as follows,
Ry = irmC = i(G'P'G)’ 2]
where, i is the selection intensity under selection method j; and C is genetic variance of true

crossbreeding value (g).

TABLE 1, Symbols and definitions.

Symbols  Definition

Dpgs Dip, number of dams (d) mated to a sire, and number of offspring (o) produced by a dam in pure
lines

Deyy Oy number of dams (d) mated to a sire, and number of offspring (o} produced by a dam in
crossing lines

b vector of fixed index weights (b, is element in b) :

X vector of phenotypic values (normally distributed)

X; an element in X, i.e.,, i = 1, 2, 3 and 4 for crossbred half-sib family mean, purebred half-sib
family mean, purebred full-sib family mean and individual information, respectively

Vix) variance of variable x;

Cov(x;,x) covariance betwgen variable x; and x;

ay additive genetic relationship between animal i and j

t intraclass correlation between full-sibs (t;) or half-sibs (1)

L total index, I, = »’X (j = 1, 2 and 3 for CCPS, PLS and CS)

4 crossbreeding value of animal (breeding value for crosshred progeny)

H breeding goal (here, equal to g}

P phenotypic variance-covariance matrix of X

C genetic variance of g

G vector of covariances between g and x;

o genetic correlation between purebred and crossbred performance

Oy sire covariance between purebred and crossbred performance

b, b? purebred and crossbred heritability estimated as four times sire variance in purebred and
crossbred populations

o, 02t phenotypic variance in purebred and crossbred populations

The variances and covariances with respect to x; and g, the elements of B}, G; and C;
matrices, are described as follows. For explanation of symbols see in Table 1. The theoretical
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aspects of genetic parameters involving crossbreds were described by Wei et al. (1991a,b).

V(xy) = o&{1+(ney-Dtertnea(nes e/ (neoncd)
V(x2) = 0pr[1+(npg- s, +0po(Npy- 1)tpu/ (Npohieg)
V(x3) = o1 +(np,-tpe]/ng,

V(xy) = ofr

Cov(x,,x)) = Cov(x,,x;) = (1/4)r,0ph07h,

Cov(x,y,%3) = Cov(xs,X,) = (1/4)r,oph,ocih,

Cov(x;,xg) = Cov(xy,x) = (1/4)1,.0prh,0crh,

Cov(Xy,X;) = Cov(xs, %)) = oprl1+ (Mp-1)tpe, +Npo(Dpa Do ]/ (Mpolt)
Cov(x,,X,) = Cov(x,,x;) = V(X)) = a1+ Mpe-Ditpe, +1p,(Npg-Dpn /(N Rps)
Cov(xs,xg) = Cov(xy,%5) = V(x3) = 0j[1+(npe-Ditprl/np,

Cov(x,,g) = (1/4)h2e%,

Cov(xp,8) = 1,.0prh,gerh [1+(Np,-1).5 +npy(Dp4-1). 251/ (Npgnip,)
Cov(xs,8) = roprthyocrh [1+(np,-1).51/ng,

Cov(xy,8) = r,.0prh o1,

V(g) = V(H) = hio;

For purebreds, the intraclass correlation, t, is equal to (agh? + ¢7), where a; is the degree
of additive genetic relationship between animals i and j, and ¢ is the variance due to common
environment as a fraction of total phenotypic variance. In this study, ¢ is assumed to be zero,
and then ty, = .5h? for full-sibs and t, = .25h for half-sibs. In crossbreds, tg,, = a;h? +
cZ, where a; = .25 for half-sibs and ¢? is assumed to be zero, i.e., ty, = .25hZ. And, t, =
aghl;,. + ahl,, + c2 = 25hi;, + .25h%,,, where hi;, and h?,, are the crossbred
heritability concerning sire and dam populations, respectively, and they are usually unequal
(Wei et al., 1991a). In this study, h,, is assumed to be equal to hZ,.. Moreover, it is
assumed that the environmental covariance between purebred and crossbreds is zero.

2.2. Robustness of CCPS against inappropriate values for r, and h’,

Harris (1963) and Sales and Hill (1976} have studied the effect of using parameter
estimates on realized response to selection. In practice, breeders might not only use parameter
estimates but also ignore the specific nature of crossbred parameters. Here, the second case
is considered. The formulas to predict the optimal selection response (R,,) assuming true
genetic parameters, the expected response (R,,,) and actual response (R,) in case of
inappropriately assumed values of r, and h.? are presented as follows,
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R,, = i®’Pb)* = i(G'P'G) [3-1]
R.p = i(by'Pyby)’ = i(Gy'Py'Gy)* [3-2]
R, = iby’G(by'Pby)?® = iGy' Py 'G(Gy Py, 'PP,'Gy) [3-3]

where, by, Gy and Py, are the b, G and P matrices using inappropriate genelic parameters
(r,. and h?).

Two assumptions on r,, and hZ are interesting to be made. (1) the true h2 is known, and
the true r,, is unknown (varying between -1 and 1) but assumed to be unity. (2) the true 1,
is unknown but assumed to be 1, and h2 is unknown but assumed to be equal to hi.

2.3. Study design.
2.3.1. Comparison of crosshred responses of CCPS, PLS and CS.

It is assumed that selection takes place only in the sire line, and selection intensities are
equal for the three selection methods.

Two comparisons were made. In comparison 1 (fixed total progeny), the total number of
progeny (including purebreds and crossbreds) per sire is fixed at 100 for the three method
(Table 2). A sire mates t0 npy dams from the same line (pure-breeding) and ng, dams fronf
another line (crossing). A dam produces either 10 purebred or 10 crossbred progeny.

In comparison 2 (fixed purebred progeny), the total number of purebred progeny per sire
is fixed at 50 for the three methods (Table 2). Crossbreds provide extra information in CCPS

TABLE 2. The family structure under three selection methods®.

Fixed total progeny Fixed purebred progeny
Selection Methods® o' flpg gy Dpa
CCPS 5 5 010 5
PLS 10 5
Ccs 5 5 0—-10 5

* A dam always produces 10 progeny (i.e., n,,=n,,=10),

b 8, PLS and CCPS denote crosshred, pure-line and combined selection methods, resp.
¢ see Tahle 1 for further explanation of symbols,

d ")-10" denotes a varying number from ¢ to 10 with increments of 1.
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and CS schemes. The number of dams crossed to a sire (n.,) varies from ( to 10. Thesc are
realistic assumptions for pig and poultry breeding (Table 2).

The genetic parameters used in the three selection indices are listed in Table 3. Two sets
of values for h} and hi are assumed. The genetic correlation, r,, is varied ranging from -1
to 1. The total phenotypic variances in purebreds and crossbreds, oj; and ¢2;, are both
assumed to be 1 for all cases.

TABLE 3. Genetic parameters assumed for comparisons.

Set hi* hZ T
1. b? is equal to hi 2 2 S
2. h? is not equal to hZ 2 0-=.5 -1 =1

* see Table 1 for the meanings of symbols.

b The range was covered by .1 increments.

2.3.2. Applying inappropriate genetic parameters in the CCPS index.

When genetic parameters related to crossbreds are unknown, some simple assumptions are
likely to be made, which consequently influences the actual (R,.) and expected (R.;)
crossbred responses to CCPS, In this case, crossbred half-sib information may be treated as
information on purebred half-sib (i.e., assuming r,,=1). A true h? may be used when it is
known (case 1, Table 4). Otherwise, the values of h% and h% may be assumed equal although
the true values are not {case 2, Table 4). The ng,, n¢,, Opy, and n,, are assumed as the same

TABLE 4. The genetic parameters used to study the robustness of CCPS
against wrong assumptions on r, and hi

True genetic parameters® Assumed genetic parameters
Case o b} b2 e b} B
1 -1.0—+1.0 2 .2 1 2 2
2 -1.0-+1.9 2 £0—+.5 1 .2 2

* For symbols, see Table 1.
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as in the comparison 1 (Table 2).

For practical implications, it is relevant to compare the actual crossbred response between
CCPS with suboptimal parameters and PLS with optimal parameters, which is the commonly-
used selection strategy. We compared these methods for the equal total progeny.

3. RESULTS

3.1, Comparison of genetic responses of three selection methods in crossbreds.

Fixed Total Progeny: effect of r,, on comparison among selection methods

Figure 1 presents the percentage ratio of crossbred response of PLS and CS to CCPS fpr
fixed total progeny. This figure is symmetric around the point of r,=0, and therefore the
results are sufficiently described with 1, between 0 and 1. The CCPS method always achieves
equal or larger crossbred response than other methods (Figure 1),

100

Ratio of PLS and CS to CCPS (%)

a0 f

g0

40 |

20 f

Figure 1. Relative merits of three different
methods of selection assuming fixed total
progeny and hi=h2=.2. Crossbred responses
frozm PLS and CS are given as a percentage of
response from CCPS. Results are plotted as.a
function of r,. See Table 1 for symhols.

The PLS obtains the same crossbred response as CCPS when r,, is one, and no response
when 1, is zero. This reflects that purebred information is just as valuable as crossbred
information in case r,=1, and does not contribute to response in case r,,=0. Crossbred
response to PLS increases with increasing the value of 1, but is always smaller than the
CCPS response, which indicates the smaller efficiency of indirect PLS compared with CCP$.
Under r.=.7 and hi=h%=.2 which may reflect a realistic animal breeding situation, CCPS
can obtain approximately 16% more crossbred response than PLS (Figure 2; Table 5).
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Figure 2, Relative merits of three different methods of selection assuming fixed toial progeny for all methods.
Crosshred responses from PLS and CS are given as a percentage of response from CCPS. Resulis are plotted
as a function of hZ. The different lines refer to different values for I'e. The b is 2. See Table 1 for explanation
of symbols.

The CS reaches the same amount of response as CCPS when r,, is zero, as in that case
purebred information has no value. The CCPS oblaining more genetic response than CS when
1,.=1 indicates that CCPS uses additional purebred information. The crossbred response to
CS decreases with increasing 1, until about 63% of the CCPS response. This relative
reduction of crossbred response to CS is due to the increasing importance of purebred
information with a larger 1.

The crossbred response to PLS is equal to that of CS when 1, is approximately .6 in our
data structure. The PLS has a larger crossbred response than CS when 1, is higher, and has
a smaller response when r,, is lower.

Fixed Total Progeny: effect of hl. on comparison among selection methods

The PLS obtains almost the same crossbred response as CCPS when hl approaches zero
or r,, is one (Figure 2). The h equal to zero indicates that crossbred information contributes
nothing to the crossbred response. When r, =1 the crossbred response to PLS is only equal
to CCPS if h is equal to h}. With h2<h}, and r,.=1, PLS achieves a litfle more response
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than CCPS, which indicates that crossbred information is less valuable than purebred
information. On the other hand, with hZ larger than .2, CCPS obtains more response than
PLS. In general, the ratio of PLS to CCPS decreases with increasing h2 except the case with
1,.=0 (Figure 2). With r,,=0 where purebred information has no value, CCPS is just
equivalent to CS, and the ratio of CS to CCPS is not affected by h2 (Figure 2). With r,,
values larger than 0, the ratio of CS to CCPS increases as h2 increases. The ratio becomes
zero when h is zero because CS makes no genetic response. In general, the advantage of
CCPS related to PLS increases but the advantage related to CS decreases with increasing hi
{Figure 2). The change of hZ between 0 and .2 (=h3) has more influence on the comparison
of crossbred response among CCPS, PLS and CS than when h2 is larger than h3. Apparently,
the exact value of hZ is not important for the comparison among CS, PLS and CCPS if h is
about equal to or bigger than h3.

TABLE 5. Ratio (%) of CCPS optimal (OPT) and actual (ACT) crossbred
responses to actual PLS crossbred response
under different assumed r,*

True b3
True r,* Assumed ¢, Ratio (%) .1 2 3
.9° 9 OPT/PLS 101.5 103.1 104.1
q T 110.6 116.0 118.5
5 5 132.6 144.5 150.1
9 1.0 ACT/PLS 101.2 102.4 103.1
7 105.8 108.8 110.5
5 113.1 119.0 122.7
9 N ACT/PLS 98.9 101.2 102.3
g 110.3 116.0 118.7
5 130.0 141.3 147.6

* Comparison of crossbred response between CCPS and PLS was based on the same
condition as comparison 1 in Table 2, i.e., fixed total progeny.
b cee Table 1 for the explanation of symbols used here.

¢ True r, varies at .5, .7 and .9, True hi varies at .1, .2 and .3.
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Fixing Purebred Progeny: comparison among selection methods

The ratio of PLS to CCPS crossbred response decreases with increasing the number of
dams crossed to a sire (ng,) (Figure 3). The ratio changes faster under a smaller r,.. When
1, is one, increasing ng, has a very small influence on the ratio. The CCPS achieves a larger
response than PLS even when r,,=1 because all crossbred information is used as additional
information for CCPS in this comparison.
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100 Pwemci | o9

b0 r\ 09 Bl I
B0 N\ o5 | 0.5 T
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Ratio of PLS to CCPS (%)
Ratlo of CS to CCPS {%)

10 | :; --------- 20?‘

10 . : . . 0
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Figure 3. Relative merits of three different methods of selection for varying number of dams that a sire is
crossed to (ng;), under assuming fixed purebred progeny and hi=hz:=.2 for the three methods. Crossbred
responses from PLS and CS are given as a percentage of response from CCFPS. Results are plotted as a function
of ny. The number of dams mated to a sire within population (n,) is 5 for the three methods, The different
lines refer to different values for r .. See Table 1 for explanation of all other symbols,

The ratio of CS to CCPS response increases with increasing n¢, (Figure 3). The lower r,,
is, the faster the ratio increases as n., increases. For low r, values, adding crossbred
information quickly leads to CS response being close to CCPS response. When r,, is zero,
purebred information in CCPS is useless, and therefore, CCPS and CS obtain the same
response. When 1, is one, CCPS achieves the greatest response compared with CS because
of the contribution of extra purebred information which is equivalent to information from
crossbreds.
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3.2. Robustness of CCPS against inappropriate values of r,. and hi.

Assuming r, =1 whereas the true r, is lower, the expected response (R.,) always is
larger than the actual response (R, (Figure 4). The overestimation increases rapidly with
decreasing 1, values. The optimal response (R, is always between R,,, and R, (Figure 4).
The difference between R,, and R, is small for a large r,, (>.7). With lower r, (<.6), the
R, could be much higher than the R,,,.

100 [
\ -
\_\_ oPT //
60 | T
20 |

Figure 4. Optimal (OPT) and actual (ACT)
response relative (%) to expected response
«20 [ ACT (EXP) to CCPS when assuming inappropriately
: r,.=1, for different values of true r,.. Both hi

and b} are .2,
-60 |

Ratio of OPT and ACT to EXP (%)

-100
-1.0 0.5 0.0 0.5 1.0

true I,

The ratio of R, to R, increases with increasing hZ in case of positive r,,, and decreases
in case of negative r,, (Figure 5). The R, is smaller than R,,, in most cases (i.e., for hi < hd),
and is bigger only when both 1, is close to one and hZ is larger than hj as illustrated ?n
Figure 5.

The ratio of R, to R, decreases with increasing h2 with a positive 1,,, and increases in
case of a negative r,, (Figure 5}.

3.3. Comparison of actual CCPS response with PLS crossbred response.

Figure 6 presents the ratio of CCPS R,, to PLS R, (crossbred response to PLS) for
different r,. and hZ values. The CCPS always obtains a larger R,, than PLS for positive
values of r, and hZ>h;. It obtains a smaller R,, than PLS in most cases of negative r,.. The
PLS crossbred response is close to zero with 1, close to zero, and consequently the ratio of
R,. to PLS R, becomes infinitely large. As an example, assuming r,=.7 and hj=h2=.2,
about 9% more genetic response in crossbreds can be achieved by CCPS than PLS aithough
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16% more can be obtained using correct parameters (Figure 5).
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Figure 5. Optimal (OPT) and actual {ACT) erossbred response relative (%) to expected crosshred response
(EXP) to CCPS when assuming inappropriately r, =1 and hi=h;=.2, for different values of true hZ. The
different lines refer to different value of true Iy See Table 1 for other symbols.

4. DISCUSSION
4.1. The merits of the CCPS method in comparison with PLS and CS.

Purebred information always contributes considerably to selection accuracy if r,, is not
very small which is often the case in animal breeding practice. On the other hand, the
crossbred information measures the breeding goal trait directly and its use always leads to
response. The marginal benefit of using crossbred data is only small if a lot of purebred
information is used and if r,, is large. Therefore, to improve crossbred performance it always
makes sense to include both crossbred and purebred information of any crossbreeding system
in selection criteria. A CS method, such as current selection or reciprocal recurrent selection,
should always be replaced by a CCPS.

The CCPS is pgenerally suggested to replace the commonly-used PLS method.
Conservatively speaking, CCPS would bring about 10% more genetic progress in crossbred
- performance than the PLS for most reproduction and fitness traits (e.g., in case of 1, = .7
and hf = hi = .2). The CCPS can be easily applied already in the case where a
crossbreeding structure exists and crossbred information is collected for management purpose.
- Otherwise, some additional investment may be needed for collecting and processing crossbred
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data. In pig breeding, electronic identification, use of sow management systems, availability
of data collected at slaughter houses and increased computer capacity is making it feasible and
relatively cheap to collect and use large crossbred and purebred data sets (Van der Steen and
Wei, 1991). It should be stressed that the CCPS is much better than the PLS if crossbreds
provide an additional information.
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Figure 6. Actual crossbred response of CCPS (ACT-CCPS) (assuming inappropriately r.=1 and bi=h}=.2)
relative (%) to crossbred response of PLS with fixed total progeny for two methods. Ratios (%) of ACT-CCPS
to PLS are plotted as a function of true h%. The different lines refer to different values for r,. h} is .2, See
Table 1 for other symbeols.

The comparison of genetic response in crossbreds between PLS and CS methods has been
studied by Comstock (1961), McNew and Bell (1976), Sellier (1982), Harvey (1992, cited
by Hartmann, 1992), The results on the comparison of PLS and CS found here are silq‘ilar
to what Comstock (1961} described. The parameters, 1, and hZ, play an important role in|the
relative merits of different methods. In our data structure, PLS is better than CS in casi of
I, larger than approximate .6, and worse otherwise (Figure 1).

Setting the breeding goal at the level of commercial crossbreds has been claimed by
several authors (Comstock, 1961; Orozco, 1986; Hartmann, 1992). In our CCPS approach,
the breeding goal is defined as crossbred improvement so that crossbred respons¢ is
optimized. However, optimization of crossbred response is not equivalent to optimizing| the
entire breeding system if purebred performance still contributes considerably to the producL:ion
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system. Experiments have shown that purebred performance was improved slower than
crossbred performance or sometimes even obtained a negative response under crossbred
selection, the last being explained by the existence of overdominance (Wei and Van der Steen,
1991). For species with low reproductive rates, such as cattle and sheep, purebred
petformance is important and a loss in purebred response may not be desirable. For species
with high reproductivity (pig and pouliry), the performance of commercial crossbreds is much
more important and less weight should be given to purebreds.

Theoretically, a solution of this problem is to optimally weigh the breeding values of
purebreds for purebred and crossbred performance (i.e., purebreeding and crossbreeding
values, BV, and BV) and calculate a combined breeding value (BV ,pin) as follows,

BV abines = W,BV, + W.BV, (4]

where w, and w, are relative weights of breeding values for purebred and crossbred
performance. Such weights can be derived from the relative magnitude of cumulative
discounted expressions of each trait in the breeding scheme, e.g., using the gene flow method
(Hill, 1974; Brascamp, 1978), multiplied by the economic value of the moment of expression.
Moreover, breeding companies might have the tendency to give additional weight to purebred
performance because for their primary concern is not the final product but a acceptability of
their breeding stock at the multiplier level.

The CCPS approach described in this study optimizes crossbred response only for one
generation of selection, Long term effects of the CCPS method are dependent on the change
of genetic parameters. A change of r,. due to selection was observed in some experiments
(Comstock and Robinson, 1957; Pirchner and von Krosigk, 1973; Pirchner and Mergl, 1577).
Theoretically, the change of r,, depends on gene frequency changes due to selection (Wei et
al., 1991b). After selection, the value of r,, will increase and eventually get close to one after
& long term in case of no or partial dominance, but get smaller after a long term CS or CCPS
with overdominance (Wei et al.,, 1991b; Swan, 1992). An increase of r, reduces the
advantage of CCPS over PLS.

A possible increase of generation interval in applying crossbred selection was discussed
by Van der Steen and Wei (1991). This increase can be avoided by producing crossbred and
purebred progeny simultaneously or using sib information. The culling and selection moments
should be kept unchanged compared with PLS scheme, but merely the available crossbred
information should be used.

In this study, the selection intensity is assumed to be the same for the three methods, In
animal breeding practice, compared with PLS, the crossbred response to CCPS may be
somewhat reduced by the possible lower selection intensity if the total progeny is fixed.
However, crossbred information is usually available in crossbreeding systems. If field
crossbred data, e.g., data from slaughter house or commercial farms, can be collected, the
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selection intensity in CCPS does not decrease compared with a PLS scheme.
4.2, Robustness of CCPS against inappropriate values of r,, and h}

The genetic parameters related to crossbreds, especially r,., are not routinely estimated
in animal crossbreeding systems. A good estimation of hZ and r, needs a good family
structure, e.g., reasonable data and family structures, a reasonable number of dams per sire
and of progeny per dam. Performance and pedigree records are needed for both purebreds
and crossbreds. i

The expected crossbred response to CCPS (R,,,) is overestimated in case of inappropriate
assumptions on r, and hZ, which gives a possible reason for disappointing crossbrbd
responses in animal breeding. The actual crossbred response (R,.) is always lower than Lhe
optimal one (R,,) although the difference between R,, and R, is small when r, beconies
larger.

Application of CCPS may meet reluctancy due to using inaccurate crossbreeding
parameters, i.e., T,. and hi. The comparison of the R, to CCPS with PLS shows that adding
crossbred information in selection is always profitable in case of a positive r,, (Table 5). For
example, when true r,,=.7 and hz=.2, CCPS obtains 8.8% more response than PLS although
it will be 16% more when using true parameters. Obviously, there is no risk in integrating
crossbred information into current animal breeding program even when 1, is not available Pr
not very accurately estimated.

In the previous parts, only the assumption on r,,=1 is discussed. However, breeders might
think about other values for r, instead of 1 due to the fact that r,, was found to be generally
lower than 1, especially for reproduction or fitness traits (Wei and Van der Steen, 1991). The
assumption r,,=.7 was used to compare actual crossbred responses between CCPS and PLS
with varying r,. by .9, .7 and .5 (Table 5). In general, the outcome for CCPS depends on
greatly on the difference between true and assumed r,,, being larger for the smaller ratio-of
OPT to PLS. The ratio of OPT to PLS under assuming r,.=.7 is close to the optimal ratio
when true 1, is .5. Therefore, values of r, from literature should be considered in CCPS
maodels to obtain a reasonable crossbred response rather than simply assuming 1, equal to 1.

The implications to animal breeding can, therefore, be put forward from this study, (1)
the CCPS is optimal to achieve genetic response in crossbreds; and {2) crossbred information
should be generally used in current animal crossbreeding programmes even when
crossbreeding parameters, r,. and hZ, are unknown or imprecise estimated because the CCPS
is robust against inappropriate values of r, and hi.
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I. INTRODUCTION

The main objective of this thesis was to develop the selection theory for maximizing
genetic progress in crossbreds under a two-way crossbreeding system. It is emphasized in a
literature review (Chapter 2) that both purebred and crossbred information should be used to
improve crossbred performance. The study at the locus level was conducted to investigate the
genetic parameters related to crossbreds, such as crossbred heritability (hZ), genetic covariance
{Cov,.) and genetic correlation (r,;) between purebred and crossbred performance (Chapters
3 and 4), which are important parameters in organizing crossbreeding programmes. Results
from the locus model were used to derive optimal selection strategies for combined crossbred
and purebred selection using the information on purebreds and crossbreds.

In this chapter the theory at the locus level and possible problems with extrapolating
results to the level of the quantitative expression of the traits will be discussed. Also, the
theoretical results and the assumptions on parameter values, e.g., for dominance, will be
compared with evidence from literature of the existence of nonadditive genetic variation. Qur
models used for genetic evaluation and selection in a crossbreeding scheme will be compared
with other genetic models proposed in literature for analyzing crossbred data. A linear mixed
medel to estimate simultaneously purebreeding and crossbreeding values, which are necessary
for optimizing crossbred response, are in the appendix.

The second part of the discussion will focus on the breeding goal in crossbreeding
systemns, It is questioned whether the assumption that the breeding goal should be at the level
of the crossbreds is always sufficient. In practice there may be reasons for breeders to put
some emphasis on the performance of the purebred lines. Furthermore, discuss will focus on
the problem of defining the breeding goals in crossbreeding systems that are more
complicated than a two way crossing system.

In chapter 6 an optimal method for improving crossbred performance was derived
basically following selection index methodology. However, such methods optimize selection
for one round only. Optimal selection strategies when selection is expected to be optimized
for response after several generations will be discussed. In addition, it will be discussed



110 M. Wei

whether a long term horizon would be affected by changes of crossbreeding parameters that
were derived in our theoretical model.

Then, discussion will focus on some considerations about practical aspects of applying
the CCPS method in animal crossbreeding systems. Although we have proposed an optimal
method to combine crossbred and purebred information, it is up to the breeders to implement
it. In this aspect breeders have to make important decisions, e.g., on the testing facilities th 'y
make available for crossbred and purebred information collection, and the optimal ratjo
between those two types of animals in the test. Furthermore, they will have to use genetic
parameters for the crossbreeding system. The relevant discussion will be on how to obtain
and to interpret such parameters. For example, I shall discuss the common breeding practice
where nucleus purebreds and commercial crossbreds are kept in different environments such
that genotype by environment interaction effects are confounded with crossbreeding
parameters.

Finally, this chapter will end with recommendations drawn from this general
discussion for the animal breeding practice.

II. THE GENETIC BASIS OF MODELS OF CROSSBEREEDING

Several different models have been proposed to analyze data from crossbreeding
experiments and to evaluate animals under crossbreeding systems (Wei and Van der Steen,
1991; Swan, 1992). These models will be compared and discussed here in terms which will
be most useful for genetic evaluation and selection in crossbreeding systems to optimize
crossbred response. Furthermore, the relevance of nonadditive effects to practical animal
crossbreeding programmes will be discussed.

2.1. Genetic theory derived from the locus model.

In this study, locus models were used to generate knowledge about the genetic
parameters related to crossbred populations (Wei et al., 1991a,b). Locus models have been
proven useful for generating quantitative genetic theory, e.g., Mather and Jinks (1971) and
Falconer (1989). However, locus models are simplifications of the true genetic model and it
should be questioned whether they are always sufficient. In fact, even the parameters on the
locus level can be questioned.

The extrapolation of the results on the locus model to the quantitative level of
aggregated loci is based on the assumption that the gene interaction effects among different
loci is ignorable. So, the effect of nonadditive variation from epistatic effects on
crossbreeding parameters has not been considered in this thesis. However, the concept of
homeostasis given by Lerner (1954) would be helpful to understand the meaning and
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importance of epistasis for a functioning organism. It is logical that genes at different loci
always influence each other in one or another way and to a different degrees in terms of
balancing an organism and further influencing traits of interest. In fact, epistatic effects have
been found to be important for some traits, €.g., egg production and milk production (Fairfull
and Gowe, 1986; Bosch, 1990; Cunningham, 1990). Usually, the two-loci interaction model
is used in understanding and analyzing epistasis (Willham and Pollak, 1985; Falconer, 1989).
However, as pointed out by Cunningham (1990), epistasis is difficult to measure in reality
because it is by definition an infinitely expandable category of gene action. Exploiting
epistasis seems to be impossible even applying any crossbreeding program (Cunningham,
1990) although it is believed that crossbreeding might take some advantage of epistasis (Bell
et al., 1952). How to exploit ¢pistasis in breeding programs will be a challenge for
quantitative geneticists.

Recently, Orozco (1983, 1986 and 1989) gave an alternative explanation for heterosis.
The theory mentioned above is based on the assumption that heterosis expressed in a certain
trait is related to the genes which are directly responsible for the trait. But, according to
Orozco (1986) the heterosis does not come from an action of the genes responsible for the
character of interest, but from the genes responsible for the vigour or general resistance of
the individual. So, the genes controlling the vigour or general resistance serve indirectly to
increase the performance of crossbreds because the crossbreds are more vigorous, healthy,
and stronger, and consequently are more likely to show their genetic potential and perform
better than purebreds. This theory would be supported by the fact, that heterosis varies
depending on environments (Barlow, 1981; Fairfull and Gowe, 1986).

According to Orozco’s theory, the improvement of final crossbreds for a certain
environment should be based on simultaneous selection for the desirable genotype responsible
for the trait of interest and for another type of desirable genotypes responsible for the vigour,
which allows animals to express their genetic potential. Theoretically, the genetic models,
which treat two sets of genes separately, could be established for animal evaluation if both
purebred information from central test station and crossbred information from commercial
environment are available.

2.2, Models for analyzing crossbreeding experiments.

Several statistical-genetic models have been established to analyze diallel cross
experiments (Gardner and Eberhart, 1966; Eisen et al., 1983; Henderson, 1977; Komender,
1988). Most important aspect of this design is to partition the variance into general and
specific combining abilities (GCA and SCA) (Griffing, 1956). GCA denotes the average
performance of a breed in crossing, which is assumed to be controlled by additive genetic
variation. SCA is the performance in a specific cross, reflecting the nonadditive genetic
variation. More general models to deal with crossbred data are also introduced by Gardner
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(1966), Dickerson (1973), Sheridan (1980 and 1981), Kinghorn (1980), Hill (1982) and
Fimland (1983), where additive, dominance and epistatic effects are taken into account. These
models were designed to estimate crossbreeding parameters, e.g., additive effects, dominance
and epistatic deviations, heterosis or recombination toss (Kinghorn, 1982; Swan, 1992).
These models are useful in determining the additive and nonadditive effects influencing
crossbreds from various lines, in predicting the performance of crosses which are not in the
design, and in finding out the best combination of lines for specific purposes (Dickersoh,
1969; Bell, 1982). However, these between line effects do not constitute the breeding values
of animals within a specific line. Therefore, these models are not directly relevant to the
within line selection to optimize crossbred response under a given crossbreeding system.

2.3. Multibreed evaluation procedures.

To simultaneously use within and between breed selection in a structured wa,
Kinghorn {1982, 1983 and 1984) developed a "Multibreed Selection Index" (MSI). The index
consists of two basic components. First, a crossbreeding component contains a breed
difference and a heterosis effect, which is determined by breed genotype of the animal and
the mating genotype. Another component is the breeding value (i.e., additive effect) of the
animal within lines. This method has been applied to estimate breeding values and
crossbreeding parameters simultaneously by Elzo and Jamula (1985), Komender and
Hoeschele (1989), and Van der Werf and de Boer (1989a,b). The MSI has been applied in
beef cattle breeding (Notter, 1989a,b). However, as pointed out by Swan (1992) the MSI
approach is based on the assumption that the crossbred improvement is paralleled with the
purcbred improvement by means of the selection within breeds, i.e., according to estimates
of breeding values within breeds. These models treat the breed differences and heterosis as
fixed effects, and an animal’s breeding value is expressed for any type of mating (Komender
and Hoeschele, 1989). Once nonadditive variation exists and genetic correlation between
purebred and crossbred is not unity, the breeding value of the animal varies depending on the
line that is mated to (Wei et al., 1991b). Therefore, the MSI is not the optimal method for
achieving crossbred improvement. Elzo and Famula (1985) and Elzo (1986 and 1999)
proposed a method to account for the interaction between breeding values of animals
estimated in different populations. However, their derivation on variances and covariances
involving crossbreds (Elzo, 1986), treats additive genetic variance in a crossbred population
as a linear function of variances in parental populations, which has been proven not to be true
under the locus model with nonadditive genetic effects (Griffing, 1956; Wei et al., 1991a;
Swan, 1992).

Swan {1992) and Swan and Kinghorn (1992) deveioped a multibreed evaluation models
using a multi-trait approach under linear mixed model framework in which both purebred and
crossbred information can be used. Their model is similar to the model presented in the
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Appendix and is applicable for practical animal crossbreeding programmes. It has to be noted
that an animal evaluation in complicated crossbreeding systems involving several lines and
severa! generations of crossbreds many genetic parameters are to be involved and have to be
estimated reducing the efficiency for selecting animals within lines. Also, the breeding value
estimation for crossbred animals are not assumed to be relevant under the CCPS method.

2.4, Evidence of nonadditive genetic variation on the quantitative level,

Direct estimation of dominance, i.e., dominance variation within lines, were done for
egg production traits in poultry (Wei and Van der Werf, 1992a), and for dairy cattle traits
(VanRaden, 1989; Tempelman and Bumnside, 1990a,b and 1991; Hoeschele, 1991; Lawlor
and Short, 1992). A significant dominance variance was found for egg production traits and
fat yield.

Indirect evidence of nonadditive genetic variance is usually shown through heterosis,
inbreeding depression, genetic correlation between purebred and crossbred performance (r,)
being smaller than unity, difference between purebred and crossbred heritabilities (h? and h?)
(Mather and Jinks, 1971; Wright, 1977, Willham and Pollak, 1985; Wei et al., 1991a,b).
Evidence for dominance can be seen shown in an overview of literature values (Tables 1, 2,
and 3). The estimates of 1, are reviewed in detail by Wei and van der Steen (1991) and Swan
(1992).

Nonadditive variation was also found through analyzing selection or crossbreeding
experiments. First, experiments have shown that PLS and RRS exploited different genetic
variances controlling the trait as reviewed by Wei and Van der Steen (1991). In two extreme
cases, performance in crossbreds did not respond to PLS but could still be improved by RRS
(Kojima and Kelleher, 1963; Saadeh et al., 1968). Second, long term selection experiments
with laboratory animals have shown dominance and epistatic interaction to be widespread
(Falconer, 1989). Third, many crossbreeding experiments have shown dominance and
epistasis as the cause of heterosis (Sheridan and Randall, 1977; Sheridan, 1981; Authur,
1986; Lechner et al., 1986; Fairfull et al., 1987; Bosch, 1990; Sharma and Pirchner, 1991;
Ahlborn-Breier and Hohenboken, 1991; Brade, 1990).

All these results generally prove the existence of nonadditive genetic variance among
most of the commercially important traits in farm animals, which reflects the possibility and
necessity of using both types of genetic variation to maximize crossbred performance. An
integrated picture relating together all these parameters (heterosis, inbreeding depression,
genotype by environment interaction, nonadditive genetic variances) can be drawn for two
categories of commercially important traits, (1) production traits, e.g., growth, body weight;
and (2) reproduction and fitness traits, e.g., litter size, fertility and egg number. The later
group of traits is related (o vigour and largely influenced by environmental effects. They
usually have a small heritability but a relatively large nonadditive variance. They tend to show



114 M. Wei

TABLE 1. Heterosis for commercially important traits in different species.

Species  Traits % ahsolute value References
Pig Litter size 3—+10 3—+1.3 piglets Sellier, 1970 and 1976. Glodek, 1982.
(Maternal heterosis) (8—20) (.5-+2.4 piglets)  Buchanan, 1988. Bidanel et al, 1938 &
Backfat 5-»10 1991a,b. Baas et al., 1992a,b.
Body weight (154 days)  5—13 16 kg
Average daily gain 2-+10.6 .04—.13 kg/day
Lean gain/day 1-3 0304 kg/day
Little weight at birth 5 1.5-2.6 kg
{Maternal heterosis) 2650y (3.9kg
Conception 5-18
Laying Egg production 445 240 eggs/year Ayyagari et al., 1982, Fairfull &
chicken Egg weight 14 Gowe, 1986. Hartmann, 1989. Lee &
Age at lst egp g5 Huang, 1989. Fairfull, 1990; Flock eti
Viability 117 al., 1991, :
Body weight 0-5
Broilers Body weight (8-10wk) 1.7-+10 Merritt & Gowe, 1960. Fairfull &
Feed conversion 3—+16 Gowe, 1986,
Viability 1722
Sheep Birth weight 217 125 kg Singh et al., 1967, Ghoneim et al.,
Body weight (100 days) 07 1.3—+3.2 kg 1968. Terrill, 1974. Wiener & Hayter,
Reproduction traits 217 1974 & 1975. Nitter, 1978. Hickman,
(maternal heterosis) (3—26) 1982.
Survival rate 340
Beef Birth weight 1-3.1 9-2.7 kg Flower et al., 1963, Gregory et al., T
cattle (maternal heterosis) 6.3 1965. Long & Gregory, 1974. Knapp
Daily gain 1-+8.2 05--,084 kg et al., 1980, Peacock et al., 1981,
Weaning weight 1.1=4.6 2320 kg Kress et al., 1990. Gregory et al.,
{maternal heterosis) 7.6 (1629 kg) 1991.
Body weight at 200-day 7.2 10.9 kg
—
Dairy Milk yield 025 0—+54( kg Schulte-Coerne & Boie, 1986. Ericsson
cattle Fat yield 012 0-8 kg et ai.,1986. Pedersen & Christensen, 1
Protein vield 020 kg 1986. Baumung & Panicke,1986. 1
Calf survival rate 2—18 Turton, 1981, McAllister,1986. :
Reproductivity McDowell, 1985. Sharma & Pirchner, .
(maternal heterosis) 2-3 1990. Ahlborn-Breier & Hohenboken,

1991. Touchnerry, 1992. Van der werf
and de Boer, 1989a.

Note: Data presented above refer to individual heterosis. The data in brackets refers to maternal heterosis. The
heterosis expressed as a percentage and as absolute value are possibly from different literature sources.
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TABLE 2. Purebred and crossbred heritabilities (h} and h).

Species Traits i h? Authors
Poultry Egg production .19 .48 Rabsztyn & Nowak, 1978
12 37 Orozco & Campo, 1975
.14 18 Taran, 1971
.24 11 Hale & Clayton, 1965
.34 .36 Hale & Clayton, 1965
.08 14 Pirchner, 1973
.15 (.09 17 (.16) Pirchner & Mergl, 1977
08—+.15 .16—.26 Mergl, 1977a,b
22 95 Rabsztyn, 1990
.19 (.20) 20 (.21) Pirchner & Krosigk, 1973
Egg weight
74 .66 Rabsztyn & Nowak, 1978
35 a1 Orozco & Campo, 1975
.29 57 Taran, 1971
46 42 Hale & Clayton, 1965
.96 .88 Hale & Clayton, 1965
46 48 Pirchner, 1973
22 51 Rabsztyn, 1990
49 (.58) 58 (3T Pirchner & Krosigk, 1973
Pig Body weight (finished) 49 .85 Standal, 1968
Daily gain (20-90 kg) 30 30
Backfat 68 .82
Body weight (42-day) 77 (.36) .60 (.28) McLaren et al. 1985
Daily gain (postweaning) .39 (.52) 42 (52)
Backfat .49 {.61) 57 (.29)
Body weight (56-day) 03 A9 Stanislaw et al,, 1967
Daily gain {postweaning) .28 .39
Backfat .55 .47
Body weight (154 days) .73 .03 Louca, 1967
Backfat .24 .16
Weaning weight .28 (.08) .20 (.20) Rempel, 1969,
Daily gain .52 (.28) .58 (.50)
Feed efficiency 43 (.14) .85 (.27)
Litter size 36 .50
Sheep Birth weight .60 .24 (.03) Bassett & Shelton, 1966
Body at 120-day A7 (39 .25 (.45)
Weaning weight .26 A2 Galal et al., 1970
Weaning weight .26 12 Salah et al., 1969
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TABLE 3. Inbreeding depression per 10% increasing inbreeding coefficient.

Inbreeding depression

Species Traits % absolute value References
Pig Little size (alive) 3~ A6-+.39 piglets Leymaster & Swiger,
Body weight (154d) 35 2-3 kg 1981. Young et al., 1983 |
Daily gain 2006—~.02 kg ab. \
Backfat 0025015 cm ‘
1
Laying Egg production 34 6—9.5 eggs Abplanalp, 1974 & 1990,
chicken Egg wight 01 .5-+3.2 gram Foster & Kilpatrick, 1987.
Age at lst egg 01 6.8 days Flock et al., 1991.
Viability 224
Body weight 1-1.5
Hatchability 4-7%
Dairy cattle Milk yield 226 kg Short et al., 1992,
Fat yield 7.8 kg
Protein yield 8.5kg
Sheep Ewe survival 7-70 Lamberson & Thomas,
Birth weight .05-29 kg 1984; Ercanbrack &
Weaning weight 3-5 3-1.8 kg Knight, 1991; Wiener et
Body weight (6 months) 5-2.5kg al., 1992,
Body weight (13 months) 1.2-2.7 kg
Reproduction rate/ewe 10
Fertility 11-16

a considerable amount of heterosis and inbreeding depression. Also, these traits can be
efficiently improved by crossbred selection schemes. The production traits have the opposite
properties to reproduction traits, i.e., lower heterosis and inbreeding depression, higher
heritability and less dominance variance.

IHl. THE BREEDING GOAL IN CROSSBREEDING SYSTEMS

In a crossbreeding system, we have distinguished breeding values of purebred breeding
animals for purebred and crossbred performance, i.e., purebreeding and crossbreeding values,
Also, we have generally assumed that crossbreeding values are the most suitable selection
criteria because it is the crossbred performance that is most expressed in commercial animals
as mentioned by Orozco (1986) and Hartmann (1990) for poultry breeding. However, could
the purebred response be ignored at all ? Would breeders have arguments to also consider
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purebred breeding values in selection ?

Another point is that selection methods have been studied for a two-way crossbreeding
system, i.e., recurrent selection (RS, Hull, 1945), reciprocal recurrent selection (RRS,
Comstock, 1949), and CCPS. However, how would the breeding goal look like in more
complex crossbreeding systems such as three- or four-way crossing systems ?

Only two-, three- and four-way crossbreeding systems (Table 4), are considered here
because they are expected to be the most important in the animal breeding of the future
(Orozco, 1986; Webb, 1989). Other crossbreeding systems, such as rotation cross, two-way
crisscross systems, diallel cross, back cross, grading up, crossing for forming a synthetic line
(Terrill, 1974; Cartwright and Fitzhugh, 1978) are not considered in this discussion although
they are applied in animal breeding practice. The reason is that under these systems no
breeding value for improving certain final crossbreds can be consistently estimated over
generations. These systems are not suitable to simultaneously exploit genetic variation within
and between populations, or say selection effects and heterosis as defined by Orozco (1986)
and Swan (1992),

Discussion will first focus on the breeding goal under a two-way crossbreeding system
which is the most basic form of crossbreeding systems. Then, more complex crossbreeding
breeding systems as 3-way and 4-way crosses will be discussed. The terminology and the
symbols for different lines used are in Table 4.

TABLE 4. Crossbreeding systems.

Genotypes
Crossbreeding systems Sire population Dam population Final crossbred
Two-way cross A c AC
Three-way cross A CD A(CD)
Four-way cross AB CD (AB)(CD)

Note: A, B, C and D denote four different populations (breeds or lines).

3.1. Breeding goal in a two-way crossbreeding system.

As argued in Chapter 6, optimization of crossbred response is not necessarily
equivalent to optimizing the entire crossbreeding system if purebred performance still has a
significant contribution to this system. In fact, experiments and theory showed that purebred
performance is improved slower and sometimes reduced during crossbred selection (Wei and
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Van der Steen, 1991), which might be seen as a disadvantage of CS or CCPS (Van der Steen
and Wei, 1991) when purebred performance is of any importance. Therefore, breeders often
have to consider both crossbred and purebred performance.

Rather than using the breeding value for crossbred performance as a selection criteria,
it can be proposed to use the combined breeding value (BV,,,,) in selection of purebred
animals from sire and dam lines, which is calculated as follows,

BV, = w;BV, + w.BV, 1]

where BV, and BV, are the purebreeding and crossbreeding values of the animal; w, and w,
are the relative weights of breeding values for purebred and crossbred performance. Here,
the same character expressed in purebreds and crossbreds is considered two different traits.

The BV, and BV, can be estimated by relevant selection indices (Wei and Van der
Werf, 1992b} or with a mixed model method {Appendix). The latter method is appropriately
corrected for fixed effects in unbalanced cases, and uses information from relatives over more
than one generation.

The weights in [1] can be derived from the relative magnitude of cumulative
discounted expressions of each trait (purebred and crossbred performance) in the breeding
programme, €.g., using the gene flow method (Hill, 1974; Brascamp, 1978), multiplied py
the economic value of the moment of expression. It is interesting to determine the factors tl'}at
have significant influence on these weights. '

At the national level or at the level of the total production chain, discounted
expressions depend greatly on frequency of expression, i.e., the number of breeding and
commercial animals. This is mostly determined by the reproductive rate of the species. For
species with high reproductivity like poultry and pig, wc will be much larger than w; because
the number of breeding animals is relatively very small compared to commercial animals
Conversely, for species with low reproductivity like cattle and sheep, part of selectwn
pressure would be given to improving purebred performance.

At the breeding company level, the profit of companies is directly from selling
breeding animals (A sires and C dams) to multipliers. So, the specific demands of multipliers
for efficient purebred animals have to be taken into account. Roughly speaking, breedess
might want to pay more attention to purebred performance than they should according to
discounted expressions, and maximize their profit on a short horizon. However, in the long I
run final products, AC crossbred performance, are most important because their quality ‘
determines the market share.

The breeding goal in formula [1] is the general one to deal with one character |
expressed in both purebred and crossbred animals (two traits). However, for any |
crosshreeding system more than one character usually has to be considered. Usually,
production traits are important in final products whereas the reproduction traits are of
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importance in dam lines. Also, specialization of sire and dam lines requires a distinction
between reproduction and production traits (Smith, 1964; Knap, 1988 and 1990a,b).

For simplicity, Moav’s concept (1966) is used here to distinguish between production
and reproduction traits at purebred and crossbred levels. The equation [1] can be rewritten
as follows,

BV, = (WpBVp,+WnBVp) + (W, BV, +WeBVe) = WpBVy + Wo,BVe, 2]

where subscripts p and r denote the production and reproduction traits, respectively.
Production traits are important at AC crossbred level, and repreduction traits are important
at C purebred level. Therefore, wp, and w, are ignored since they are considered relatively
small.

Therefore, the breeding goal in a two-way crossbreeding system is to improve as much
as possible the reproduction traits at C level and the production traits at AC crossbred level.
It should be stated that these two types of traits can be optimally improved within lines as
studied by De Vries (1989).

3.2. Breeding goal in three-way and four-way crosshreeding systems

A four way crossbreeding system (Table 4) is chosen as an example because it is often
used in poultry and pig breeding and also because a three-way crossbreeding can be seen as
a simplification of it. The breeding goal for a four-way crossbreeding system can be defined
as follows, Here, the selection in the line D (grand dam line) is taken as an example.

BV = (WpBVp, + wpBVy,) + (Wep,BVep, + WepBVen)
+ (WascppBVascoy + WascnBVascoy)
= WpBVp, + WenBVene + Wanco,BY ascop 31

where BV, and BV, are the breeding values for production and reproduction traits,
estimated at the level of line A to obtain best animals of line A; BV, and BV, are the
breeding values for production and reproduction traits, estimated under the two-way crossing
system to obtain the best CD crossbreds; BV ,ycp, and BV, pcp, are the breeding values for
production and reproduction traits, estimated at the level of ABCD crossbreds; wy,, Wp,,
Wepps Weprs Wanepp and Wigen, are the economic weights. It is assumed that for pig and
poultry breeding, production traits are important only at the ABCD level, and reproductton
traits are important at C and CD levels. Consequently, wy,, Wepg, and wWpep, are ignored
because they are considered relatively small.
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Under considering the line C, w, may be assumed 0 be zero because BV, is not
economically important when C line provides sires to produce CD animals. In this case, the
combined breeding value becomes BV ¢y ., = WenBVep, + WascpBY ascn,- Furthermore, the
combined breeding value for lines A and B can be simpler assuming that the reproduction
traits in the two lines are not important, €.g., BVqay = WapcppBVancny. Generally speaking,
the equation [1] can be extended to a three- or four-way crossing system to obtain a precise
relative economic weights for different traits at different levels. ‘

The breeding goal in a three-way crossbreeding system (ACD) can be derived fr
the equation [2] and [3] for a two-way and four-way crossbreeding systems, respectively. The
selection in line A follows the method for a two-way crossbreeding systems. The only
difference is that the tester for A line is the CD crossbreds instead of C purebreds. The
selection in lines C and D follows the four-way approach [3].

3.3. Difficulties on achieving the breeding goals in a three-way or four-way
crossbreeding systems and possible solutions,

The breeding goal under a two-way crossbreeding system can be achieved by using
the CCPS method as a multitrait breeding goal, i.¢., using a combined breeding value (BV,.,,,
approach). The CCPS method may be applied for a three-way or four-way crossbreeding
systems by following the way mentioned above, i.e., estimating combined breeding value
under 3-way or 4-way cross system (BV,,,, or BV, ).

However, there are some difficulties involved in 3-way or 4-way cross systems. The
main problem is related to estimating crossbreeding values at ACD and ABCD crossbred
level. First, including ABCD information into selection procedure tends to increase generation
interval which reduces the genetic gain on the annual basis. In addition, efficiency of ABCD
information in selection is largely reduced because of a small coefficient of genetic
relationship between A animals and their ABCD grand progeny. Second, the variances anil
covariances related to ABCD crossbreds have to be estimated, but ABCD crosshred
information is not usually available because breeding companies do not test ABCD crossbreds
routinely.

Several suggestions may be given to achieve breeding goals in three-way or four-way
crossbreeding system. The BV, ,,, approach can be directly used to some extent in three-waqt
or four-way crossbreeding systems. With respect to meat-type animal breeding (e.g., broil
and pig), reproduction traits, such as egg production, little size and fertility, are important
only at CD level but not at ACD and ABCD level. The BV,,,, approach, therefore, is
sufficient to improve these reproduction traits in either three-way or four-way crossbreeding
system.

Under a three-way crossbreeding sysiem, the BV,,,, approach is directly applicable
for improving the sire line, i.c., line A. In this case, the traits to be improved by BV,
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approach are only towards production traits at ABC level.

Theoretically, an alternative way to select A purebreds for the best ABCD crossbreds
is to have AC and AD or ACD crossbreds tested. Selection of A animals based on the
performance of AC and AD or ACD scems to be equivalent to that based on ABCD
performance. The reason is that combining ability between A and B is mainly expected to
contribute to reproduction at AB level but not to that at ABCD level. Instead, combining
ability between A and C, D or CD contributes to the production trait at ABCD level.
Therefore, it is logical to hypothesize that testing performance of AC and AD or ACD is a
short-cut to test ABCD animals. Practically, it is convenient to test A(CD) crossbreds, and
similarty B(CD). Under this hypothesis, BV,,,, approach can be directly used for a whole
four-way crossbreeding system.

IV. SHORT-TERM VERSUS LONG-TERM SELECTION
FOR CROSSBRED PERFORMANCE

The study described in the previous chapter has provided the selection method to
maximize the selection response in crossbreds from one round of selection (Chapter 6).
However, the question arises whether selection decisions based on a short term CCPS are also
optimal on a longer time scheme. Here, the merits of a long-term CCPS compared for with
PLS and CS methods will be discussed on both locus level and quantitative genetic level.

4.1. Locus level.

Genetic progress in crossbreds. An autosomal locus with two alleles (A; and A,) where A,
is favourable is again considered. The genotypic value of three genotypes, A;A;, A A, and
AyA,, are assurned to be 1, d and -1, respectively. The d equal to zero indicates pure
additive gene effect, the d between O and 1 partial dominance, and the d larger than 1
overdominance.

Hill (1971) investigated the selection limit for PLS and RRS schemes under a two-way
cross system. PLS is less efficient than RRS to achieve crossbred response with
overdominance although PLS and RRS obtain a similar genetic progress under partial
dominance. The selection limit is the same for PLS and RRS in case of partial dominance,
i.e., fixing genotypes, A A, in purebred lines. In case of overdominance, applying RRS leads
to fixation of the frequency of A, in one line and toward zero in the other lines, The PLS
method still leads to the fixation of A, frequency in both lines (Comstock et al., 1949). Based
on Hill’s results with partial dominance, all selection methods, also CCPS, lead to the same
result in the limit. So, the best one on a short term should be the best in general if
overdominance could be ignored.
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A simulation study at the locus level (Swan, 1992) showed the different effects of
selection methods (PLS and CS) on reaching optimum crossbred genotypes in crossbreds
when overdominance exists. In case of overdominance, the CS obtains the maximum
crossbred level and heterosis (i.e., fixing A, in one line and A, in the other line). But the PLS
does not reach maximum crossbred genotype and leads to the loss of heterosis. This is in a
good agreement with the RRS theory (Comstock et al., 1949) that selection for purebred
performance does not naturally improve combining ability but decreases heterosis (Gotz et al.,
1991; Serrano and Orozco, 1992),

Thus, optimization of crossbred response means not only to obtain maximum crossb:
genotype finally but also to obtain the maximum genetic response in crossbred at a short tetrm
horizon, e.g., one round of selection. Naturally, it maximizes heterosis (Swan, 1992). The
CCPS and CS methods can reach the maximum crossbred genotype but PLS can not. It is
shown by Wei and Van der Werf (1992b) that CCPS always results in a larger genetic
response in crossbreds, and thus it is the optimal method to obtain crossbred response.

response, and the question is how the value changes in a long-term selection under a
crossbreeding program. The r,,, value is determined by gene effects and gene frequencies (Wei
et al., 1991b). For different selection methods, it can be predicted how gene frequencies
change due to selection (Wei et al., 1991b). Without dominance, r,. is unity and never
changes under any selection scheme. In case of partial dominance, r,. increases under PLS
because the gene frequency difference between parental populations decreases continuously
(Wei et al., 1991b). With overdominance, the value of r,, decreases under CS or CCPS but
still increases under PLS. Therefore, the behaviour of 1, under a long term CS or CCPS will
reflect the gene effects controlling the trait of interest. A simulation study on the behaviour
of r,. under selection (Swan, 1992) confirmed these results.

Change of r,. due to selection. The 1, is the most important parameter to optimize crossbred

4.2, Quantitative genetic level.

In practical animal breeding, the value of 1, can be estimated, but gene effects and
gene frequencies involved are never known, which gives no opportunity for breeders to adjust
their breeding schemes based on the information at the locus level. Fortunately, the behaviour
of r,. under a long-term CS or CCPS informs us to some extent whether overdominance exists
(Wei et al., 1991b), in the sense, that overdominance should be used to explain a decrease
of r,, under CS or CCPS. A decrease of 1, was found in several long-term selection
experiments (Comstock and Robinson, 1957; Pirchner and Von Krosigk, 1973; Pirchner and |
Mergl, 1977; Swan, 1992). ‘

Theoretically, it may be expected that crossbred heritability (h?) changes due o
changing gene frequency under selection. To obtain an optimum genetic progress, regul#r |
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estimation of h? might be needed although the change of h? has less influence on the efficiency
of CCPS method than 1, (Chapter 6). There is no experimental evidence reported on the
behaviour of this parameter.

Based on the studies in this thesis (Chapter 6) and those of Hill (1971) and Swan
(1992), several hypotheses can be made on the expectation of genetic progress in crossbreds
caused by a long term CCPS compared with PLS and CS. An equal total testing capacity for
three methods and h?=h’ are assumed. Hypothesis one: without dominance (d=0), PLS, CS
and CCPS all are able to achieve the maximum crossbred performance, i.e., fixing the A,
allele. But, PLS achieves the limit faster than CS and CCPS because PLS has a relatively
high selection intensity, i.e., with PLS more purebred animals are tested (Figure 1). The
CCPS method achieves the limit faster than CS because of using additional purebred
information (Figure 1). Hypothesis two: with partial dominance, PLS, CS and CCPS have
the same selection limit. But CCPS may obtain a faster progress than CS and PLS (Figure
2). CS may be better or worse than PLS depending on parameters. The r,, increases under
all selection schemes and consequently response will decrease under CCPS and increase under
PLS. Hypothesis three: in case of overdominance the CCPS achieves a faster and larger
crossbred response than PLS. And, CS may reach the selection limit faster or stower than
PLS but has definitely at a larger limit (Figure 3). The relative superiority of CCPS and CS
over PLS increases because the value of r,, decreases under CCPS and increases under PLS.

The CCPS method is generally preferred. To keep CCPS efficient, r,, should be
regularly estimated and genetic models should adopt up-to-date parameters. When r,, becomes
larger, purebred information is automatically given more weight in the CCPS method, and
also more purebred animals should be tested.

V. EFFECT OF GENOTYPE-ENVIRONMENT INTERACTION
ON CCPS SCHEME

Almost all animal breeding programmes face the fact that nucleus purebreds and
commercial animals are raised in different environments (Kraus, et al., 1965; Ruvuna et al.,
1983; Brascamp et al., 1985; Hartmann, 1989; Sorensen, 1989; Rahnefeld et al., 1991;
Sheridan, 1990). To improve the crossbred performance at the commercial environment in
a crossbreeding program, the efficiency of selection in nucleus purebreds depends not only
on the genetic correlation (r,.) but also on possible genotype¥*environment (G*E) interaction
between nucleus and commercial conditions.

S.1. Nature of G*E interaction and its influence on genetic parameters.

In this paragraph the meaning of the different parameters in a crossbreeding system
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Figure 1. Hypothesis one: relative merits of
a long-term CCPS, PLS and CS scheme in
case of no dominance. Cumulative genetic
responses in crosshreds are plotted against
the time.
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Figure 2. Hypothesis two: relative merits of a long-term CCPS, PLS and CS scheme in case of partial
dominance. Cumulative genetic responses in crossbreds are plotted against the time.
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with different environments is first discussed as well as why those parameters could differ
between environments. Subsequently, the consequences for a practical breeding programme
will be discussed. Falconer (1952) considered performance in each environment as different
traits with a genetic correlation between them. Here, his concept is used to discus G*E
interaction related to the CCPS scheme.

The G*E interaction influences the crossbreeding systems because estimates of genetic
parameters (variances, covariances and r,.) vary in dependency on environments (Table 5).
For example, the crossbred heritability (h?) and genetic correlation between purebred and
crossbred performance (r,) may be smaller when crossbred performance is under a less
optimal environment. No environmental effect has usually been taken into account in
estimation of r,, as reviewed by Wei and van der Steen (1991} because this is usually
confounded with the difference between purebreds and crossbreds.

The experimental way to estimate G*E interaction as well as r, is to have an
appropriate design (Table 5). In such a design, two crossbred heritabilities (h?, and h2,)) and
three genetic correlations (r,., T, and r,,;) may be estimated associated with the two relevant
environments (Table 5). Theoretically, r,.., should be unit if there is no G*E interaction
because the expectation of sire values is the same in different environments. The r,,, value
is also unity if the G*E interaction is due to a scale effect, thus without affecting the ranking
of breeding sires. In this case, G*E interaction does not influence the efficiency of a CCPS
program. Another type of G*E interaction, where ranking of genotype varies upon
environments, the breeding efficiency will definitely be influenced. The r,,., smaller than one
indicates the existence of this type of G*E interaction, The test for G*E interaction expressed
as I, was discussed by Simianer (1991).

TABLE 5. Experimental design of cressbreeding in case of G*E interaction.

Nucleus Environment (1} Commercial Environmeat (2)
Parents Sire line and dam line
Progeny Purebred progeny

Crossbred progeny 1 Crossored progeny 2
Parameters to be estimated by h%, ey, Covy, b2, P C0Vpo, Fiar COVyg

Nate: r, is genetic correlation between purebred and crossbred performance; h} is erossbred heritability; h}
is purebred heritability. r.,,, is genetical correlation between crosshreds in different environments. Cov, is sire
covariance between purebred and crossbhred performance. Cov,,, is sire covariance between crossbreds in two
environments. Subscripts 1 and 2 refer to the nucleus and commercial environments,
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Crossbred heritabilities estimated in different environments tend to be different
depending on the type and degree of G*E interaction, e.g., in poultry (Krause, et al., 1965).
They will be equal in case of no G*E interaction. However, the crossbred heritability (hZ)
in the commercial environment may be smaller or larger than the heritability under the
nucleus environment (hZ,) due to two reasons, First, environmental variance increases in the
less controlled environment and consequently decreases the heritability. Second, the genotypes
may express themselves differently in different environments, i.e., the ranking of genotype
values may change. In practice, h?, under the nucleus environment was usually found to be
larger than hZ, under the commercial environment (Pirchner, 1983; Serrano and Orozcd,
1992; Merks, 1988).

The difference between r,,; and r,, depends on G*E interaction. The sire covariances,
Covy,; and Cov,,, may change according to the type of G*E interaction. Theoretically, Cov,,
can be either larger or smaller than Cov,,,, and consequently 1,,, can be larger or smaller than
Tnz- For example, G*E interaction was involved in some experiments to compare PLS and
RRS schemes (Kincaid and Touchberry, 1970; Orozco and Bell, 1974). As a result, RRS
improved crossbreds faster under adverse environment than under optimal environment, and
RRS performed better than PLS under adverse environment but worse under the optimal
environment. The results implied that r,., was lower than r,,, and hZ, was larger than h2,.

Theoretically, two explanations may be given to G*E interaction, (1) the same group
of genes express their different genotype value in different environment, and (2) different
groups of genes control the trait in different environments. The hypothesis on heterosis theorj}
given by Orozco (1986) might give an explanation on the difference between 1, and r,,. In
the optimal environment, r,, is mainly determined by the genes responsible for the trait of
interest. Under the commercial environment (less optimal), r,, is determined not only by the
genes responsible for the traits but also by the genes responsible for the vigour. Therefore,
the genotypic values are modified and different from those under the optimal environment,
which is explained by G*E interaction. This hypothesis is somehow related to the assumption
made by Falconer (1952) that the expression of identical traits is not controlled by the same
sets of genes when G*E interaction exists. The phenomenon that the degree of heterosis varies
upon environments and becomes larger under the less optimal condition, appears to suppori
Orozco’s hypothesis. This phenomenon has been first noticed by Barlow (1981), and then by
Fairfull and Gowe (1986) and Davis and Lamberson (1991}, A poultry crossbreeding
experiment of Orozco and Bell (1974) also showed a good example. The Tribolium
experiment comparing three selection systems for crossbreeding showed that heterosis is not
increased by crossbred selection methods in the optimum environment but it is increased in
the stress environment (Serrano and Orozco, 1992). An explanation may be that crossbred
selection in the optimum environment acts only on the additive genes which are active, but
not on the genes responsible for animal vigour. In the stress environment, the genes for
animal vigour become active and therefore were selected as well. Paleolog and Maciejowski
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(1990) found that in the poor environment selection based on combining ability was more
successful than pure line selection, and each of the different selection procedures in each of
the different environments lead to different gene combinations. From a crossbreeding
experiment of dairy cattle in Denmark, Christensen and Pedersen (1991) concluded that a
major part of the heterosis for total merit was due to good stayability and high survival rate
of crossbreds, and therefore, crossbreeding is expected to be particularly beneficial in herds
with suboptimal environmental conditions. In the tropics, crossbreds from pure European
improved breeds and local breeds produced not only more milk than the local breed but also
more than the pure European breed (Mason, 1974). Terrill (1974) described the experiment
showing no heterosis when well-adapted purebred animals were raised under very good
conditions with high production records.

5.2. Crossbreeding strategy in case of G*E interaction.

Breeders have to choose whether to test crossbred animals in central testing station or
in the commercial environment. Without eliminating environmental influences, I,.; contains
not only genetic but also environmental components, and is expected to be lower than r,,.
For animal breeding, is it necessary to know how the genetic and environmental components
affect the genetic correlation ?

The formula on direct and indirect selection (Falconer, 1989) is used here io answer
this question. The indirect selection response in crossbreds (CR) results from crossbred
information that is collected from the nucleus environment. Direct selection response (Ro) is
obtained when crossbred information is from the commercial environment. The ratio of CR.
to R is expressed by formula [4],

& - ic1Bey Ae

=1 =r —=1 {assuming i_, =1i_) (41
clgz & cle2 cl o2
RC lczacz acz

where, i, and i, are the selection intensity associated to environment 1 and 2, and they are
assumed equal; a, and a, are the selection accuracies associated with indirect and direct
selection; and r,y,, is the genetic correlation between crossbred animals in two environments.
It is clear that a direct selection is more efficient than an indirect selection unless r,.,
becomes smaller than the ratio of a,/a,,. Usually, a, is expected to be somewhat larger than
a4, but this does not always compensate for an r,;,, value smaller than one. For example,
Mathur and Horst (1991) described a pouliry experiment showing a higher direct selection
TESpONse.

There is no necessity to know the effect of G*E interaction on the value of r,. In
other words, it is not necessary to know why r,, is different from r,, because the genotypic
values of animals are always associated with a certain environment. Therefore, to optimize
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the crossbred response for a specific environment, a CCPS system is sufficient when the
genetic parameters used in the genetic models are estimated based on information collected
in the commercial environment (i.e., ,;, h%,, and Cov,). So, the only important thing for
breeders is the genotype value under the commercial environment. Moreover, it should be
noted that the commercial environment might not be homogeneous. Therefore, the
environment where information comes from for parameter and breeding value estimation has
to be considered with caution. Crossbred animals should be tested under representable
commercial environment.

VII. PRACTICAL CONSIDERATIONS ON APPLICATION OF CCPS METHOD

The application of CCPS in any crossbreeding system will, of course, involve extra
efforts mainly in relation to collecting crossbred information, estimating genetic parameters
on crossbreds, and organizing matings. It is worthwhile to discuss some practical aspects of
the CCPS method in comparison with crossbreeding systems without using crossbred
information.

7.1. The design of a CCPS scheme,

Van der Steen and Wei (1991) have stressed two major practical problems for using
crossbred information, i.e., first an increased generation interval, and second additionat
investments in facilities for housing, recording and processing of data.

These problems depend greatly on the species and the design of the breeding program.
In poultry and pig breeding, crossbred animals exist anyway. The extra cost is only in
recording and collecting the information. Recently, application of advanced management
systems provides increasing amount of crossbred data, e.g., electronic identification, sow
management systems, and data collection at slaughter house in pig breeding. However,
relevant pedigree information has to be obtained as well to be useful for breeding. Integrated
identification systems should then be organized for the complete production chain.

To keep the generation interval short, a strategy may be to produce purebred and
crossbred progeny simultaneously and thus crossbred sib information may be used in
selection. At the moment of selection, the available purebred and crossbred information
should be used.

Moreover, when testing capacity has to be allocated for crossbreds to the expense of
purebreds, the selection intensity under a CCPS scheme may decrease. If the number of
breeding animals is equal in PLS and CCPS systems, there must be some more investment
involved in obtaining crossbred information. However, these costs can be minimized by
testing crossbreds on the commercial farm but not in the central station. On the other hand,
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the use of crossbred information may lead to a smaller number of purebred animals to be
tested, e.g., in case of small r,.. Consequently, relevant cost is reduced.

7.2. Risk due to applying a long-term CCPS system.,

There is an economical risk of applying a long-term CCPS considering the investment.
1t is up to a breeding company to calculate the investment for developing a CCPS system and
the response from the CCPS application in their purebred lines. A possible change in market
share has to be determined.

Another worry that might be raised is that a CCPS system might reduce the flexibility
of a breeding organization (Van der Steen and Wei, 1991). The CCPS system will have to
be restricted to the development of a few lines (2-4 lines). Gradually, these lines are getting
more and more dependent on each other because they are the most efficient only when they
are combined well to each other. If the product is not competitive or the market changes,
there is a risk that these lines have to be culled. This would specifically be a concern when
dealing with a quick changing market.

7.3. Estimation of r, and h} in animal breeding industry.

Estimation of r,, and h? should be performed regularly. A good estimation of these
parameters basically needs many data and a reasonably balanced design with fair numbers of
progeny per dam and dams per sire. Besides this, there are some other difficulties to keep in
mind.

First, the 1, and h? estimated from sire and dam lines are generally different because
of the different gene frequencies between lines (Wei and Van der Werf, 1990; Wei et al.,
1991a,b). Thus, both r,, and h{ have to be estimated for both sire and dam lines, and different
parameters should be used in selection index or BLUP models for selection in sire and dam
lines. In animal breeding practice where sire and dame lines are specialized, the ,, and h? for
sire lines can be reasonably estimated, but the estimation of r,, and h? for dam lines is less
accurate or impossible. The h? may be estimated by the dam component in crossbred
population but might be biased by the common environment effects and maternal effects. The
T, for the dam line can not be estimated because a particular dam in a dam line usually has
either purebred or crossbred progeny but not both. Reciprocal crossing would be a solution
for estimating the reciprocal parameters but this would lead to additional cost for the
operation, On the other hand, there should not be too much worry about accuracy of these
parameter estimates because the CCPS is robust against the biased estimates (Wei and Van
der Werf, 1992b).

Reciprocal crossings are generally not available in animal breeding due to the
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specialization of dam and sire lines (Smith, 1964; Knap, 1990a,b). Thus, under a CCPS
scheme only sires of the sire line and dams of the dam line can be tested for their crossbred
performance. The question that could be raised is whether it necessary and possible to select
the dams of sire line and sires of dam line based on additional crossbred information. The
dams in sire line and the sires in dam line may be selected based on information from
relatives, e.g., sib’s crossbred progeny, However, if traits are to some extend determined by
the sex-linked genes, e.g., egg production in chicken (Merritt and Gowe, 1960; Lowe and
Garwood, 1981; Fairfull et al., 1983; Bernon and Chambers, 1985; Fairfull and Gowe, 1986;
Brade, 1990), a genetic model is required, which includes the sex-linked gene effects. A
specific model should, then, be developed allowing for differences between reciprocal
crossings.

VIII. RECOMMENDATIONS

A combined crossbred and purebred selection (CCPS) method, using both purebred
and crossbred information, is generally suggested for improving crossbred performance in
animal breeding practice because it brings more genetic response in crossbreds in both short
term and long term.

The estimation of some genetic parameters such as crossbred heritability (h?) and
genetic correlation between purebred and crossbred performance (r,) are necessary for
organizing a CCPS scheme. To have an efficient CCPS program, genetic parameters,
especially r,., should be routinely estimated since they may change due to selection.

Test of crossbred animals can be on the central test station or on the commercial
environment. Without genotype and environment interaction, different test places do not make
a difference in selection efficiency and therefore testing crossbreds in the commercial
environment will be economically advantageous. However, genotype*environment interaction
usually is present and genetic parameters or animal ranking changes in dependency on
environments. The strategy for commercial animal breeding, is then to test crossbred animals
in the commercial environment and the genetic parameters used in CCPS models, 1, and h2,
should also be estimated associated with such an environment.

The breeding goal in a crossbreeding system should not only be the improvement of
crossbred performance but also of purebred performance because the purebred performan¢e
sometimes are commercially important in the production system, especially for the species
with low reproductivity like sheep and cattle. A method to optimally weigh breeding values
for crossbred and purebred performance was suggested.
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INTRODUCTION

The combined crossbred and purebred selection method has been presented using a
selection index method (Wei and van der Werf, 1992). It is proved to be optimal method to
obtain genetic response in crossbreds. However, optimum efficiency of selection index
depends on the assumption of unbiased correction of fixed effects or of balanced data. In
animal breeding practice, these conditions are usually not fulfilled. Mixed model
methodology, generally applied in animal breeding for genetic evaluations, corrects for fixed
effects and treatment of unbalanced data set, and thercfore, should also be used in animal
crossbreeding schemes.

In this appendix, a multiple-trait mixed model is presented for CCPS to estimate
simultaneously purebreeding and crossbreeding values of purebred animals within a line of
a two-way crossing system.

MIXED MODEL FOR CCPS

A multiple-trait approach using mixed model methodology is applied to use both
purebred and crossbred information. A mixed model expressed in matrix notation is described
as follows,

2]
Y, X, 0 0]lb, Z, 0 0 0 0llg, e
Yo|=|0 X, O(b{+]|0 0O Z, 0 0 |g,| +|e (1
s 0 0 X||b, 0 0 0 0 Zj|g, e,

| 833
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in simpler matrix notation writtenas: y =Xb + Z'g + r

where y; is the vector of observations for pure line animals (i = 1, 2 for line 1 and 2) and
crossbred animals (i = 3); b; is the vector of fixed effects for population i; g; is the vector
of random animal effects (breeding values), i.e., g; refers to the breeding value of animals
in population i, and g is the breeding value of animals in population i for the crossbred
performance (i = 1 or 2); e, is the error term in population i; X is the incidence matrices
relating the observations to the fixed effects. Z” is a design matrix that links observation to
breeding values. Columns in Z" are zero for base animals without records (parents of the
animals with records), and for columns referring to the breeding values of purebreds for
crossbred performance (g, and g,,). These genetic effects (g3 and g,;) would be estimated
using crossbred information (y;) through the genetic correlation (r,) between purebred and
crosshred performance and through their genetic relation with g;; values.

The values of g are not of interest because the crossbred animals are not used for
breeding. Alternatively, the model can be reduced by writing y, as a function of g, and gy.
Using this so-called reduced animal model (Quaas and Pollak, 1980), the equation [1]
becomes,

g
v,] [X, 0 o]b] [z, o 0o o 7" [e
g
v,|=10 X oflb|+]0 0 2z, 0 || °|+]|e 2]
En
¥3 0 0 X;|b, 0 Z, 0 Z, €
[ 823 |

in simpler notation equal to: Y = Xb + Zg + e

where Z,, and Z,; are the incidence matrices which relate the crossbred animal record to the
g3 and g,;. The non-zero elements of design matrices Z,; and Z,; are 0.5 instead of 1 because
only half of the breeding value is transmitted from parents to progeny. ¢, is the residual effect
under the model,

Yp=8+4d + ¢ [31

where y, is the observation of crossbred animal; s, is the random effect of sires from line 1;
d, 1s the random effect of dams from line 2; ¢, is the residual effects or within full-sib family
effect which contains half of the genetic variance (Mendel sampling effects), besides the
environmental error. The variance of crossbred observations in linear model [3] is expressed
as follows,
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ol = oY + o + 0% = (1/4)c, + (L4)ody, + 0% [4]

where 6}, (= 0% and o, (= 0%, are the sire and dam variances in the crossbreds under the
model [3]; o is the residual variance.

Explaining a record by genetic effects of the parents, the residual variance for that
record is no longer assumed to be o2, rather 0% = o2, - 03, - 0%

From equation {2}, we have three kinds of models, one for purebred of line 1 [5.1],
one for purebreds of line 2 [5.2] and one for crossbreds [5.3]

() yo,=Xb +Zg, t+e [5.1]
2 v.=Xb,+Zg, +e [5.2]
3) ¥y =Xsbs + Zsg;3 + L8y + [5.3]

The variance-covariance matrix of y = (¥, ¥» y5)’ is,
Var(y) = Var(Zg + r) = ZVar(g)Z’ + Var(r) = ZGZ’ + R

where r = (e, &, ¢)’; Z is the incidence matrix of the reduced animal model; and the
covariance between breeding value and residual effects is assumed to be zero.

The variance of residual effects is as

e, oI 0 0
R=var(t) = var|&;| = | 0 0321 0 (6]
& 0 0 o4l
where I is identity matrix; o7, is the residual variance under model [3].
The variance of breeding values is as

- - [ 2

£, oA, OpAy,; O 0
83| 9.4y ofziaAll 0 0
G - var | - ] -
B2 0 0 oA, oA,
L | 0 0 o,Ay "gbAzz_

where A; is the animal relationship matrix in population i (i = 1 or 2); @ refers to a direct
product; Gy, and G, matrices are as follows,

G,®A, 0 -
0 G,®A,
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2 2

g, 04 0, 0Oy
G, = . | and Gy, = s

631 03a (’32 U;b

An important consideration is that genetic variances and covariances related to
crossbreds can not be simply derived from the genctic parameters of parental lines when
dominance is involved (for details see Wei et al., 1991). There are three categories of
variance and covariance included in the equation [2]. First, the variances among the breeding
values of purebreds within line 1 and 2, which is usually known, i.e., o? refers the genetic
variance within line i for i = 1 or 2. The ¢} is simply estimated by the four times sire
variance under a sire-dam model or by the additive variance under an animal model in line
i. Second, the variances among the crossbred breeding values of purebreds (or purebred
breeding value for crossbred) in line i, i.e., o5, and o}, refer to the genetic variance among
the crossbred breeding values of purebred animals {or purebred breeding value for crossbred)
in line 1 and 2, respectively. o3, is calculated by four times sire variance in the crossbred
population with model [31, and o2, by four times dam variance in model [3]. Notice that the
covariance structure of crossbreeding values is assumed linear in the genetic relationship
structure. This is justified if traits are regulated by many genes each having a small effect and
gene frequency change due to selection is ignorable, piving this two trait approach of
crossbreeding a theoretical justification. Third, the genetic covariance between purebred and
crossbred breeding values is estimated by four times sire covariance between purebred and
crossbreds (o3). 0y = 05 = 71,0505 (i = I and 2), where r, is the genetic correlation
between purebred and crossbred performance. It should be noted that, usually, o, is not equal
t0 04, 0,3 OF one quarter of 2.

The mixed model equations (MME) for joint evaluation of purebreeding and
crossbreeding values are presented in the equation [8], where ¢ is 1/¢?,, 1/0%, or 1/d%, for
i =1,2and 3; A" is the inverse of A;; and gV is defined as follows,

g" g""}. wd G - g g
g*! gasa’ 02 g? g

-1
GOI -
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Summary

Crossbreeding has been extensively used in animal breeding to exploit complementarity
of traits from sire and dam lines and heterosis. The genetic improvement under such a system
is mostly based on the selection within lines (i.e., pure line selection). It is assumed that the
improvement of breeding values within lines is paralleled with those for crossbred
performance. However, this assumption is not generally true due to the fact that the genetic
correlation between purebred and crossbred performance is usuvally smaller than one. The
question arises which methods are optimal for genetic response in crossbreds. It was stressed
in the review on comparison between pure line selection and reciprocal recurrent selection
methods {Chapter 2) that crossbred and purebred information should be combined in selection
to maximize crossbred response.

To organize breeding programmes using both crossbred and purebred information,
relevant genetic parameters on crossbreds should be known. In Chapter 3, the study on one-
locus model showed that in case of dominance the genetic parameters related to crossbreds
are generally not a function of parameters in parental populations. Crossbred heritability (h%)
was defined as four times the sire component of variance in crossbreds. It was shown that b2
is generally different from purebred heritability (h?). The sire component of covariance
between purebreds and crossbreds generally is not equal to one quarter of the additive genetic
variance in the sire line. Therefore, these genetic parameters related to crossbreds have to be
estimated specifically in crossbreeding schemes.

In Chapter 4, the model with two loci was used to study the genetic correlation
between purebred and crossbred performance (r,). The r,, is unity only when there is no
dominance or equal gene frequencies in parental populations, and decreases with increasing
dominance and with increasing gene frequency difference between parental populations. It is
proven that r,, can be lower than one even when partial dominance is involved. On the
quantitative level, it is generally impossible to distinguish whether a high 1, is caused by the
small gene frequency differences between parental lines or small dominance effects. This
indicates that crossbred selection may be necessary even when r,_ is high. The change of r,
by change of the gene frequency due to selection was investigated.

In Chapter 5, a linear mixed model with restricted maximum likelihood method was
used to estimate dominance variance for egg production traits within three White Leghorn
lines. The ratio of dominance variance to phenotypic variance was found to be high for egg
number (10 to 20%) and relatively low for egg weight and egg specific gravity (1 to 13%).
Three statistical models (i.e., sire-dam model, additive animal model and dominance animal
model) were compared in estimating heritability (h?). A sire-dam model has two types of
biases in the estimation of h® caused by ignoring dominance effects and genetic animal
relationships other than parents-progeny. An additive animal model overestimated h? because
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it ignored dominance effects. An animal model accounting for additive and dominance effects
and REML should be used in analyzing faying hen data for unbiased h2. Such a model also
should be used for breeding value estimation.

A combined crossbred and purebred selection method (CCPS) was proposed to
maximize genctic response in crossbreds (Chapter 6). A CCPS index was established and
compared with pure line selection (PLS) and crossbred selection (CS) methods. Carrying out
a CCPS scheme will always bring more genetic progress than either PLS or CS schemes. The
robustness of CCPS against inappropriate assumptions on 1, and h? was investigated. An
inappropriate value of hZ has less influence on the efficiency of CCPS than r,, especially when
the true h? is approximately equal to or larger than h?. Inappropriately assumed values of 1,
reduces the CCPS efficiency considerably, but the CCPS always obtains larger genetic
response than PLS if true 1, is positive.

In Chapter 7, a thorough discussion was given on the application of CCPS methods
for practical crossbreeding systems. The breeding goal in a crossbreeding system should be
defined as the improvement for the entire breeding system, and the purebred breeding value
should sometimes also be given some weight, especially for the species with low
reproductivity. An entire genetic improvement under a two-way crossing sysiem can be
achieved by optimally weighting purebreeding and crossbreeding values. The breeding goal
in a three-way and four-way crossbreeding systems and relevant problems were also
discussed. A long term CCPS was discussed on comparison with PLS and CS, which depends
greatly on the change of r,, due to selection. This correlation will in most cases increase after
pure line selection. With overdominance, it may decrease after crossbred selection. Genotype-
environment interaction due to nucleus purebreds and commercial crossbreds being in
different environments is usually confounded with purebred and crossbred performance. The
strategy suggested is that the genetic parameters should be estimated in the environment Of
the commercial animals and used in the selection, ‘

In the appendix, a mixed model was presented for the CCPS method. It is a two trdlt
linear mixed model that can be used in practical crossbreeding systems to obtain BL
crossbred and purebred breeding values through weighing optimally both purebred and
crossbred information. '
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General Conclusions:

1. The genetic parameters related to crossbreds generally are not linear functions of
genetic parameters in the parental populations.
2. The genetic correlation between crossbred and purebred performance is equal to unity

in case of no dominance or equal gene frequencies in parentat populations. It decreases
with increasing dominance or with increasing gene frequency difference between
parental populations.

3. Dominance variance is a significant source of variance for egg production traits. The
animal model accounting for dominance effect and all animal relationships should be
used for an unbiased estimation of heritability and breeding values.

4, The combined crossbred and purebred selection method (CCPS) is optimal to obtain
genetic response in crossbred performance, therefore is always better than pure line
selection and crossbred selection, and in most cases even with incorrect crossbreeding
parameters. Therefore, it should be applied to animal breeding practice, especially
poultry and pig breeding.
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Samenvatting

Kruising wordt in de veefokkeri] veelvuldig toegepast voor de benutting van
combinaties van kenmerken in vader- en moederlijnen en van heterosis. De genetische
verbetering in een kruisingsprogramma is meestal het resultaat van selectie van dieren binnen
lijnen (zuivere lijn selectie). De aanname daarbij is dat de verbetering van fokwaarden van
dieren binnen lijnen samenvalt met de verbetering van fokwaarden voor de gekruiste lijn.
Deze aanname is echter niet geheel terecht aangezien de genctische correlatic tussen zuivere
lijn prestaties en prestaties van kruisingsdieren meestal kieiner is dan 1. De vraag is daarbij
watl een optimale methode zou moeten zijn om de genetische respons in de kruising te
maximaliseren. In een revieuw (hoofdstuk 2) is een vergelijking gemaakt tussen zuivere lijn
selectie en reciproke kruisingsselectie waarbij werd geconcludeerd dat informatie aan zowel
kruisingsdieren als aan zuivere lijn dieren optimaal zou moeten worden ingewogen voor het
maximaliseren van genetische respons in de kruisingspopulatie.

Relevante genetische kruisingsparameters zijn nodig voor het uitvoeren van
selectieprogramma’s waarbij zowel zuivere lijn informatie als informatie aan gekruiste dieren
wordt benut. In hoofdstuk 3 is met behulp van een één-locus model aangetoond dat in geval
van dominantie de kruisingsparameters niet een functie zijn van genetische parameters in de
ouderpopulatics. De erfelijkheidsgraad voor kruisingsgeschiktheid (b%,) was gedefinieerd als
vier maal de vadervariantie in gekruiste nakomelingen. Er is aangetoond dat deze
erfelijkheidsgraaad meestal verschilt van die voor de zuivere-lijn (h?). De vadercomponent van
de covariantie tussen kruislingen en zuivere-lijn dieren is meestal niet gelijk aan een kwart
van de additief genetische variantie in de vaderlijn. Deze kruisingsparameters zullen daarom
specifiek geschat moeten worden binnen een kruisingsprogramma.

In hoofdstuk 4 is de genetische correlatic (r,) tussen fokwaarden voor gekruiste
nakomelingen en zuivere-lijn nakomelingen bestudeerd met behulp van een twee-locus model.
De 1, is alleen gelijk aan 1 bij afwezigheid van dominantie of bij gelijke genfrequenties in
de ouderlijke populaties. De correlatie neemt af bij toenemende dominantie en bij grotere
verschillen tussen genfrequenties in de ouderlijnen. Er is aangetoond dat de 1, 00k van 1 kan
afwijken in geval van partitiéle dominantie. In de praktijk is het moeilijk te achterhalen of een
hogere waarde voor r,, wordt veroorzaakt door een kleiner verschil in genfrequenties dan wel
door kleine dominantie effecten. Dit betekent dat kruisingsselektie ook nog van belang zou
kunnen zijn in het geval van een hoge r,. waarde. Veranderingen van de r,, waarde als gevolg
van verandering van genfrequenties zijn in dit hoofdstuk onderzocht.

De dominantie variantie voor eiproduktic binnen 3 White Leghorn lijnen zijn geschat
met een lineair mixed model en Restricted Maximum Likelihood (hoofdstuk 5). Dominantie
variantie als percentage van de fenotypische variantie was hoog voor het kenmerk eiproduktie
{10-20%) en relatief lager voor ei-gewichten het soortelijke gewicht van eieren (1-13%). Drie
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statistisch-genetische modellen, nl. het sire-dam model, het additief diermodel en het
dominantie-diermodel werden vergeleken voor het schatten van de erfelijkheidsgraad (h?). Een
sire-dam model heeft twee onzuiverheden, nl. als gevolg van het verwaarlozen van genetische
relaties over generaties en van de dominantie effecten. Met een additief model werd de
erfelijkheidsgraad overschat door de verwaarlozing van het dominantie-effect. Voor een
zuivere schatting van erfelijkheidsgraad en fokwaarden bij de analyse van data aan legkippen
zou dan ook een diermodel met zowel additief genetische als met dominantie-effecten moeten
worden toegepast .

Een gecombineerde kruislings- en zuivere-lijn selectiemethode (CCPS) is voorgesteld
voor het maximaliseren van de genetische respons in de gekruiste dieren. Een CCPS index
is in een voorbeeld uitgewerkt en vergeleken met selectie op alleen zuivere-lijn informatie
(PLS) dan wel op basis van alleen kruisingsinformatie (CS). Een CCPS selectieschema heeft
altijd meer genetische vooruitgang in de kruislingen tot gevolg dan het PLS of het CS schema.
De robuustheid van het CCPS schema voor incorrecte parameterwaarden voor r,. en h2, is
onderzocht. Incorrecte waarden voor h%, hebben minder invloed op de efficiency van CCPS
dan incorrecte waarden voor r,,., zeker indien de werkelijke waarde voor h?, niet veel kleiner
is dan de erfelijkheidsgraad in de zuivere lijn (h?). Incorrecte waarden voor de 1, reduceren
de efficiéntie van de CCPS in belangrijke mate, maar de CCPS response is altijd hoger d
de response voor PLS in geval van een positieve r,,.

In hoofdstuk 7 wordt in een vitgebreide discussie ingegaan op de toepassing van CC
in praktische fokprogramma’s. Het fokdoet in een dergelijk programma moet gericht zijn op
de verbetering van het gehele fokprogramma, en niet alleen op de verbetering van gekruiste
dieren. Dit geldt met name voor diersoorten met een lage reproduktiviteit. Er is een methode
voorgesteld om vooruitgang voor het gehele fokprogramma te bewerkstelligen. Selectie moet
dan plaatsvinden op een combinatie van zowel de zuivere-lijn fokwaarde als fokwaarde voor
kruising. Het fokdoel in drie- en vierweg kruisingssysteem is eveneens bediscussieerd. Een
vergelijking van de lange termijn selectie respons van CCPS enerzijds en PLS en CS
anderzijds zal vooral athangen van een verandering in r,.. Deze correlatic zal in de meeste
gevallen groter worden na selectie. Het effect van genotype-milien interactic is meestal nog
verstrengeld met de vergelijking van zuiver-liin dieren en gekruiste dieren.
Kruisingsparameters moeten daarom geschat worden op basis van prestaties van gekruiste
dieren in hun produktieomgeving. In de appendix is de CCPS methode gepresenteerd in
termen van een mixed model. Een 2-kenmerkenmodel kan worden toegepast in praktiscﬁe
fokprogramma’s waarbij de fokwaarden worden geschat met behulp van informatie aan zowel
zuiver-lijn dieren als aan gekruiste dieren.



Samenvatting 157

Algemene Conclusies

1. De genetische parameters die betrekking hebben op gekruiste dieren zijn in het
algemeen niet een lineaire functie van de genetische parameters in de ouderlijnen.
2, De genetische correlatie tussen fokwaarden voor de zuiver lijn en fokwaarden voor

gekruiste nakomelingen is gelijk aan 1 bij afwezigheid van dominantie of bij gelijke
genfrequenties in de beide ouderpopulaties. De correlatie neemt af bij toenemende
dominantie en bij toenemende genfrequentieverschillen tussen de ouderlijnen.

3. De dominantievariantie is een significante bron van variatie voor ei-produktie
kenmerken. Het diermodel, dat corrigeert voor dominantie effecten en dat rekening
houdt met alle genetische relaties tussen dieren, zou moeten worden toegepast voor
een zuivere schatting van de erfelijkheidsgraad en de fokwaarden.

4. De gecombineerde kruislings- en zuivere-lijn selectiemethode (CCPS) is een optimale
methode voor het verkrijgen van genetische response in gekruiste nakomelingen. De
methode is superieur aan de zuivere-lijn en de kruislings-selectic methode, en in de
meeste gevallen zelfs als de kruisingsparameters incorrect zijn. De gecombineerde
selectiemethode zou dan ook moeten worden toegepast in kruislings-fokprogramma’s
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GLOSSARY

. CCPS (Combined crossbred and purebred selection). The CCPS is the selection method
suggested in this thesis. Under this scheme, both purebred and crossbred information
in a crossbreeding system are optimally weighted in selection criteria aimed at
improving crossbred performance. In this thesis, the CCPS method was formulated
in a two-way crossbreeding system and compared with PLS and CS methods.

. h and h? (Crossbred and purebred heritability). hZ is the commonly-used heritability
measured within a population. h? is defined as the heritability of purebred animals
measured on the basis of crossbred progeny, and calculated as four times the sire
component of variance in the crossbred population. It quantifies how much genetic
variance existing in the sire line influences the crossbreds, and therefore can be used
for predicting direct crossbred response to crossbred selection.

. BV, and BV, (Crossbreeding and purebreeding values). Purebreeding value is defined
as the breeding value of a purebred animal estimated within the population, which is
related to twice the deviation of its purebred progeny. Crossbreeding value is the
breeding value of a purebred animal estimated in a crossbreeding system, which is
related to twice the deviation of its crossbred progeny.

. CS (crossbred selection). The selection method using only crossbred information. The
breeding goal is to improve crossbred performance.

. PLS (pure line selection). PLS is the selection method using only purebred information as
selection criteria, to improve purebred performance within population.

. .. (Sire component in crossbreds). hZ,. is the sire variance estimated in the crossbred
population, which indicates the amount of genetic variance in crossbreds influenced
by the sire line.

. I (Genetic correlation between purebred and crossbred performance). The r,, denotes the
correlation of true breeding values of purebred animals estimated in purebred and
crossbred populations. It is calculated by Cov,/(Gpsn0can), Where Cov, is the sire
covariance between the sire line and its crossbred pepulation, op,,. and g, are sire
components in purcbred and crossbred population, respectively.

. BV, - BV, approach is an application of the CCPS method in order to optimize the
genetic improvement for an entire two-way crossbreeding system. There, the selection
of purebred animals is based on the combined breeding value by optimally weighing
crossbreeding and purebreeding values.
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