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Wei M., 1992. Combined crossbred 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. Robustness 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 

1. 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 

2. 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 

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

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

4. 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 

5. Selection for litter 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. 

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

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

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

9. There is no paradise unless you make one for yourself. 

10. 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 1992. 
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Ming Wei 
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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 purebred 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 if 
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 purebred 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., T^, heterosis, and inbreeding depression, to 
test the theory on dominance. Also, three models (i.e., sire-dam model, additive animal 
model and dominance animal model) 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.O.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 better than 
RRS to improve a trait whose heritability (h2) is high. The genetic correlation between means 
of purebred and means of crossbred half-sib (rpc) 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 long-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. 

II. 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) crossbred 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 on 
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. 

m. 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; Juli, 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. Selection 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 
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of crossbred and purebred in an adverse and optimal environment respectively (Orozccj, 
1974). Moreover, Moreno-Gonzalez (1986) suggested a method called dual-environment RRf! 
(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 A2, the average genotypic 
values of A,A, and A2A2 were assumed to be a2 and a,, respectively. The frequency of A, 
is q, and q' is defined as a2/(a,+a2). Since only differences in genotypic value are important, 
the genotypic value of heterozygote is assumed to be a = a,+a2. There are, 

Genotype A,A, A,A2 A2A2 

Genotypic value fo+a^-a! a,+a2 (a,+a2)-a2 

= aq' a a(l-q') 

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

A! overdominant 1/2 < q' < 1 
A, completely dominant over A2 q' = 1 
A, partially dominant over A2 1< q' < oo 
Additive q'—* ± oo (but aq' is finite) 
A2 partially dominant over A, -oo <q' <0 
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A2 completely dominant over Al q' =0 
A2 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, 

Dq = ^ i â q ( i - q ) (q-q') HI 

where i is the selection differential in standard units and a 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/a)w can be ignored relative to a/a for w > 1. If progeny 
testing, for example, is practised in a pure line, the response becomes, 

Dq = - ^ — (1-q) ( q -q ' ) [2] 

where af is the standard deviation of progeny test means. More generally, the response will 
be proportional to the average of \laf 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/fff. s may be regarded as a selective value. 

Dq = - | s q ( l - q ) ( q -q ' ) [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/af). 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, 

- i 

Population X: DD = --±rp(l-p) (q-q') p 

[ 4 ] 

Popu la t i on Y: Dq = - — s q ( l - q ) (p-q') 

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, n, of the 

crossbred progeny for the quantitative trait is: 

ji = a t l - q / ( l - q ' ) - ( p - q / ) <q-q') ] t5> 

This mean is maximized with overdominance if p= 1 and q=0 or vice versa, with complete 

dominance of Al if p = l or q = l , and with partial dominance or additivity if p = q = l . The 

change in the mean with one cycle of selection is: 

DM = - a [ ( q - q / ) D p + ( p - q / ) D q + DpDq] [6] 

Thus, if the product term DpDq 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 thé 

alternative schemes are as follows, 

System D^ 

PLS - | <p-q') ( q -q ' ) [ r p ( l - p ) + s q ( l - q ) ] 

RRS - | [ r p ( l - p ) ( q - q V + s q ( l - q ) ( q - q ' ) 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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Comparison 1: °™ + gk» ( nd } [ 7 ] 

(olpl+olp2)/2 n d + n + 2 

Comparison 2: a™+a™ ( nd } [ 8 ] 

Covj^+Covj, nd+n + 2 

where, <p-Kv = additive variance in purebred; (Cov)i = covariance of additive effects of alleles 
between purebred line i and crossbred; (d2^-, = 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, 2e2

Ax and o*Ap 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 2al

A% to a2^ is 
primarily a function of previous selection history. With unselected base populations, o2^ and 
2a1

 Ax are not greatly different, and PLS frequently excels in early generations. But when 2a2
Ax 

become significantly larger than d2^, 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 o2^, 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, 

| L S = I i ! c ^ r9] 

RRS *c i e t p ßhc 

where, PLS/RRS = ratio of "correlated" response in crossbred from PLS to "direct" response 
from RRS per year; r^ = purebred and crossbred genetic correlation, and the method to 
estimate r^ is proposed by Henderson (1953); L. and ic = selection intensities in PLS (p) and 
RRS (c), respectively; tp and tc = selection generation intervals in PLS and RRS respectively; 
2hp and hc = square roots of heritability in purebreds and crossbreds; a and ß = coefficients 
depending on specific methods used as PLS and RRS, respectively. For example, a 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, ß is given by {n/[4+(n-l)h2
c]}''\ 

Among the 9 parameters to determine PLS/RRS, three (r^, h,, and hc) strictly depend on 
the genetic properties of the trait in particular populations. If assuming a = 1, ß = 
V{n/[4+(n-l)h2J}, tc/tp = 2, h„ = hc, and L, = ic, formula (9) becomes, 

PLS = 

RRS pc\ 

[ 4 + ( n - l ) h c
2 ] [10] 

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 T^ is low or even 
negative, RRS will be more efficient. The last part of the formula, v/[4+(n-l)*h2

c]/\/n, is 
favorable to RRS when n is large. 

Comstock (1961) proposed a comparison formula which is, 

| M = 4 - i £ ^ ^ £ [11] 
R R S !c ° P aL 

where, ic, ip and PLS/RRS have the same meaning as in formula 9; ap and ac are phenotypic 
standard deviation of individuals in purebred and crossbred population, respectively; o2« is 
the sire component of variance in crossbred progeny; Covpc is the sire component of 
covariance between purebreds and crossbreds. Comstock (1961) suggested L/L, between 0.4 
and 0.8, being larger when population size is large. The formula has been used by Stanislaw 
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 A2), 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, A2. 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 A2 alleles, respectively. The selection limit under 
PLS is still the fixation for the A2 in lines, or the maintenance of a certain frequency of gene 
Aj and A2 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 purebred lines are changed due to RRS in such a way that the 
frequency of the best gene combinations tends to 1 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 disequilibrium 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 

Poultry 

Pigs 

Mice 

Reference 

Krueger et al., 1961. 

Saadeh, 1968. 

Calhoon and Bohren, 1974. 

Stanislawetal., 1967 

Biswas et al., 1971 

Krehbieletal., 1971'b 

Wong et al., 1971 

Dickerson et al., 1974 

Hetzer et al., 1977 

Hansson and Lindkvist, 1962 

Vinson et al., 1969 

Bell, 1982 

Cycles 

3 

7 

6 

10 years 

7 PLS 

5 RRS 

5 RRS 

9 PLS 

9 

7 RRS 

14 PLS 

6 RRS 

12 PLS 

7 

2 

8 

Traits 

9-week weight 

Hatchability 

Egg number 

Survivors egg production 

56-day weight 

Postweaning mean daily gain 

Probed backfat thickness 

Litter size 

Mean pig weight per litter 

Litter weight 

Preweaning litter size 

Litter size 

Postweaning gain 

Litter size 

Daily gain 

Backfat thickness 

Feed efficiency 

Index (4 traits) 

Preweaning litter size 

Litter weight 

Postweaning litter growth 

Preweaning litter growth 

Litter size 

Body weight at 6-week 

Body weight 

Litter size 

60-day body weight 

Comparison* 

PLS > RRS 

PLS>RRS 

PLS > RRS 

PLS>RRS 

PLS > RRS 

RRS > PLS 

PLS>RRS 

RRS > PLS 

PLS > RRS 

RRS > PLS 

RRS > PLS 

RRS > PLS 

RRS > PLS 

PLS > RRS 

PLS > RRS 

PLS > RRS 

RRS > PLS 

PLS > RRS 

RRS > PLS 

PLS > RRS 

RRS > PLS 

RRS > PLS 

RRS > PLS 

RRS > PLS 

PLS > RRS 

RRS > PLS 

RRS > PLS 
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(continued Table 1) 

Drosophila 

Tribolium 

Bell et al., 1955 

(2 experiments) 

Rasmusan, 1956 

(3 experiments) 

Kojima and Kelleger, 1963 

Kincaid & Touchberry, 1970 

(2 experiments = 

2 environments) 

Brown and Bell, 1980 

Bell and Moore, 1958 

(2 experiments) 

Bell and Moore, 1972 

(2 replications) 

Orozco and Bell, 1974 

McNew and Bell, 1976 

Orozco et al., 1979 

16(1) 

39(2) 

20(1) 

13(2) 

6 (3) 

16 RRS 

13 PLS 

30 

10 

16 

24(1) 

17(2) 

11 

9 

Egg production + egg size 

(index) 

Egg production 

Egg size 

Egg production 

Hatchability 

Body weight 

Egg number 

Thorax length 

(1) Normal environment 

(2) X-ray environment 

Egg number 

Body weight 

Pupal weight 

Egg number 

(optimum and mild stress) 

(severe stress) 

3-day larval weight 

Adult weight (in logarithms) 

Egg number 

RRS > PLS 

RRS > PLS 

PLS > RRS 

RRS > PLS 

RRS > PLS 

RRS > PLS 

PLS>RRS 

PLS > RRS 

RRS > PLS 

RRS > PLS 

PLS > RRS 

PLS > RRS 

PLS > RRS 

RRS > PLS 

PLS > RRS 

PLS > RRS 

* 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 h2, 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(j)n 
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 h2 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, RR|S 
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 controlled 
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 Bohren, 
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 RRS 
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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; López-Fanjul and Villaverde, 
1989). A Tribolium experiment showed that h2 of purebred (egg number) declined under PLS, 
but that of crossbred under RRS showed no decline. Calhoon and Bohren (1974) reported that 
the lines under RRS had a slightly larger realized h2, 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 Tribolium 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, yet 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 tfie 
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 gain 
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 to resist stress in the line selected in the stress environment. 

3. Genetic correlation between purebred and crossbred performance (TJJ 

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 rpc are 
summarized in Table 2. Bell (1982) suggested rpc as the most reliable indicator of the relative 
emphasis to give to purebred versus crossbred information when selecting for crossbred 
performance. 

Most of ip. values are moderate to high positive. A high positive r^ indicates the relative 
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 rpc was found in 
some studies (Bowman, 1960; Enfield 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 favorable 
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TABLE 2. A list of experimental values of r^. 

Species References 

Poultry Comstock and Robinson, 1957 

Hale and Clayton, 1965 

Krause et al., 1965 

Biswas and Craig, 1969 

Taranet al., 1971 

Pirchner and Krosigk, 1973 

Singh and Dev, 1974 

Pirchner and Mergl, 1977 

Rabsztyn, 1979 

Singh et al., 1983 

Mielen and Muller, 1989 

Methods 

RRS 

Diallel 

crossing 

RRS 

RRS 

RRS 

PLS& 

crossing 

Crossing 

test 

RRS 

Crossing 

Diallel 

cross 

RRS 

Traits 

8-week weight 

Egg production 

Pullet weight 

Age at 1st egg 

Egg weight 

Sexual maturity 

Egg percentage production 

Rate of laying to 260 days 

Age at first egg 

Egg number 

Egg weight 

Body weight 

Body weight 

Age at 1st egg 

Egg number 

Egg weight 

Age at 1st egg 

Egg production 

Egg weight 

Body weight 

Egg production 

Body weight 

Egg weight 

Egg production 

10-day body weight 

Shank length 

Keel length 

Breast angle 

Egg production 

Egg weight 

Body weight 

r p c 

0.6 (average) 

0.87 

0.88 

0.92 

0.79 (average) 

0.17 (& 0.24) 

0.26 

0.92-0.96 

0.70-0.89 

0.66 

0.70 

0.71 

0.88-0.97 

0.55-0.79 

0.32-0.72 

0.77-0.99 

0.78 

0.85 

0.81 

0.64 

-0.10 to 0.38 

0.92 

0.49 

0.46 

0.36 

0.17 

0.10 

0.15 

0.38-0.63 

0.62-0.96 

0.68-0.94 
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(continued Table 2) 

Sheep 

Pigs 

Tribolium 

Drosophila 

Mice 

Salah et al., 1969 

Hupp, 1977 

Robinson et al., 1964 

Taylor et al., 1965 

Stanislawetal., 1967 

Standal, 1968 

Biswas étal . , 1971 

Wongetal . , 1971 

Wong and Boylan, 1970 

Bell and Moore, 1972 

Orozco, 1974 

Brown and Bell, 1980 

Vinson et al., 1969 

PLS& 

crossing 

RS 

Crossing 

RRS & PLS 

Cross 

progeny test 

RRS& 

PLS 

RRS & PLS 

PLS& 

crossing 

RRS & PLS 

RRS & PLS 

RRS & PLS 

Weaning weight 

Growth rate 

140-day weight 

140-day backfat thickness 

Litter size 

Number of pigs raised 

Litter size and litter weight 

at birth and weaning 

56-day weight 

Daily gain 

Backfat thickness 

Birth weight 

Daily gain 

Backfat thickness 

3-week weight 

Litter size 

Litter weight 

Mean pig weight per litter 

Litter size 

Daily gain 

Backfat probe 

Feed efficiency 

Index (4 traits) 

Pupa weight 

Pupa weight (2 replicates) 

Rate of egg laying 

Egg number 

Body weight 

Litter size 

0.82 

0.0 (realized) 

0.22 & 0.72 

0.21 and > 1 

-0.74 

< -1.0 

0 & negative 

for 4 traits 

1.61* 

0.0013* 

0.0023* 

0.70 

1.33 

0.41 

0.83 

Low, negative 

Low, negative 

<0.44 

0.74 

0.55 

> 1 

0.09 

0.47 

0.40 

>0.9 

0.53 
1 
1 

-0.32 to -0.85 

(2 populations) 

around 0.7-1.0 

negative 

* refers to Cov. 



Comparison of RRS with PLS systems in animal breeding 25 

to RRS, especially negative r^ which may show overdominant gene effects in the selected 
trait (Bowman, I960; McNew and Bell, 1971). Bichard and Yalcin (1964), Biswas and Craig 
(1969) concluded that when rpc 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 r^ 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 1 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 rpc for body weight of broilers to decrease from 0.67 to 0.25 after 
several generations of selection. In the study of Pirchner and Von Krosigk (1973), r^ 
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) rpc 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 r^. 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 
variation 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 rpc, crossbred h2, 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 h2 

than parental purebred lines (Stanislaw et al., 1967; Vinson et al., 1969; 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 h2 and 
Tp,. will obviously change in a different way from PLS (Sellier, 1982). As reported by Taran 
et al. (1971), the h2 of various traits was higher when calculated on the basis of crossbred 
offspring than when calculated on the basis of purebred offspring. López-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 h2 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; 
López-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 both 
types of populations should be derived from a common base population. This design can 
decrease the error from different base populations. In fact, almost no experiment was 
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; Calhoon and 
Bohren, 1974), the selection was made only for 2 to 7 cycles. 

3. Environment 

Experiments demonstrated that environment*selection-method interaction is significant̂  
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 h2 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 rpc 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, the; 
improvement of crossbreds might not continue, even when improvement continued within thej 
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 r̂ . were not so accurate due to the limits of experiments, 
such as population size (Robertson, 1959). Biswas et al. (1971) used only 3 - 4 breeding 
sires; Krause et al. (1965) 22 and 24 sires for two lines; Salah et al. (1969) fewer than 10 


