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INTRODUCTION 
Breeding programs in livestock species exploit between and within breed genetic diversity. 
The desired direction of change of a particular population, which is summarised in the so-
called breeding goal, might differ between regions and change over time. The application of 
reproductive techniques has had a major impact on structure of breeding programs, the rate of 
genetic gain and the dissemination of genetic gain in livestock production and aquaculture. In 
essence, the most basic effect of reproductive technologies is to increase fecundity. This means 
that fewer parents are needed to produce a given number of offspring. Research on application 
of reproductive technologies has initially focused on genetic gain while little attention was 
paid to inbreeding. However, it is now well accepted that an evaluation of alternative breeding 
schemes should be based on genetic gain while constraining inbreeding. 
The objective of this paper is to review the impact of reproductive technology on genetic gain 
and inbreeding. The underlying principles will be described and illustrated. It is not attempted 
to give a complete overview of all applications for all species but rather to identify possible 
applications and to illustrate these with examples. 
 
STRUCTURE OF LIVESTOCK POPULATIONS 
In pigs and poultry, a typical breeding programme involves a number of sire and dam lines. 
Increasingly, nucleus breeding stock is centrally owned by breeding companies (Brascamp, 
1998), producing crossbred breeding stock for commercial producers. In contrast to the dairy 
cattle situation, breeding stock is not used for commercial production. Three reasons for the 
use of crossbreeding in pigs and poultry are female reproductive rate, heterosis for relevant 
traits and the possibility of combining specialised lines to meet the demand in different 
markets. Crossbreeding is hardly used in dairy cattle. In dairy cattle, female breeding stock is 
typically farmer-owned but this is gradually changing. 
Two activities need to be distinguished in breeding programs for livestock and fish. The first is 
the generation of genetic improvement by selecting animals based on their estimated breeding 
value for the relevant traits. Secondly, there is the dissemination of superior genetic material 
from breeding to commercial populations. The genetic improvement is generated in a small 
fraction of the population (referred to as nucleus animals). In pigs and poultry, closed nucleus 
schemes are generally used in which nucleus animals are kept on a small number of farms and 
only animals from these nucleus farms can contribute to genetic improvement of the nucleus 
population. In dairy cattle, open nucleus schemes are used, i.e. commercial and nucleus cows 
are eligible for selection as parents for the next generation of nucleus animals. 
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RATE OF GENETIC GAIN 
The rate of genetic gain (∆G) in a population under selection can be predicted based on the 
intensity of selection (i), accuracy of selection (ρ), additive genetic standard deviation (σA) and 
generation interval (L) in the different paths of selection (j) (Rendel and Robertson, 1950) : 
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where is the genetic variance in the selected sires (x=s) and dams (x=d) andσ is the 

Mendelian sampling variance. In an unselected and non-inbred population, = =σ  

and =½  which means that sires and dams contribute each 25 % to the genetic 
variance in an individual and that 50 % of the genetic variance is due to Mendelian sampling. 
Selection, however, results in a reduction of the genetic variance in the selected parents, the 
so-called Bulmer effect. The genetic variance in the selected parents (x) is equal to (Bulmer, 
1971) : 
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where kx is the variance reduction coefficient, which is close to 0.8 in most cases, and ρx is the 
accuracy of selection. 
 
The Bulmer effect leads to a reduction in genetic gain because the genetic gain is a direct 
function of the genetic variance. The variance reduction in the population is often close to 
25 %, which leads to a 13 % reduction in the absolute gain. More importantly, however, the 
Bulmer effect reduces the genetic variance in parents (between family variance) but not the 
Mendelian sampling variance (within family variance). As a consequence, full and half-sib 
information becomes less important whereas information that includes the Mendelian sampling 
component of the selection candidate, such as own performance and progeny information, 
becomes relatively more important. These effects are important when comparing schemes that 
use different sources of information (e.g. progeny vs. sib information).  
 
Accuracy of selection. The accuracy of selection is the correlation between the selection 
criteria and the true breeding value for the breeding goal that is to be improved. In most 
livestock improvement schemes, selection is based on breeding values that are estimated using 
BLUP. A method for calculating the accuracy of selection on BLUP-EBV was presented by 
Wray and Hill (1989). A multiple-trait extension of this method was presented by Villanueva 
et al. (1993), and Bijma et al. (2001) presented an extension for overlapping generations. 
These methods account for the reduction of genetic variance due to selection. 
 
Selection intensity. In predicting response to selection, it is generally assumed that the 
selection criterion is normally distributed and that truncation selection is applied. In that case, 
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the selection intensity can be obtained directly from the proportion of animals selected. When 
the selection criterion is partly based on family information, the EBVs of sibs are correlated. 
Meuwissen (1991) developed a method to account for finite population and correlated EBV. 
This correction is particularly important in breeding schemes that rely heavily on information 
coming from full and half sibs and where the number of selected parents is small. 
 
Overlapping generations. In most populations, a number of age classes can be distinguished 
and the amount of information differs between age classes. In general, young age classes have 
less information than older age classes. Because older age classes have more information, they 
have higher accuracy. However, the mean level of the EBV of older age classes will be lower 
than that of younger age classes due to the continuous genetic improvement in the population. 
Truncation selection across age classes can be performed to obtained the highest selection 
differential (James, 1987). Mathematical details on truncation across age classes can be found 
in Ducrocq and Quaas (1988) and Bijma et al. (2001). Reproductive techniques might increase 
the amount of sib information and thereby increase the accuracy of EBV of younger age 
classes. This will change the fraction of parents selected from the younger age classes and 
thereby also influence the average generation interval. 
 
RATE OF INBREEDING 
The magnitude of inbreeding at the population level is measured by the rate of inbreeding 
(∆F). Only in the absence of selection ∆F is related directly to the number of sires and dams. In 
selected populations, this equation is no longer valid because parents contribute unequally to 
the next generation. Wray and Thompson (1990) introduced methods to predict rates of 
inbreeding in selected populations, based on the concept of long-term genetic contributions. 
Recently, Woolliams et al. (1999) and Woolliams and Bijma (2000) developed a general 
theory to predict rates of inbreeding in populations undergoing selection. These methods 
facilitate a deterministic optimisation of short and long-term response of breeding schemes. 
Bijma and Woolliams (2000) demonstrated that with BLUP selection, the number of 
candidates per parent (selection intensity) may be as or more important than the number of 
parents. Doubling the number of parents failed to halve the rate of inbreeding.  
Meuwissen (1997) introduced a dynamic selection tool to maximise the genetic gain while 
restricting the rate of inbreeding. Given the available selection candidates, the method 
maximises the genetic level of the selected group of parents while constraining the average 
coefficient of coancestry. Implementation of this method results in a dynamic breeding 
program, where the number of parents and number of offspring per parent may vary, 
depending on the candidates available in a particular generation.  
 
OPTIMIZATION OF BREEDING SCHEMES 
Under the infinitesimal model, inbreeding reduces genetic variation, which in turn reduces 
genetic gain. Furthermore, when inbreeding depression is present, fitness of the population 
may reduce to an extent where it affects the selection differentials, i.e. indirectly inbreeding 
may also reduce genetic gain. In the short term, inbreeding and genetic gain have an 
unfavourable relation, in the sense that maximising short-term response by selecting fewer 
parents reduces long-term response and involves substantial risk (e.g. Verrier et al., 1993). To 
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balance the short and long-term response a restriction on the rate of inbreeding is required (e.g. 
Quinton and Smith, 1995). The objective in optimised breeding strategies needs to be 
maximising genetic gain while restricting inbreeding. Acceptable levels of inbreeding are 
difficult to determine and are discussed by Bijma (2000), who indicated that inbreeding 
depression is probably the most important issue. Though detailed knowledge of the relevant 
parameters to determine the level of the constraint is lacking, different approaches point 
towards values around 0.5 % and 1 % per generation. 
 
GENETIC LAG  
A key element in the dissemination of genetic material is the genetic lag, i.e. the difference in 
genetic merit between the nucleus and the commercial population. Reproductive technologies 
can be used to improve the dissemination of genetic gain generated in the nucleus population 
to the commercial population and thereby reducing the genetic lag.  
 
IMPACT OF REPRODUCTIVE TECHNOLOGY 
Male reproduction. The first reproductive technique that had a major impact on animal 
breeding schemes was Artificial Insemination (AI). Rendel and Robertson (1950) proposed the 
progeny-testing scheme to make efficient use of the possibilities offered by AI. Since then, 
progeny-testing schemes have been widely adopted in dairy cattle breeding, and many studies 
have been directed at optimising the design of those schemes from a genetic and economic 
point of view. Although AI technology is still be improved and refined, breakthroughs in male 
reproductive technology with substantial consequences for breeding programs or dissemination 
of genetic progress are no longer expected (Van der Lende et al., 1998).  
 
Female reproduction. The production of the first calf by embryo transfer took place in March 
of 1950 (Willett et al., 1951). A lot of time elapsed between the first successful ET in cattle 
and the first large-scale applications which resulted from Cambridge work in the late 1960s 
(Betteridge, 1999). During the 1980s multiple ovulation and embryo transfer (MOET) became 
increasingly feasible for use with cattle and resulted in increased reproductive rates of females. 
The main limitations of MOET are the low average and high variability of embryo numbers 
per female (Nicholas, 1996). These limitations can be overcome by non-surgical harvesting of 
ova from females (ovum pickup-OPU), and subsequent in vitro maturation and in vitro 
fertilisation, which can yield large numbers of transferable embryos. This technology (referred 
to as IVEP) opens the way for a different mating scheme, called factorial mating, in which 
both females and males are mated to several members of the opposite sex (Woolliams and 
Wilmut, 1989).  
 
Illustration of impacts MOET in dairy cattle. An increase in reproductive rate of females 
offers the opportunity to reduce the number of dams that need to be selected for the next 
generation. At the same time, it leads to an increase in the amount of information available on 
sibs for estimating the EBV of male as well as female selection candidates. Among the early 
studies of the genetical implications of MOET were those by Land and Hill (1975) for beef 
cattle and Nicholas and Smith (1983) for dairy cattle. The general conclusion from these 
studies was that MOET could produce substantial increases in genetic improvement. However, 
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it was noted that the rate of inbreeding would also be substantially increased. Since the early 
studies, there has been a great deal of activity amongst quantitative geneticists to perform more 
sophisticated studies taking into account several important genetic phenomenon that were 
ignored in the initial calculations (Nicholas, 1996). Today, it is clear that it is important to 
account for the Bulmer effect, effect of correlated EBV on selection intensity and rate of 
inbreeding. The initial studies in particular underestimated the extent to which inbreeding 
would be increased and overestimated the value of information on sibs as compared to own 
and progeny information. 
 
Table 1. Predicted rate of genetic response (∆G), contribution of selection in males to 
genetic response (% male) and rate of inbreeding (∆F) for breeding scheme A different 
number of sires (Ns), number of dams (Nd) and female offspring per dam (No) 
 

    Genetic response (∆G)  
Ns Nd No % male ∆G   ∆F 
64 64 2 38 1.58 -20 %  0.5 
32 64 2 50 1.97 - 100 1.1 
16 64 2 58 2.34 +19  2.4 

        
64 32 4 28 2.13 -19 %  1.0 
32 32 4 40 2.63 - 134 % 2.0 
16 32 4 47 2.97 +13 %  3.9 

        
64 16 8 24 2.60 -16 %  1.9 
32 16 8 35 3.09 - 157 % 3.3 
16 16 8 42 3.55 +15 %  6.9 

A Selection is for milk production measured on female selection candidates prior to selection only with 
h2=0.25. The number of male selection candidates per female is No. 
 
To illustrate the consequences of female reproductive rate, table 1 gives predicted rates of 
genetic gain and inbreeding for breeding schemes with varying number of dams and sires. The 
number of offspring in all schemes is constant (i.e. 128 female offspring each generation). 
Increasing the number of offspring per dam from 2 to 8 results in a 57 % increases in genetic 
gain (∆G) (table 1). The change in rate of inbreeding (∆F) is much larger, ∆F is around three 
times as high with 8 offspring per dam as with 2 offspring per dam. Halving the number of 
sires has a moderate effect on ∆G (13-20 %) while doubling ∆F. The effects of reducing the 
number of dams on ∆G are larger than for number of sires. This is due to the fact that the 
dam’s own performance is used in predicting the EBV. The dam’s own performance provides 
information on the Mendelian sampling term for the dam. Due to the Bulmer effects, the value 
of own performance information for predicting the EBV of selection candidates has increased 
whereas value of sib information has reduced. In addition, the dam’s own performance causes 
a reduction in the correlation between EBV of selection candidates, which increases the 
selection intensity and reduces the impact of inbreeding. 
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Reducing the generation interval. In the above example, dams where selected after the 
recording of the production. Embryos can be collected earlier resulting in a further reduction of 
the generation interval. Betteridge et al. (1989) considered IVF of foetal embryos, which can 
potentially reduce the generation interval in cows to 90d. Meuwissen (1998) predicted an 
increase in genetic gain of 13 to 18 % resulting from IVF of juvenile embryos. However, rates 
of inbreeding will substantially increase due to this shortening of generation interval. The 
correlation between EBV of family members will increase because performance information 
on sibs and the female candidates is no longer available which will increase (when keeping 
other parameters constant) the rate of inbreeding. When restricting the rate of inbreeding the 
increase in genetic gain is expected to be minimal if not negative. The generation interval 
should not be regarded as a design parameter for the breeding schemes but needs to be a result 
selection across the available age classes while constraining inbreeding. 
 
Comparing alternative schemes. Maximising genetic gain while constraining the rate of 
inbreeding will change the layout of breeding schemes compared to simply maximising genetic 
gain. Following the pioneering work of Nicholas and Smith (1983) and subsequently many 
others, breeding schemes for dairy cattle have moved towards selection based on sib 
information which enables higher short-term genetic gain. However, for species such as dairy 
cattle where the trait of interest cannot be measured on the selection candidate, maximising 
genetic gain while restricting inbreeding is likely to move optimum selection schemes back to 
progeny testing, in particular when population size is small and the constraint on ∆F is 
stringent (Meuwissen and Sonesson, 1998). This situation changes when traits of interest can 
be measured early in life on both sexes, as is the case in beef cattle and pigs. The situation 
would also change when molecular information was available to predict the Mendelian-
sampling component of selection candidates at an early age (e.g. Spelman et al., 1999). The 
combination of increased female reproductive rate and DNA markers offers good opportunities 
to increase gain while restricting inbreeding. 
Application of in vitro embryo production (IVEP) opens the way for a factorial mating design 
in which both females and males are mated to several members of the opposite sex. A factorial 
mating design results in a higher genetic gain at the same level of inbreeding (e.g. Woolliams, 
1989 ; Kinghorn et al., 1991 ; De Boer and Van Arendonk, 1994). Large-scale use of IVEP 
results in breeding schemes in which selecting fewer dams than sires is optimal. 
 
Embryo cloning. By the creation of large numbers identical individuals, embryo cloning has 
the potential to greatly increase accuracy of selection, because each selection candidate can be 
evaluated on the average phenotypic performance of many copies of itself. However, when 
comparing schemes at a fixed testing capacity, testing of clones can only be achieved at the 
expense of a reduction in the testing of full or half-sibs. De Boer et al. (1994) and Villanueva 
and Simm (1994) concluded that because of this trade-off, cloning would have only a marginal 
effect on the rate of genetic gain. These studies were performed in dairy cattle where the 
improved testing was restricted to females only. Cloning offers the opportunity to test selection 
candidates under different environments, to subject them to a disease challenge that can not be 
applied to selection candidates or to measure carcass and meat quality traits directly on 
selection candidates. Testing clones instead of half or full-sibs provides more information in 
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these cases because the clones share the Mendelian sampling term with the selection candidate. 
This advantage would also hold for traits that are subject to genotype by environment 
interaction. Embryo cloning offers the opportunity to test a single genotype under various 
conditions. 
 
Dissemination. Reproductive technologies play an important role in the dissemination of the 
genetic progress generated in the nucleus population(s) to the commercial population. Embryo 
cloning could have a large impact in dairy cattle : instead of inseminating commercial cows 
with semen from high-merit males, embryos of the best available clone in the nucleus 
population could be used. Having been selected as the best of the clones being produced in the 
nucleus, the genetic merit will be greater than the average merit of the nucleus population (De 
Boer et al., 1994). It is important to realise that this is once only genetic lift of the commercial 
population and that the original genetic lag will be restored as soon as cloning of nucleus 
animals is stopped. This is the same for all measures to reduce genetic lag between nucleus and 
commercial population and makes it more interesting to invest in genetic gain in the nucleus 
population, as these genetic changes are permanent and can be accumulated over years. 
Clones enable widespread exploitation of non-additive genetic effects both within and between 
breeds. To exploit between breed genetic effects, clone lines to be used for within and breed 
use will differ. Using cloning to produce replacement animals reduces the proportion of 
animals that required to produce replacement cows while the remainder could be used for the 
production of animals for beef production (Nicholas, 1996). This advantage could also be 
captured by the use of sexed semen or embryos. Visscher et al. (2000) described that cloning 
could lead to the removal of one or two tiers in the pig breeding pyramid. This underlines that 
new reproductive technologies might have an effect on the genetic gain as well as the structure 
of the breeding population. Additional factors that play a role in the structure of the breeding 
scheme are ownership of breeding stock, infrastructure to apply reproductive techniques, 
control of veterinary status and costs associated with new techniques. The use of crossbred 
clones in dairy cattle offers a unique opportunity to protect the breeding stock of individual 
companies. At present, genetic material is freely accessible on the market that is a stimulus to 
focus on short-term response.  
The application of reproductive technologies in animal breeding raises ethical questions, 
principally related to animal welfare. Even if these animal welfare issues are successfully 
addressed, the debate about the ethical acceptability of technologically highly advanced 
animals breeding will continue. Scientists involved in the development of technologies and 
those considering their application are and should be involved in this debate (e.g. Seamark, 
1993 ; De Boer et al., 1995) 
 
REFERENCES 
Betteridge, K.J. (1999). Theriogenology 53 : 3-10. 
Betteridge, K.J., Smith, C., Stubbings, R.B., Xu, N.P. and King, W.A. (1989) J. Reprod. Fertil. 

38 (suppl. 1) : 87-98. 
Bijma, P., van Arendonk, J.A.M. and Woolliams, J.A. (2001) J. Anim Sci. 79 : 840-853. 
Bijma, P. (2000) PhD thesis, Wageningen University, 225 pp. 
Bijma, P. and Woolliams, J.A. (2000) Genetics 156 : 361-373. 

Session 27. Use of biotechnology in animal breeding Communication N° 27-02   



7th World Congress on Genetics Applied to Livestock Production, August 19-23, 2002, Montpellier, France 

Brascamp, E.W. (1998) Acta Agric. Scand. 28 (suppl): 61-67. 
Bulmer, M.G. (1971) Am. Naturalist 105 : 201-211. 
De Boer, I.J.M. and van Arendonk, J.A.M. (1994) Anim. Prod. 58 : 173-180. 
De Boer, I.J.M., Meuwissen, T.H.E. and van Arendonk J.A.M. (1994) Anim.Prod. 59 : 345-

358. 
De Boer, I.J.M., Brom, F.W. and Vorstenbosch, J.M.G. (1995) Anim. Sci. 61 : 453-463. 
Ducrocq, V. and Quaas, R.L. (1988) J. Dairy Sci. 71 : 2543-2553.  
James, J.W. (1987) J. Anim. Breed. Genet. 104 : 23-27. 
Kinghorn, B.P. and Dekkers, J.C.M.  (1991) J. Dairy Sci. 74 : 611-622. 
Land, R.B. and Hill, W.G. (1975) Anim. Prod. 21 : 1-12. 
Meuwissen, T.H.E. (1991) Biometrics 47 : 195-203. 
Meuwissen, T.H.E. (1997) J. Anim Sci. 75 : 934-940. 
Meuwissen, T.H.E. (1998) J. Dairy Sci. 81 : 47-54. 
Meuwissen, T.H.E. and Sonesson, A.K. (1998). J. Anim. Sci. 76 : 2575-2583. 
Nicholas, F.W. (1996) Anim. Reprod. Sci. 42 : 205-214. 
Nicholas, F.W. and  Smith, C. (1983) Anim. Prod. 36 : 341-353. 
Quinton, M. and Smith, C. (1995). J. Anim. Sci. 73 : 2208-2212. 
Rendel, J.M. and Robertson, A. (1950). J. Genet. 50 : 1-8. 
Seamark, R.F. (1993). Livest. Prod. Sci. 36 : 5-15. 
Spelman, R.J., Garrick, D.J. and van Arendonk, J.A.M. (1999) Livest. Prod. Sci. 59 : 51-60. 
Verrier, E., Colleau, J.J. and Foulley, J.L. (1993) Theor. Appl. Genet. 87 : 446-454. 
Villanueva, B., Wray, N.R. and Thompson, R. (1993) Anim. Prod. 57 : 1-13. 
Villanueva, B. and Simm, G. (1994) Proc. WCGALP 5. 20 : 200-207. 
Visscher, P., Pong-Wong, R, Whittemore, C. and Haley, C. (2000). Livest. Prod. Sci. 65 : 57-

70. 
Van der Lende, T., Komen, H. and Brascamp, E.W. (1998) Acta Agric Scand. 29 (sup) : 90-97. 
Willett, E.L., Black, W.G., Casida, L.E., Stone, W.H. and Bucker, P.J. (1951) Science 113 : 

247. 
Woolliams, J.A. (1989) Anim. Prod.. 49 : 1-14. 
Woolliams, J.W. and Wilmut, I. (1989) Anim. Prod.. 48 : 245-256.  
Woolliams, J.W., Bijma, P. and Villanueva, B. (1999) Genetics 153 : 1009-1020.  
Woolliams, J.W. and P. Bijma, P. (2000) Genetics 154 : 1851-1864. 
Wray, N.R. and Hill, W.G. (1989). Anim. Prod. 49 : 217-227. 
Wray, N.R., and Thompson, R. (1990) Genet. Res. Camb. 55 : 41-54. 

Session 27. Use of biotechnology in animal breeding Communication N° 27-02   


	UTILIZING REPRODUCTION TECHNIQUES IN ANIMAL BREEDING PROGRAMMES
	STRUCTURE OF LIVESTOCK POPULATIONS
	RATE OF INBREEDING
	OPTIMIZATION OF BREEDING SCHEMES
	GENETIC LAG


