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INTRODUCTION 
Each year over 7000 bulls are progeny tested throughout the world.  At an approximate cost of 
US$30,000 per bull this amounts to an overall cost of approximately US$200 million per year. 
With this amount of expenditure the ability to produce a bull that is desired by the dairy 
farmers is imperative for the survival of breeding companies. Traditionally selection has been 
based solely on phenotypic information analysed with sophisticated statistical models. In recent 
years the phenotypic information has been complemented, to a small degree, by molecular 
information. 
 
This paper outlines how Livestock Improvement Corporation (LIC) has used molecular 
information in their breeding scheme to increase the probability of generating bulls that meet 
the market demand. In addition, schemes and methods that may be employed in the future are 
described. 
 
PARENTAGE TESTING 
Parentage testing of bulls entering the progeny test system has been undertaken for the last 10 
years based on molecular markers. Prior to this parentage testing was undertaken on blood 
group systems. For the last 10 years, LIC has only progeny tested bulls that have passed 
parentage to both sire and dam. In the past 5 years, this has been extended to testing the dam 
also against her sire. The parentage testing has identified an error rate of approximately 4-6%. 
 
In 1997 LIC, undertook DNA parentage (paternal only) testing of all progeny test daughters. 
The level of paternal misidentification was identified to be 12-15%. This was not unexpected, 
as the majority of cows calve over a 6 week period, and calving is managed by 1 person per 
200 cows. The error rate is higher for the daughters than the bulls, as the bulls are usually 
generated from specific matings where greater attention is given to that cow at calving.  
 
The level of misidentification was investigated to see what effect this would have on the rate of 
genetic gain. This was investigated via stochastic simulation that represented the LIC breeding 
scheme. The cow population was modelled as two distinct groups; 60 progeny test (PT) herds 
and 150 commercial herds (COM). Each herd started with 200 milking cows with an age 
structure as outlined in Spelman and Garrick (1997). Bull dams were selected from all cows 
(PT and COM) that had at least one lactation. It was assumed that it took 3 dams to generate a 
bull.  Thirty bulls were progeny tested on a yearly basis with an average of 85 daughters each.  
There was no selection on the cow to cow path. All female replacements were generated within 
herd and cows did not change herds.  
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A single trait with a heritability of 34% and repeatability of 65% was simulated. Breeding 
values were estimated using a repeatability animal model. Phantom grouping by year and sex 
was used for missing parents with the exception of the base population, which was grouped 
together. Year-lactation fixed effects were estimated. Iteration on the data (Schaeffer and 
Kennedy 1986) was undertaken until the convergence criteria of 10-10 was reached. 
 
Bulls were eligible for selection once their daughters had completed their first lactation, and for 
the following year. Five bulls were selected annually, based on estimated breeding values, for 
the bull to cow path, and two for the bull to bull path. It was assumed that all bulls were 
available for both selection paths. The five bulls that were selected for the bull to cow 
population were also used in the PT to link the two cow populations. Proven bulls were used in 
equal amounts in the commercial population. 
 
The simulation was undertaken for 50 years to ensure equilibrium selection response was 
reached. Fifty replicates were undertaken for each scenario. The average genetic merit (true not 
estimated) for the female commercial calves was calculated each year. Regression coefficients 
to estimate the rate of genetic gain were calculated from the commercial cow’s average genetic 
merit for the final 25 years. 
 
Three scenarios were evaluated: 
a) Base – no genotyping was undertaken in the cow population.  Assumed that 15% of the 

daughters had parentage errors (PT and COM); 7.5% paternal only, 5% paternal and 
maternal concurrently, and 2.5% maternal only. All bulls were verified to sire and dam. 

b) Parentage testing– genotyping was undertaken in the PT herds for paternity.  The 
parentage error rates after genotyping were ½% for paternal only and 7.5% for maternal 
only.  All other parameters as for the base scenario. 

c) Total – the whole population was sire and dam parentage verified. 
In the base scenario the rate of genetic gain over the last 25 years of the simulation as observed 
in the commercial cow population was 0.182 σG per year (Table 1). DNA parentage testing in 
the PT increases the rate of genetic gain by some 1.5% compared to the base situation. The 
increase in genetic gain is generated from the sire paths and is minimal, as the accuracy of 
evaluation and the ranking of the bulls is only marginally altered. If the whole population was 
genotyped (ie no parentage errors) the increase in genetic gain is approximately 2.5% (Table 
1). The increase in genetic gain is generated from the sire paths as outlined above and also 
additionally from the cow to bull path.  
 
Table 1. Rate of genetic gain in the commercial cow population for the different scenarios 
investigated 
 

Scenario Genetic gain (σG) Percentage increase1 
Base 0.182 - 
Parentage test 0.185 1.5 
Total 0.187 2.5 

1percentage increase compared to that achieved in the base scenario. 
Standard errors for genetic gain are 0.001 for all scenarios. 
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The increase in genetic gain from parentage testing in all scenarios is less than 3%.  The 
increases in genetic gain presented in this study are less than two other recent studies.  Van 
Arendonk et al. (1998) reported a reduction in genetic gain of 10.6% when parentage errors 
occurred, for a sex-limited trait with a heritability of 0.4. The greater reduction in van 
Arendonk et al. (1998), could be accounted for in the smaller population size and less 
daughters to prove a bull, and thus greater reliance on pedigree relationships in breeding value 
estimation in comparison to this study. Israel and Weller (2000) reported an increase of 4.3% 
in genetic gain when no pedigree errors compared to a 10% paternal error rate. The model used 
by Israel and Weller (2000) is similar to that of this study as it represents a dairy population 
and sex-limited trait with heritability of 25%. The greater response in their study is possibly 
due to them ignoring pedigree errors on the maternal side. In addition, they had PT and proven 
bull semen in the same herd and thus when a PT daughter was incorrectly identified, she had a 
high probability of being allocated to a proven sire, who may have a quite different genetic 
merit. This factor may have also increased their response. 
 
The parentage testing on the PT herds was very useful for LIC as it enabled them to eliminate 
the farmers that had poor records, improved the number of daughters per sire (ie allocated 
daughters that had possibly 2 sires based on calving date and mating records) and gave an 
incentive to the farmers to improve their level of accuracy in recording. Parentage testing in the 
PT herds is now limited to daughters that have 2 possible sires, as the increase in genetic gain 
when testing all PT daughters was not viewed as commercially viable. Farmers appeared not to 
place any additional value on the proof of a bull whose PT daughters had been paternity tested, 
compared to the proof of a bull without the added accuracy, 
 
SINGLE GENE TESTING 
In the last 15 years many molecular tests have been available to dairy breeders for 
identification of single gene defects; BLAD, citrullinaemia, DUMPS and more recently CVM.  
The strategy in the past with single gene tests has been to test all bulls entering progeny test 
and remove carriers. However, the use of electronic recording of matings has given LIC the 
opportunity to use carrier bulls but avoid carrier x carrier matings. This is achieved by the 
calculating the probability that each cow is a carrier based on carrier status of her ancestors.  
Before the technician inseminates the cow he/she enters the cow and bull identification. If the 
bull is a carrier and the cow is above a certain probability, the technician is queried or advised 
to choose a non-carrier bull.  
 
Single gene tests are also being used for milk proteins such as kappa-casein, beta-casein and 
beta-lactoglobulin. This information is available to all farmers and has been utilised by one 
dairy company. This company had an objective of increasing the B allele for beta-lactoglobulin 
as it increased the cheese yield. To achieve their objective the company only used bulls that 
were homozygous BB or heterozygous. LIC did not put any extra weighting on the B allele 
when selecting bulls to enter progeny testing as the company received milk from less than 1% 
of the national cow population. The increased selection pressure for this single gene reduced 
the economic index level of proven bulls available. This lead to some resistance from farmers 
to use the bull team that the dairy company preferred, especially among farmers that intended 
to move location and thus change dairy companies in the near future. 
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Recently a company called A2 corporation, has formed to collect and manufacture milk that 
has the A2 variant for beta-casein. A2 corporation believe there is evidence to conclude that 
there is risk that beta casein A1 can cause Type I diabetes. This organisation and others are 
further investigating this area. A DNA based test has been designed to test the animals’ status 
for A1 and/or A2. The allele frequency of the A2 allele is approximately 50-60%. To ensure a 
supply of A2A2 bulls in the future but not compromise the rate of genetic gain, bull dams and 
sires of sons are being genotyped, and matings allocated on the basis of the genotypic state to 
ensure a disproportionate percent of A2A2 bulls relative to the allele frequency. 
 
MARKER ASSISTED SELECTION 
In 1994, LIC and Holland Genetics entered into a joint venture to detect and utilise quantitative 
trait loci (QTL) in dairy cattle. The majority of the molecular work has been undertaken at 
University of Liege, Belgium. 
 
Six QTL have been identified that are significant at experimentwise threshold values (Spelman 
et al. 2001a). Four of these QTL are reported in this paper. In brief, chromosome six harbours a 
QTL for protein percent that has an inconsistent effect on fat, protein and milk yield. (Spelman 
et al. 1996). The confidence interval covers some 80 cM over the chromosome.  The daughter 
and granddaughter design has identified a QTL segregating for fat percent on chromosome 16.  
Fat percent is significant at the 5% experimentwise level, but the other traits do not approach 
significance. Chromosome 20 has been identified to segregate for a QTL for protein percentage 
and milk yield in the granddaughter design and was verified in the grand-daughter design 
(Arranz et al. 1998). The confidence interval for this chromosome covers some 50% of the 
chromosome.  
 
Chromosome 14 habours the most significant QTL and best defined QTL. This QTL was first 
reported by Coppieters et al. (1998) and then further defined by Riquet et al. (1999). The 
genetic polymorphism that is thought to underlie the QTL has been recently reported (Grisart et 
al. 2002).  The effect of the acylCoA:diacylglycerol acyltransferase (DGAT) polymorphism 
has been tested in the New Zealand bull population (Spelman et al. 2002). The effect is more 
significant in the Holstein-Friesian breed compared to the Jersey and Ayrshire breeds (Spelman 
et al. 2002). The additive effect in the Holstein-Friesian population is some 6kg of fat yield per 
lactation, 2-2.5 kg of protein yield per lactation and 120-130 litres of milk per lactation (Table 
2). 
 
Table 2. Effect of the chromosome 14 DGAT SNP on milk production in the New Zealand 
Holstein-Friesian bull population 
 

 Fat Protein Milk 
qq 0 0 0 
Qq 6.86 -2.13 -128 
QQ 11.83 -4.80 -266 
se 0.87 0.68 24 
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The effect of the gene is to increase fat yield and to decrease milk and protein yield with each 
additional Q allele. The difference in direction of effects for protein and milk is contrary to the 
genetic correlation between the two traits which is approximately 0.8. The two alleles have 
approximately equal frequency in the New Zealand Holstein-Friesian bull population.  
 
Based on the current economic values for New Zealand the fat increasing q allele is more 
beneficial than the protein and milk volume increasing Q allele (Table 3). The value of 5.14 for 
the New Zealand economic index (breeding worth) is approximately 0.2 standard deviations. 
 
Table 3. Economic value of the chromosome 14 DGAT SNP for the New Zealand 
Holstein-Friesian bull population for each additional q allele 
 

 Effect REV1 Value 
Fat 6 1.284 7.70 

Protein -2.25 4.417 -9.94 
Milk -125 -0.059 7.38 
Sum   5.14 

1REV= Relative economic value 
 
The six QTL that have been identified to date have been used in marker assisted selection by 
LIC. The method of marker assisted selection that has been employed is a within-family setting 
called “bottom-up” marker assisted selection (McKinnon and Georges 1998). LIC identifies the 
sires that are going to be used as sire of sons near the end of their daughters first lactation 
(some 5 months before the sires are mated to the bull dams). The selected sires and their 
daughters are genotyped for approximately 25 markers that characterise the six QTL. Based on 
the genotypes each sire is analysed to ascertain whether he is segregating for each of the 6 
QTL. The segregating sires are used in an IVP programme to generate full-sib sires. Full-sibs 
are required as generating half sibs through artificial insemination results in the selection 
advantage of the QTL information being negated through the loss of selection differential on 
the cow to dam pathway.  The resulting male offspring are genotyped with the sons that receive 
the desired allele being selected to enter the progeny test system. 
 
The first year of MAS was undertaken in 1998 and was repeated in 1999. In both years, two 
sires (one Jersey and one Holstein-Friesian) were identified to be segregating.  In 1998, 24 
donors were worked with over a 2 month period (late August to late October) that fell between 
parturition and mating.  An average of 14-15 TVR sessions were undertaken on each cow, 
resulting in 136 pregnancies. Only half of the cows had multiple bull calves, and only 7 
reaching the target of 3 bull calves per sire-dam mating combination. Ten bulls were selected 
for progeny testing based on QTL markers. 
 
In the following year, 28 donors were utilised in a programme that mirrored the previous year.  
Resulting from this work was the ability to select within only 8 of the 28 sire-dam 
combinations. The major reasons for the disappointing results over the 2 years has been the 
large variation in number of oocytes harvested from individual cows (range of 32-238 from 
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comparable number of sessions). In the first year, 10 of the 24 donors had less than 10 embryos 
transferred, which with a pregnancy rate of approximately 40% and sex ratio of 50:50 makes it 
very difficult to be able to select within sire-dam mating combinations. 
 
The poor performance of the within-family MAS has increased the need to have markers that 
are in linkage disequilibrium and thus can be selected at the population level, and not limited to 
within certain families. The recent identification of the polymorphism in the DGAT gene is the 
first application that LIC has of utilising a QTL over all of its progeny test scheme and not 
having to rely on the use of female reproductive technologies. This may include the genotyping 
of all of the potential bull dams and adjusting the calculated breeding values to account for the 
DGAT effect.  
 
Research is orientated to 3 areas to improve the utilisation of MAS within the LIC breeding 
scheme; a) statistical tools to identify linkage disequilibrium, b) statistical tools for 
incorporation of molecular markers in breeding values estimation, c) improving the 
performance of female reproductive technologies to ensure the ability to generate multiple full 
sibs. 
 
FUTURE QTL 
The current number of QTL that have been identified by LIC and its research partners is 
certainly not enough to enable substantial returns from MAS. In conjunction with ViaLactia 
BioSciences, LIC is undertaking further QTL work primarily based around a F2 experimental 
cross between Holstein-Friesian and Jersey cattle (Spelman et al. 2001b). In brief, 800 F2 
females will be milked up to 4 lactations. The primary focus of the experiment being on traits 
that are not routinely measured in the commercial population. These traits include indepth 
analysis of milk characteristics, health and fertility traits, and biological systems underlying 
performance traits. The animals have been generated over 2 years and the first cohort will 
begin milking in July 2002. 
 
Increasing the number of QTL that explain milk production variation will be generated from 
selective DNA pooling and from comparative mapping of genes identified for related traits in 
other species. The DNA pooling is based around the large half sib families that exist in the 
New Zealand dairy population and the ability to collect DNA from the majority of these 
animals (Spelman 1998). Work in this area is being currently undertaken. Comparative 
mapping has been instrumental in the identification of the underlying polymorphism for the 
QTL on chromosome 14. There are going to be an ever increasing number of genes identified 
in other species. However, to utilise efficiently discoveries in other species, one will have to 
have previously identified areas of the genome that influence the traits of interest. 
 
CONCLUSION 
The applications of markers have become an integral part of the LIC breeding scheme in the 
past 10 years. The applications have been primarily the use of markers for parentage and single 
gene testing and in the later years for MAS on QTL. As the first two examples have become 
basic tools of the breeding scheme it is likely that MAS will be the same after enhancements 
are made to its application. Throughout the 10 years, the application of the markers has 
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changed as knowledge and experience increased eg. bulls now not being automatically culled 
on single gene information.  It is with surety that the utilisation of marker information will be 
vastly different in 10 years time. 
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