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Abstract 

 

Some decades ago, the idea of predicting production characteristics of animals 

(e.g. milk yield) solely based on DNA information would appear as science fiction. 

However, the rapid progress in molecular biology (e.g. reading the whole genome, 

DNA microarrays, etc.) in the recent decades has led not only to the development of 

this technology but to its immediate application in breeding programs as well. In 2001 

it was shown, based on simulations, that 50,000 molecular markers would be adequate 

to achieve accuracies of breeding values close to those of  progeny testing. This 

process which, with the use of molecular markers and “simple” (linear) statistical 

models, enables the investigation of the genetic background of an individual, aiming 

in finding the genetic background and to select the best individuals for reproduction, 

is what we call as genomic selection (GS). The hitherto theoretical data suggest that 

the genomic selection can provide a dynamic up to twofold benefit in the genetic gain 

of genetic improvement of production animals. The implementation of GS has already 

started in breeding cooperatives around the world, mainly in dairy cows. The cost of 

genotyping per animal currently stands at ~ $ 100. Nevertheless, with the continuous 

progress of molecular technology it is expected in the next few years the cost of 

genotyping to be proportionate to the cost of a simple blood test. The technology of 

genomic predictions has been recognised as (r)evolution in animal and plant breeding 

programs while also finds fertile ground in human studies, particularly for predicting 

diseases. 
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Introduction 

If the 20th century was marked by breakthroughs in physics, the 21st century 

is already considered as the "century of biology", characterized by significant 

progress in understanding the basic unit of life, DNA. Almost half a century after the 

discovery of the structure of DNA by Watson and Crick, the science of biology has 

succeeded in sequencing the entire genome of organisms, in comparing genomes of 

different organisms, in genotyping individuals with thousands or millions of 

molecular markers (or even complete sequencing), etc. all at relatively low cost. Since 

the late 90’s began the sequencing of genomes of various animal and plant species 

with the breakthrough of sequencing the human genetic code in 2001[1, 2]. A new 

page in the genetic improvement of cattle started with the complete sequencing of the 

bovine genome in 2009 [3] (Figure 1). 

The new possibilities of the new knowledge and technology from the field of 

genomics as well as the benefits in breeding programs became quickly apparent and 

within a relatively short time the new technology became applicable in practice, 

placing genomic predictions and DNA analysis in the daily life of breeding companies 

[4-8].  

The aim of this article is to make known, in brief, the genomic selection(GS) 

methodology and its potential to farmers and the wider public. 

 

A short historical note in animal breeding 

To illustrate the potential of GS it would be of some help to firstly have a short 

historical overview of the breeding programs. 

 

Quantitative genetics theory 

The origins of the genetic improvement of plants and animals are traced back 

to the  theory of quantitative genetics, which was mainly developed by Ronald Fisher 

[9] and Sewall Wright [10]. The quantitative genetics theory is a major tool of 

studying the phenotypic diversity of species. Fisher’s theory and the model  to study 

phenotypic diversity are simple in their base:  
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The genetic background for each trait, however, is not directly seen (i.e. 

observation on DNA), but can be assessed through measurements on performance 

(e.g. milk yield) of the individuals itselves as well as their relatives and population 

parameters like variance components and heritability. Moreover, the theory assumes 

that we do not know how different genes work together to produce a particular 

phenotype (genetic architecture), but suggests that each gene has a very small effect 

(infinitesimal model) for each trait and the effects show an additive action. Therefore, 

the theory of quantitative genetics and hence animal breeding have not (or at least do 

not require) any information on i) the effect of genes, ii) their number and iii) their 

position on the genome (as opposed to molecular genetics). 

 

History of animal breeding 

Animal breeding aims in ‘the development of animals, that will result in 

animal products economically more advantageous under the current environmental, 

social and economic conditions’’  [11]. 

A breeding programme is an organization or a system in which 1) information 

of potential breeding animals is collected and used to estimate the breeding values 

(EBV; an estimate of the additive genetic merit for a particular trait that an individual 

will pass on to its descendants) and 2) genetically superior animals are selected and 

mated to produce the next generation [12]. 

The starting point of a breeding program is the definition of the breeding goal 

[11]. A breeding goal can be defined as “the development of future animals that can 

produce in a more effective way under the future production conditions”. Important 

tools for the achievement of the breeding goal are [13]: 

 

 Identification of all individuals 

 Pedigree construction 

 Recording system of the desirable traits 

 Establishment of reproduction techniques 
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One of the most remarkable changes in (dairy cattle) breeding programs was 

the implementation of progeny test. Progeny test was firstly implemented in Denmark 

and very soon spread out all over the world [14]. 

However, the first revolution in animal breeding came with the use of artificial 

insemination (A.I.). Artificial insemination aided in the rapid expansion of higher 

genetic material to the entire population. The history of A.I. closes over two centuries, 

while the widespread use in  farms about 80 years [15]. 

 Regarding the mathematical (statistical) part, we have to refer to the major 

contribution of Henderson for creating a statistical model known as best linear 

unbiased prediction (BLUP)  [16-21]. BLUP uses all available information, through 

the additive genetic relationships of individuals, for an accurate prediction of the 

genetic value of the animal. For a short overview of the history of statistical models 

that have been used in breeding animals see [22]. 

It should be noted, though, that progeny test alone did not contribute a lot to 

the genetic progress. It was the progeny testing in connection to A.I. that resulted in a 

fast genetic progress [23][24].  

Genetic improvement of a whole population, which may consist of millions of 

animals, is usually impractical in all animals in the population, due to a demanding 

organization and high costs. Therefore, breeding programs are usually constructed in 

a hierarchical - pyramidical way, where animals are split into different groups and 

receive different controls (Figure 2). 

In the small group of animals at the top of the pyramidical structure (nucleus) 

all selective processes are implemented. Then, the genetic superiority of the nucleus is 

transferred to the rest of the population (commercial) [25]. Usually, between the 

nucleus and the commercial part an intermediate group is included, the multipliers 

part [11]. 

The contemporary breeding programs of (dairy) cattle are based on progeny 

testing of male and assortative mating [26]. The breeding program is organized in a 

pyramidical structure and the genetic superiority is transferred to the commercial 

population through the males and A.I. [25]. 

An effective dairy breeding program should include: 
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 Progeny test 

 Accurate estimation of EBV 

 Identification of the genetical superior males and females and organize 

assortative matings with the appropriate caution on the inbreeding level 

  Fast distribution of the superior genetic material to the whole population 

 

However, progeny test is a very intensive and costly technique requiring long 

time for results of the elite animals. For example, it takes, approximately, 6 to 7 years 

for a dairy young bull to be proved as superior and selected for breeding. During all 

this time the animals are kept in the breeding stations and fed, waiting for the results 

of progeny test.  

 

The use of molecular markers in animal breeding 

The idea of using molecular markers in animal breeding was around for quite 

some time [27]. During the ‘90s there was an attempt to incorporate genomic markers 

in breeding values predictions. This is what is called Marker Assisted Selection 

(MAS) and the theoretical background was firstly introduced by Fernando and 

Grossman in 1989 [28]. In MAS genetic markers and BLUP model are combined for 

the prediction of the EBV of the animals.   

The research for the identification and location of genomic regions that control 

quantitative traits (quatitative trait loci; QTL) (e.g. mik yield) was quite enthousiastic 

at the beginning and lead to a pleithora of studies, mainly during the ’90. Thus, QTL 

databases were developed  (e.g. Animal QTL database; 

http://www.animalgenome.org/cgi-bin/QTLdb/index  ) in which someone can freely 

search for already identified QTL on desirable traits. However, specific limitations of 

MAS such as i) small number of markers available at that time, ii) low fraction of 

genetic variation explained by QTLs and iii) the fact that results were only descriptive 

for the specific sire family where QTL analysis had been performed, resulted in 

difficulties in implementing MAS in practice. For more information in MAS see [29-

31]. 

 

http://www.animalgenome.org/cgi-bin/QTLdb/index
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Genomic selection 

The limitations of MAS have been overcome by the recent developments in 

molecular technology. Nowadays, it is provided the possibility of sequencing the 

entire genome and discover a large number of genetic markers in the form of single 

polymorphisms (Single Nucleotide Polymorphisms, SNPs). Thus, an animal can be 

genotyped for tens or hundreds of thousands (or millions) SNPs at a cost  of ~100$ 

(Figure 3). 

Microarrays allow us to conduct checks for associations with production traits 

in many more parts of the genome. In this way, we have the possibility of exploring 

the entire genome and quantify at a larger extend the genetic variability among 

individuals. 

In 2001, Meuwissen, Hayes and Goddard [32] showed through simulations 

that 50,000 genome-wide dense markers, equally distributed along the genome, can 

adequately be used to predict breeding values for animals with a considerably high 

accuracy. This idea is what is called Genomic Selection (GS; also known under 

various names such as whole genome enabled predictions; genomic predictions; 

etc.). In GS, DNA information is used to predict the genetic merit of young animals. 

The key point in GS is that with a genome-wide panel of dense markers all 

quantitative trait loci (location of a gene on the chromosomes that affects a 

quantitative trait; QTLs) are in linkage disequilibrium (non-random association of 

alleles at two or more loci; LD) with at least one marker. 

The idea of GS is quite simple (Figure 4). In practice, GS involves two steps. 

First, the effect of each marker (SNP) is estimated in a reference population consisting 

of animals with both known phenotypes and marker genotypes. In the second step, 

genomic breeding values (GEBV) of young animals are calculated by using only their 

marker information, and subsequently ranked for selection (Figure 5).  It should be 

noted that GS does not cancel the phenotypic recording; on the contrary, accurate 

phenotyping is a key point to develop accurate estimates of SNP effects and thereby 

accurate genomic predictions of GEBV. In addition, GS has nothing to do with 

genes!! Phenotypes (or EBVs) are simply regressed on all available SNPs in a (non-) 

linear model. 

The GEBV of the individuals is calculated through the following model: 
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 y is a vector of phenotypic records (or EBVs), μ is the overall mean, x is the code of 

genotype for SNP j and b is the additive effect of SNP j. 

This implies that at birth we can have an estimation of the genetic merit of the 

young bulls which further helps to the correct ranking. Therefore, the progeny testing 

period of 6-7 years is overcome. 

In animal breeding programs the predicted genetic gain (ΔG) can be calculated 

from the following equation, known as the breeders’ equation [33]:  

    
        

 
 

1. accuracy of the index,    . 

2. generation interval, Τ 

3. selection intensity, i. 

4. genetic standard deviation,   .  

 

The major contribution of GS in animal breeding programs is referred to: 

 reduction of generation intervals 

 increase of the accuracy of EBV at a young age and for difficult to be 

measure traits (e.g. carcass quality) as well as traits with low heritability 

(e.g. somatic cell score). 

 

Schaeffer [34] showed that GS could substantially increase the rate of genetic 

progress in dairy cows, allowing the selection of bulls for breeding at a younger age 

based on the GEBV and without having to wait for progeny testing. More specifically, 

Schaeffer explored the possibility of applying genomic selection in Holstein cattle 

population in Canada and investigated the economic as well as genetic benefits. The 
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results showed a large decrease in the interval when selecting bulls (sire bulls) from 

6.5 years to 1.75 while the total space of selection (i.e. the four pathways of selection) 

decreased from 21.75 to 9.75 years. Shaeffer [34] and Pryce et al [35] concluded that 

GS has the potential of double genetic gain compared to conventional progeny 

schemes. Therefore, GS has fairly been described as the most promising molecular 

application in livestock [36]. Just to pin point the importance of the new technique, 

during the world congress on genetics applied to animal production that takes place 

every four years (thus also known as the “Olympic Games” of animal breeding) in 

Leipzig (Germany),  more than one third of the presented studies (276 studies out of a 

total of 846) deal with GS [37]. 

Genomic selection has already been implemented in breeding programs 

worldwide, mainly of dairy cows  [4-8], while an extensive literature can also be 

found on other animal species like sheep [38, 39], goats [40, 41], poultry [42-44], 

swine [45], as well as in plants [46, 47] and forestry species [48, 49].  

 

 

Genomic predictions in humans? 

The idea of predicting the genetic background of individuals solely based on 

DNA information is not limited in animal and plant species, but can also be extended 

in human studies [50, 51]. For instance, in a recent study a genomic prediction 

method was used to predict the possibility of skin cancer in humans with encouraging 

results [52]. Therefore, the method is expected to contribute in a better understanding 

of the genetic background of quantitative traits as well as human diseases.  

A short but important note here: the term genomic selection was firstly used 

for animal breeding programs, where genetically superior animals that have been 

identified through DNA information, can be selected and mated to produce the next 

generation. Therefore, the term GS is descriptive for the whole stage of selection. The 

statistical methodology used with the use of molecular markers to predict the genetic 

merit of the individuals could be better defined as “genomic predictions (GP)” or 

“whole genome enabled predictions”, etc., term that better fits for human studies.  

As already mentioned above, GP do not require gene detections or any other 

kind information on genes. At this point, a small parenthesis could be opened to refer 

to new knowledge obtained the last few years on human genomics. For example,  with 
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the accumulation of new knowledge derived from the ENCODE Project Consortium 

(ENCODE) even the basic definition of a “gene” has been questioned leading to a 

broader use of the term [53] 

(http://www.youtube.com/playlist?list=PL1ay9ko4A8slDIOZvtYjTys_BTDc0klkS ). 

Moreover, it has already been demonstrated and realized that identification of genes is 

not as an easy topic as has been, till recently, thought [54-57]. 

 

http://www.youtube.com/playlist?list=PL1ay9ko4A8slDIOZvtYjTys_BTDc0klkS
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Some interesting questions on GS 

 

How many animals do we need to 

genotype; 

In dairy cattle it seems that a reference 

population with at least 10,000 

phenotyped and genotyped bulls is 

required to achieve considerably high 

prediction accuracies. This has led to 

the establishment of big consortia 

between breeding cooperatives in 

Europe to join forces in a common 

reference population with ~20,000 

genotyped bulls. 

 

How many SNP are needed? 

This depends on various factors. 

However, it seems that the 50k SNP 

works fine in cattle for predictions 

within breeds. The use of 777k for the 

moment didn’t contribute to any 

increase in the prediction accuracies. 

 

What is the most restricted factor 

for genomic predictions, the number 

of individuals or the number of 

SNP? 

It has been demonstrated that 

prediction accuracies are increasing 

much faster with an increase in the 

number of individuals rather an 

increase in the number of markers. 

Note that from statistical point of view 

the large p small n (n<<p) is an 

unsolved and challenging problem. 

 

Is the prediction across heterotic 

groups possible? 

No. For the moment it seems unlikely 

and prediction accuracies are close to 

zero. To be more precise, the question 

is if it is possible for e.g.  to train our 

model in Brown Swiss cattle and 

predict Holstein. Maybe the topic is a 

bit more complicated, for e.g. what is 

the right question to ask “why we 

cannot predict across heterotic 

groups?” or “why should we be able to 

predict across heterotic groups?”. 

Let’s use an analogy: Imagine we have  

a population of Chinese people. We 

take measurements on their height and 

we genotype them. Is it possible then 

to predict the height of genotyped 

Dutch people? Note, however, that all 

studies that have been carried out so 

far in plants and animals have been 

restricted on the amount of 

observations (few thousands of 

individuals at maximum). 

 

 Are we searching for genes in GS? 

No. We just make use of all available 

information (all SNP available) in the 

genome. The assumption and the 

underlying theory is that all the 

genome has a function.  However, in 
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case of identification of genomic 

regions that contribute a lot to the 

variability of one trait the information 

could theoretically be used and 

incorporated into the statistical 

prediction models.   

 

 What is so exciting about GS? 

o It doesn’t require an extra 

theory. The theory of 

quantitative genetics perfectly 

fits to the new discoveries. 

o It is easy to apply and in 

reasonable cost.  

o It seems to be profitable for the 

breeding organizations. It is a 

technique that offers the 

opportunity for even double 

genetic gain (first time in the 

history of breeding). 

o Deepens (but perhaps also  

complicates) our knowledge 

around the connection between 

genomes and phenotypic 

variability. 

 

 

Perhaps, though, the most exciting 

about GS is that it is a new 

(r)evolutionary technique that does not 

only stay in theory but it is applicable 

in practice. Perhaps, it complicates a 

bit the way we thing about genome 

functionality and genes but it give us 

the unique opportunity to predict based 

on the genome and early in life of the 

individuals. We may not understand 

the underlying mechanism but we can 

predict the outcomes. In terms of 

physics it can be considered as an 

“effective theory”. As Prof. Daniel 

Gianola use to say in his lectures “are 

you going to refuse your dinner 

because you do not understand the 

digestive system…?”. 
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Figure 1 History of whole genome sequencing of various species. 
 

 

 

 

 

 

 



18 

 

 

Figure 2. Description of a typical pyramidical structure animal breeding program. 

 

 

Figure 3. llumina 50k bovine chip. 

 

Nucleus 
Elite 

breeders  

 

Multipliers  

Commercial  

Market 

Breeding  

Goal 

Typical pyramidical structure of animal breeding 

programs 

In
fo

rm
a
ti

o
n

 

G
en

et
ic

s 

ΔG 

Test 

Estimation 

Selection 

 

D
isp

ersio
n

 o
f  Δ

G
 



19 

 

 

 

 

 

Figure 4. Brief description of the basic idea behind genomic selection. 
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Figure 5. Brief description of genomic selection schemes. 
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