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ABSTRACT: In dairy cattle breeding programs, high 
density marker data has enabled accurate selection from 
pools of candidates, without phenotypic information being 
available. At the same time, SNP array data is used to 
identify individual functional mutations that have substan-
tial effects on relevant traits. While in most cases these 
effects are just pieces of information flowing into ge-
nomic breeding values, in some cases, and of increasing 
importance, considering individual functional mutations 
separately will play a role. Two important examples, 
amongst others, are lethal recessive haplotypes which are 
detrimental to fertility, and specific mutations which can 
gain relevance in specific environments. In the supply of 
genetic material to clients, it is foreseen that a combina-
tion of now classical technologies for the estimation of 
genomic breeding values will be supplemented by offer-
ing specific genotypes to suit specific needs. 
Keywords: dairy cattle; SNP array data; Functional muta-
tions; Breeding goals 
 
 

Introduction 
 

For the past 30 years, the use of genomic marker 
data in animal breeding, and especially dairy cattle breed-
ing, has been proposed, discussed, and applied. While 
genome-scans based on microsatellite markers with the 
intention of revealing chromosomal regions showing 
significant associations with phenotypic data have been an 
interesting field for the scientific community, its applica-
tions in the form of marker-assisted selection were not 
overwhelmingly successful although carried out with 
substantial efforts. This changed with the advent of high-
density markers in the form of single-nucleotide polymor-
phisms (SNP). SNP markers can be genotyped in high 
density across the genome using SNP-array genome chip 
technology. The costs for doing this have been decreasing 
since the array chips became available so that genotyping 
an animal nowadays has become only a little more costly 
than any standard laboratory diagnosis. The landmark 
paper by Meuwissen et al. (2001) demonstrated that high-
density marker data could be used for genetic selection of 
candidates without having phenotypic information, given 
that effects for all SNP beforehand were estimated from 
data of a reference sample of individuals having genomic 
and phenotypic information. This methodology has been 
called genomic selection. However, the use of high-
density marker data has a much larger scope than genomic 
selection alone. Subsequently, it will be attempted to 
broaden the scope for the use of high-density marker data 
with a focus on the role of individual functional muta-
tions. 

General aspects of the use of  
high-density marker data 

 
Genomic selection. Among other considerations, 

the key parameters for a successful application of ge-
nomic selection are the size of the reference sample and 
the accuracy of the phenotypic information for each indi-
vidual in the sample (Goddard (2009); Hayes et al. 
(2009)). Breeding values as estimated based on the fun-
damentals of population genetics can be viewed as cor-
rected phenotypes, weighted for the information content 
in a genetic sense. According to selection index theory 
weighting thus depends on the heritability of the trait in 
question and on the quantity of information as well as on 
the genetic relationship between the individual(s) for 
which traits were recorded and the individual for whom 
breeding values are to be estimated. The reference sample 
is setup from individuals with conventionally estimated 
breeding values (EBV). In summary, index weights con-
sider the above, or simply are equal to the heritability if 
only individuals with one own recording form the refer-
ence sample. In any case, this quantity can be termed 
‘reliability’ of EBV and the resulting reliability of ge-
nomic selection is mainly a function of the number of 
individuals in the reference sample and the conventional 
reliability of their phenotypic information. In dairy cattle 
breeding, other aspects such as the density of marker data, 
if it is above a certain threshold (Erbe et al. (2012); Ertl et 
al. (2014a)), the extent of linkage disequilibrium and the 
number of quantitative trait loci (QTL) with significant if 
not large effects are of lesser interest. Furthermore, also 
the role of individual functional mutations in general does 
not necessarily be examined as estimates of SNP effects 
account for nearly all genomic effects due to a large ex-
tent of linkage disequilibrium as generally found in most 
dairy cattle breeds. In summary, once implemented, ge-
nomic selection is a straight-forward system. Genomic 
selection is especially useful in dairy cattle breeding 
schemes which naturally suffer from the sex-limitation of 
the traits of interest and long generation intervals. This 
was shown in a simple, but highly convincing way by 
Schaeffer (2006) and since then the practical results can 
be followed in many dairy cattle breeding countries. It 
should be noted that as a by-product, two important issues 
that for a long time have caused reduced rates of selection 
response, have been eliminated or their impact has been 
reduced: misidentification of parentage and preferential 
treatment of individual animals which subsequently can-
not be accounted for by conventional estimation of breed-
ing values. 

 



Genome-wide association. In human genetics 
and generally in all life science fields covering a large 
variety of species, being it plants or animals, high-density 
marker data has been used intensively to identify chromo-
somal regions of interest for subsequent work on position-
al candidate genes. In dairy cattle, a number of studies 
have identified associations of chromosomal regions with 
standard traits that conventionally are recorded in many 
breeding programs, i.e. volume and contents of milk, 
somatic cell counts, conformation, longevity, fertility, and 
calving traits (e.g., Cole et al. (2011, 2014)). In general 
and fully in line with the findings in e.g. humans, most 
quantitative traits have been shown to have a truly poly-
genic background. Individual SNP account just for a small 
part of the genetic variation, a finding that has been 
termed the ‘missing heritability case’ (Maher, (2008)).  
Non-standard-traits or new traits, usually recorded only 
for small parts of a given population, have also been ex-
amined with the intention that genomic information might 
at least partly replace tedious recording schemes and/or 
with the assumption that traits which have not yet been 
selected for might harbor interesting associations with 
functional mutations of a large magnitude.  
 

Detection of lethal recessives 
 

In all mammalian species, numerous examples of 
genetic defects that follow a monogenic inheritance, with 
affected individuals carrying the recessive allele in a ho-
mozygous form, exist. Charlier et al. (2008) suggested 
and demonstrated that use of high-density marker data 
would be very beneficial in detection of recessive lethal 
effects. High-density marker data allows for a screening 
of the population for SNP, or more reliably, for haplo-
types formed by neighboring SNP which appear to never 
allow a genotype homozygous for the mutation so that 
lethality of  homozygous recessives can be inferred. Van-
Raden et al. (2011) were the first authors who used a large 
data set of genotyped individuals from dairy cattle of 
several breeds. Haplotypes were formed by a stepwise 
procedure, proceeding from larger window frames along 
chromosomes to smaller ones (≤ 75 SNP). After deriving 
expectations for homozygous individuals and comparing 
these expectations to the number of homozygous individ-
uals actually found in the data, the resulting haplotypes 
with significant effects were examined for their effect on 
sire conception rate and sire stillbirth rate. The authors 
identified five haplotypes with significant detrimental 
effects on sire conception rate and partly also for stillbirth 
rate. This study showed that working from genotype to 
phenotype is a way of identifying chromosomal regions 
which harbor deleterious variants. Fritz et al. (2013), 
using French data for the breeds Holstein, Normande and 
Montbeliarde, found a total of 34 candidate haplotypes 
including previously known lethal recessives, e.g. Com-
plex Vertebral Malformation (CVM), and Brachyspina 
(BY), and including the haplotypes already identified by 
VanRaden et al. (2011). Fritz et al. (2013) were also able 
to further investigate eight chromosomal regions by 
means of re-sequencing and found three candidate genes 
previously unknown to cause genetic defects. Both studies 

concluded that summarizing the results of their studies, 
frequencies of lethal haplotypes were low and had only 
small effects (< 10 % difference) on fertility. Hence, a 
continuing selection considering estimated breeding val-
ues for fertility should decrease the frequencies of delete-
rious genes. As pointed out by VanRaden et al. (2011), 
genomic data could be included in mating plan software 
to be used on farms. In this case, the choice of mating 
partners with the possibility of resulting in homozygous 
recessives could be excluded completely, and thus this 
method of handling lethal recessives would be highly 
effective. However, this approach may require a substan-
tial extension of the capacity of hand-held systems com-
pared to current systems and first of all would require that 
most females were genotyped. In some countries, to im-
plement such systems could be required by law due to 
very strict regulations considering animal welfare. In this 
case, a continuing selection for fertility may not be con-
sidered as a sufficient tool to handle lethal recessives with 
a small overall effect. The inclusion of cow genotypes 
along with the genotypes of A.I. sires in mating plan 
software would also allow for an estimation of the total 
genomic value as the outcome of possible matings. Total 
genomic values would include additive as well as domi-
nance effects (Ertl et al. (2014b)). Reports on homozy-
gous recessive haplotypes have continued in the work by 
Sahana et al. (2013) for Nordic Holstein cattle and Kadri 
et al. (2014) for Nordic Red cattle breeds. 

 
In both studies mentioned above, a validation of 

the effects as postulated from genomic data was done 
using phenotypes for fertility and stillbirth. An extension 
could be proposed in the form of data on culling reasons. 
Genetic defects leading to abortions during pregnancy 
such as Complex Vertebral Malformation (Thomsen et al. 
(2006)) and Brachyspina (Charlier et al. (2012)) often 
manifest as abortions in early and mid-pregnancy. Hence, 
conventional fertility parameters such as non-return rates 
may not reflect what is actually happening: a cow is in-
seminated, is pregnant and as a result conventional pa-
rameters report a successful insemination, but later in the 
course of the pregnancy an abortion is occurring and 
eventually the non-pregnant cow is culled for fertility 
reasons. In an own study (Swalve (2005); unpublished 
data) it could be shown that estimated breeding values for 
fertility (daughter non-return rate) correlated with the 
percentage of culling for fertility except for a number of 
outlier sires that had average EBV for fertility but ex-
tremely high percentages for ‘culling for fertility’. The 
outlier sires could be traced back to the known CVM 
carrier families. 

 
In a recent own study (Swalve and Wensch-

Dorendorf (2014)) contrasts between carriers for the dele-
terious alleles causing CVM and BY were estimated as a 
deviation from homozygous healthy sires. For a number 
of parameters of maternal fertility, highly significant 
contrasts in the magnitude of one half of the SD of EBV 
were estimated with carriers always exhibiting lower 
values. Given the assumption that in the population the 
frequency of the deleterious alleles would be as low as in 



the well-studied A.I. bull pool, such large estimates can-
not be explained by the spreading of the lethal alleles 
from the carrier sires. Instead, a partly intermediate mode 
of inheritance may be hypothesized. Further studies on 
possible negative effects in heterozygous individuals will 
have to be undertaken, again underpinning the need for 
further work in the field of lethal recessives. It should be 
noted that only random samples of genotyped females will 
allow for sound calculations on the impact of using heter-
ozygous sires. 

 
High-density marker data recently has enabled a 

study on fertility of A.I. bulls resembling the case of lethal 
recessive alleles in consequence but differing in origin. 
Pausch et al. (2014) used a large data set on Fleckvieh 
A.I. bulls (n = 7,962 bulls) and their male reproductive 
ability (MRA). In a GWAS using genotypes as typed in 
the laboratory as well as imputed genotypes these authors 
could show that a highly significant effect pointed to a 
causal mutation on BTA 19. Using re-sequencing tech-
nology this cause could be attributed to a nonsense muta-
tion in the TMEM95 gene which is responsible for a coat-
ing protein of the sperm which in turn is essential for 
fertilization. Bulls homozygous for the nonsense mutation 
produced normal semen with respect to density and motil-
ity but almost completely incapable of fertilization.  High-
ly analogous to the studies on lethal recessives, the Pausch 
et al. (2014) study underlines that a) highly important 
genomic mutations can be identified for traits with a very 
low if not close to zero heritability, b) high-density mark-
er data, coupled with subsequent re-sequencing technolo-
gy is a highly effective tool in livestock genetics, and c) 
the speed for detecting and identifying lethal mutations 
has increased considerably. 

 
Individual functional mutations  

in breeding programs 
 

The value of the use of marker information from 
genomic selection systems in a combination with recorded 
phenotypes has been demonstrated using selection index 
methodology by König and Swalve (2009), based on 
earlier work of Dekkers (2007). In essence, the value of 
marker information is a function of the accuracy of ge-
nomic breeding values and the heritability of the trait in 
question. The methodology used is extendable to cover 
multi-trait selection schemes which are the standard in 
dairy cattle breeding programs. Hence, a preliminary 
conclusion could be that selecting on an index comprising 
all relevant information, be it genomic or phenotypic, 
would be the method of choice. This preliminary conclu-
sion would also yield an answer on how to deal with dele-
terious recessive alleles, i.e. their effect on fertility pa-
rameters is to be accounted for. However, as discussed 
above, other constraints might have to be considered. One 
aspect would be to tackle antagonistic relationships be-
tween traits at their genomic basis. Pimentel et al. (2010) 
were able to identify SNP which contribute to the cause of 
an antagonistic relationship between production traits and 
fertility. Following this idea it might be envisaged that 
only those bulls and cows could become sires of bulls and 

dams of bulls which would contribute favorable alleles for 
a gradual change of genetic antagonisms. In general, for 
any SNP of large effect, be it the causative mutation with-
in a gene or in strong linkage disequilibrium with a yet 
unknown causative polymorphism, it might be advisable 
to genotype both parents of future bulls, thus reducing the 
variance in their offspring if only parents homozygous for 
this SNP would be chosen as mating partners. As an ex-
ample, such a strategy could be used for the case of the 
DGAT1 polymorphism (Grisart et al. (2002)) if the breed-
ing goal would favor either milk yield or fat percentage, 
and given that both parents would qualify for selection 
based on their overall genetic merit. In dairy cattle breed-
ing programs, SNP genotyping of bulls is obvious while 
the value of genotyping potential bull dams is debatable. 
Wensch et al. (2011) found only very small advantages of 
genotyping potential bull dams, assuming no embryo 
transfer or embryo transfer leading to a few offspring per 
cow only. In contrast, Sorensen and Sorensen (2010) 
concluded that genotyping of females to identify future 
bull dams would be advisable if somewhat higher success 
rates for the embryo transfer (five viable offspring) would 
be assumed. In conclusion, any candidate SNP with a 
large effect, but also specific SNP usable for altering 
genetic correlations, could play a prominent role which 
would not be covered by classical selection index think-
ing.  

 
Genotype by environment interaction 

 
Individual functional mutations can have a sub-

stantial role in creating genotype by environment interac-
tion. As an example, in poultry breeding, the functional 
Na-mutation is the cause of naked necks for homozygous 
animals which have a higher tolerance for elevated tem-
peratures but do not compare favorably to other genotypes 
in colder climates in a variety of production traits (N’dri 
et al. (2007); Sharifi et al. (2010)). For production traits in 
dairy cattle, no such examples have been found up to now. 
As reviewed by König et al. (2005), this is in line with the 
general finding that genotype by environment interaction 
in dairy cattle is of a small magnitude as long as the envi-
ronments considered are not extremely different in, e.g. 
climate. In recent years health traits gained more and 
more attention in dairy cattle. For health traits, a very 
obvious result for the comparisons of genotypes across 
environments pertains to infectious diseases: In an envi-
ronment in which the infectious agent is absent, all geno-
types will rank equally with respect to a resistance to this 
disease, even though a high resistance for a specific geno-
type may have been identified in other environments. This 
simple and very fundamental finding is also crucial for 
any attempt of genetic improvement by means of genetic 
selection. A performance recording for resistance may 
only be informative in some environments. However, the 
existence of non-informative environments may not be 
limited to infectious diseases but also to other diseases 
and functional traits. 

 
Two examples from own studies will be given in 

the following section. In a study on the effect of a func-



tional mutation of the bovine SLC26a2 gene, the gene 
coding for the diastrophic sulfate transporter, data and 
genotypes of 300 young bulls kept as rearing bulls in three 
A.I. studs were analyzed for possible effects on metric 
measurements of their claws (Swalve et al. (2001)). Heel 
depth of the two homozygous genotypes differed by 0.5 
phenotypic standard deviations. Heel depth or the highly 
correlated trait foot angle is considered an important con-
formation trait in cattle as higher heels or, respectively, a 
larger foot angle, leads to an improved ability for carrying 
the weight of the animal. Sulfate is an important element 
in the horn structure of the bovine hoof, thus underpinning 
the hypothesis for a functional role of this mutation. As 
association studies based on a single mutation bear a high 
risk to identify a false positive effect, further validation of 
this effect was attempted. A further data set of 300 young 
bulls kept in yet another A.I. stud was collected with the 
result of finding no effect at all (data unpublished). Inves-
tigation for possible explanations of this finding yielded a 
fundamental difference in housing of the young bulls: The 
fourth A.I. stud kept their bulls on deep straw bedding 
while the first three used little if no straw at all. Further 
validations (Swalve et al. (2002)) included genotyping of 
a total of 900 A.I. sires and examining their EBV for 
classical, non-metric, conformation traits. Favorable ef-
fects for the genotypes found superior in the first study 
were demonstrated for overall feet & legs score and for 
hock quality, but not for heel depth. Finally, in a cell 
culture experiment (Brenig et al. (2003)) we were able to 
find substantial and significant differences between geno-
types in the sulfate uptake of cells. As a conclusion it may 
be stated that although a strong physiological hint for a 
functional mutation resulting in the exchange of an amino 
acid existed, effects on relevant phenotypes seemed to 
depend on the environment. 

 
In a more recent study (Swalve et al. (2014)) we 

used data from 1,962 Holstein cows with an assessment of 
claw health status at time of trimming which were geno-
typed using a custom-made 384 SNP array. SNP for the 
array had been selected based on the knowledge of candi-
date genes from the literature and other repositories. A 
highly significant effect accounting for 28 % of the addi-
tive genetic variance was found for an intronic SNP of the 
IQ motif-containing GTPase-activating protein 1 
(IQGAP1) gene and sole hemorrhage, a non-infectious 
disorder of the bovine hoof. In a separate part of the 
study, a sample of 2,394 artificial insemination sires from 
the German calibration sample for genomic selection was 
studied for possible correlated effects. It turned out that 
the polymorphism studied was also associated with sub-
stantial effects for feet and leg traits from the classical 
conformation score system. Considering the physiological 
role of IQGAP1, it is remarkable that studies on knock-
out mice have been undertaken and found substantial 
effects of IQGAP1 for the neovascularization in limbs 
(Urao et al. (2010)). In mice lacking IQGAP1 and sub-
jected to a femoral artery ligation, tissue damage in-
creased, characterized by nail bed degeneration, toe ede-
ma, and, to a certain degree, necrosis. It has to be stated 
that for the designed field study of our sole hemorrhage 

study, only herds with cubicles and standard slatted floor-
ing, thus reflecting the most common housing system in 
Germany, were included. From our experience, it is likely 
that the findings may not be repeatable in barns with deep 
straw bedding or other soft floors. 

 
In general, it may not be practical to provide dif-

ferent total merit indices to farmers for a variety of envi-
ronments, starting from environments differing by cli-
mate, by feeding, or by housing system. Thus, information 
on genotypes for individual functional mutations may 
only be provided to semen clients by breeding organiza-
tions in the form of supplementary information. Such a 
scenario will give rise to inefficiency. One way to at least 
partly overcome this would be the ad-hoc creation of 
differential weights in custom-made total merit indices on 
the farm at time of planning for matings. 
 

Crossbreeding and introgression 
 

Crossbreeding. In animal breeding, crossbreed-
ing has been used for a variety of reasons. The three main 
reasons are that a) a genotype intermediate between geno-
types of origin is desired, b) positional effects differing 
between sire and dam lines are important, and c) heterosis 
can be exploited. In some cases, all three arguments can 
lead to favoring a crossbreeding system. However, with 
some exceptions, pure breeding has been the method of 
choice for dairy cattle. The reasons for this are the low 
reproductive rate of the cow, the long generation interval, 
and the relatively high value of the individual animal 
(Blöttner et al. (2011)). Using arguments a) and c), cross-
breeding has been a recommended breeding system for 
New Zealand conditions in the form of rotational cross-
breeding (Lopez-Villalobos et al. (2000)). The conditions 
are characterized by maximizing per hectare profit from 
selling milk solids which favors a relatively small cow 
with a high fitness enabling the animal of coping with 
high stocking rates. A.I. bulls used in pure breeding and 
crossbreeding are predominantly Holstein and Jersey, and, 
to an increasing extent, KiwiCross which can be regarded 
as a synthetic breed formed from Holstein and Jersey. In 
simple words, in all on-farm crossbreeding, and in the 
KiwiCross A.I. bulls, the Holstein breed contributes high 
milk yields and udder quality while the Jersey breed pro-
vides light weights, easy calvings, and high milk solids. 
Thus the high level of crossbreeding in New Zealand is a 
very good example for the search for intermediate geno-
types and jointly exploiting at least some heterosis. Gen-
eralizing this approach and putting it into the context of 
using high-density marker data would mean that this 
search for the ‘perfect’ intermediate animal could be fine-
tuned and speeded up using molecular approaches. As 
parents for crossbreeding, or as animals to be selected 
within new synthetic lines, those individuals would be 
selected that carry the most favorable alleles for the traits 
for which the breed of origin is known for while less 
attention has to be paid to balance the breeding goal with-
in the original breeds or lines. In essence, this would mean 
to select two or more breeds such that they serve as spe-
cialized sire and dam lines instead of just using the pure 



breeds as they are. A prerequisite would be that for all 
relevant traits associated chromosomal regions and their 
variants, and especially significant individual functional 
mutations, are identified. However, even if not all chro-
mosomal regions with a substantial impact are identified, 
in the context of finding the optimal cross, it should be 
possible to use the methodology of predicting total genetic 
values including dominance effects as proposed by e.g., 
Vitezica et al. (2013), Ertl et al. (2013), and Ertl et al. 
(2014b). 

 
Marker-assisted introgression. Introgression is 

the transfer of genetic material from one population to 
another by repeated backcrossing. In mouse genetics, 
congenic lines, i.e. lines in which only a single chromo-
somal segment, e.g. a single gene, has been replaced by 
the homologous segment of another line are well known 
for their use in QTL detection (Brockmann and Bevova 
(2002)). Congenic lines are generated by recurrent back-
crossing of a founder line to a recipient line under the 
control of appropriate markers. In the era of microsatellite 
markers, marker-assisted introgression has also been 
proposed for animal breeding programs by Visscher et al. 
(1996). In dairy cattle, just this strategy will have to be 
followed for the case of the polled allele of the yet un-
known gene controlling horn status which with sufficient 
accuracy can be traced by (microsatellite) markers 
(Medugorac et al. 2012). Most dairy cattle breeds are 
predominantly horned and the large horned populations in 
general are found to be superior in most traits of rele-
vance. For welfare reasons a breeding system will be 
needed for introgression of the polled condition into the 
large horned breeds. Hence, the case of breeding for 
polledness is a classical example for the role of an indi-
vidual functional mutation. Before starting such a breed-
ing program, it should be clarified whether the chromo-
somal region to be introduced does not bear any undesired 
detrimental side-effects in other traits of interest.   
 

Marketing of functional mutations 
 

Since the effect of individual functional muta-
tions might be of interest only to parts of dairy cattle 
breeders, the inclusion of their respective effects into total 
merit indices may be difficult. On the other hand, for a 
breeding organization, genotyping for specific mutations 
and offering genetic material of specified genotypes may 
be useful as a marketing tool. Since the advent of molecu-
lar techniques, numerous examples for this strategy can be 
found in animal breeding. For dairy cattle breeding, one 
well known example is genotyping for kappa-casein and 
the offer of BB-genotypes, as for this genotype it has 
repeatedly been shown that renneting properties and curd 
firmness in cheese making are influenced in a positive 
way. Hence, besides giving figures for total merit and/or 
individual EBV, genotypes for kappa-casein are supplied 
as additional information. Another example is horn status, 
nowadays homozygous (PP) and heterozygous (Pp) sires 
are offered by most A.I. organizations for the predomi-
nantly horned population of all important dairy breeds.  
 

Discussion 
 

The revolution brought to animal breeding in the 
form of genomic selection based on high-density marker 
techniques is still in its infancy. The classical form of 
genomic selection consisting of an estimation of genomic 
breeding values from all available markers in the form of 
the two-step procedure as originally proposed by Meuwis-
sen et al. (2001) and the one-step procedure combining 
pedigree and genomic relationships into one procedure 
(Misztal et al. (2009)) will continue to provide accurate 
genetic evaluations given that more and more animals will 
be genotyped and provided that phenotyping continues. At 
the same time as the aforementioned procedures were 
developed and implemented for routine applications, 
researchers have been working with high-density marker 
data in the form of genome wide association studies with 
the goal of identifying causal mutations. Compared to the 
number of studies undertaken, the magnitude of many 
data sets used, and the number of traits analyzed, results 
demonstrating individual functional mutations with large 
effects have been limited. Thus, the classical infinitesimal 
model assuming many genes with relatively small effects 
on quantitative traits has been supported. In human genet-
ics, this finding has been taken as a disappointment which 
lead to denoting it as ‘the case of missing heritability’ 
(Maher (2008); Manolio et al. (2009)). However, as recent 
years have shown it, the potential of identifying individual 
functional mutations exists and yet has only be used to a 
limited extent. High-density marker data even has opened 
new windows for a number of new methodological tools. 
One tool clearly is the predition of the total genetic value 
from the SNP level. Another new method is working from 
genomic information to phenotypes instead of the tradi-
tional other way round. A good example for this approach 
is the identification of lethal haplotypes and their effect on 
classical fertility traits (e.g.,VanRaden et al. (2011)). 
Another new window is the identification of rare genomic 
variants with very large effects which can be detected if 
the experiment is large enough, and even though the trait 
of interest has a close to zero heritability. This was shown 
by Pausch et al. (2014) for the case of the TMEM95 gene 
and the effect of a mutation in this gene on male fertility 
in bulls. 

 
The role of individual functional mutations will 

increase substantially in the future. One important appli-
cation will be the identification of lethal recessives as this 
topic not only can be covered by classical index method-
ology but may even have ethical and/or legal implications. 
In very specific cases like considering individual func-
tional mutations with the goal of altering genetic antago-
nisms in a population, or in mate selection for planned 
matings – given that the candidates available have equal 
genetic merit otherwise – the role of individual functional 
mutations will also increase. 

 
In the above sections, a potential for the use of 

individual functional mutations has also been identified 
for crossbreeding and introgression programs as well as 
for crossbreeding programs. These applications for the 



knowledge on individual functional mutations can be 
generalized as tailoring genotypes to suit specific envi-
ronments. As a consequence, such approaches will result 
in an increasing relevance of genotype by environment 
interaction. Rephrased into marketing concepts, this could 
also be called a more client orientated role of animal and 
specifically dairy cattle breeding. 

 
Conclusion 

 
Integrating the knowledge on individual functional muta-
tion into concepts for dairy cattle breeding programs will 
be a future challenge for breeding organizations. While 
providing genomic EBV and total merit indices will give 
the framework for dairy cattle breeding programs, the 
effects of variants of individual genes can be exploited in 
a more client-orientated approach of supplying and mar-
keting genetic material. Additionally, the identification of 
lethal or simply ‘undesired’ recessives starting from the 
genome and validating their effects using respective phe-
notypes will lead to substantial improvements in the ge-
netic make-up of dairy cattle populations. A new chal-
lenge for breeding organizations will be to maintain the 
mainstream breeding program in an environment where 
more and more breeders will use their individual breeding 
goals and selection schemes.  
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