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Abstract: Many studies have proposed that rates of genetic gain in dairy cattle can be increased by direct selection on the
individual quantitative loci responsible for the genetic variation in these traits, or selection on linked genetic markers. The
development of DNA-level genetic markers has made detection of QTL nearly routine in all major livestock species. The
studies that attempted to detect genes affecting quantitative traits can be divided into two categories: analysis of candidate
genes, and genome scans based on within-family genetic linkage. To date, 12 patent cooperative treaty (PCT) and US
patents have been registered for DNA sequences claimed to be associated with effects on economic traits in dairy cattle.
All claim effects on milk production, but other traits are also included in some of the claims. Most of the sequences found
by the candidate gene approach are of dubious validity, and have been repeated in only very few independent studies. The
two missense mutations on chromosomes 6 and 14 affecting milk concentration derived from genome scans are more
solidly based, but the claims are also disputed. A few PCT in dairy cattle are commercialized as genetic tests where
commercial dairy farmers are the target market.
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INTRODUCTION

Scientific breeding programs for dairy cattle began in the
1950’s. These programs were based on phenotypic selection
without regard to the individual genes responsible for the
phenotypic variation. Many studies have proposed that rates
of genetic gain can be increased by direct selection on the
individual quantitative loci (QTL) responsible for the genetic
variation in these traits, or selection on linked genetic
markers termed marker-assisted selection (MAS) (reviewed
by [1]). Until 1990 QTL detection was limited by the lack of
suitable genetic markers in dairy cattle populations. Since
then, the development of DNA-level genetic markers;
specifically, DNA microsatellites and single nucleotide
polymorphisms (SNP), have made detection of QTL nearly
routine in all major livestock species. The studies that
attempted to detect genes affecting quantitative traits via
linkage to genetic markers can be divided into two
categories: analysis of candidate genes, and genome scans
based on within-family genetic linkage.

The principles of modern breeding programs for dairy
cattle will be described, and their accomplishments and
limitations will be reviewed. Next the basic principles and
the current state of MAS in dairy cattle will be reviewed.
Detection of segregating QTL via the candidate gene
approach, genetic linkage, and methods to determine the
actual polymorphism responsible for the observed effect will
be considered in the following sections. The specific US
patents and PCT in which DNA polymorphisms are claimed
to affect expression of economic traits in dairy cattle then
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will be analyzed, and in the last section an attempt will be
made to predict future developments and several open
questions with respect to QTL patents in dairy cattle will be
addressed.

TRAIT-BASED SELECTION, ACCOMPLISHMENTS
AND LIMITATIONS

 Modern dairy cattle breeding schemes are based on the
following principles:

1. Nearly all economic traits are expressed only in females.

2. Female fertility is very limited while male fertility via
artificial insemination is nearly unlimited.

3. As compared to most other agricultural species, cattle
breeding programs are constrained by the long generation
interval and the high value of each animal.

Thus unlike the situation in poultry or most plant species,
dairy cattle breeding programs are based on selection within
the commercial population, rather than selection within
specific populations controlled by breeding enterprises. Due
to the biological limitations noted above, most modern dairy
cattle programs are based on the “progeny test” scheme.
Most genetic gain is obtained by selection of the bulls, even
though bulls do not have production records. Genetic
evaluations are derived by the Individual Animal Model,
including the numerator relationship matrix. Thus the genetic
evaluations of animals without records are derived from the
production records of all their female relatives [1].

An example of the Israeli Holstein breeding program is
given in (Fig. 1). This population consists of approximately
120,000 cows of which 90% are milk recorded.
Approximately 20 bulls are used for general service. Each
year about 300 elite cows are selected as bull dams. These
are mated to the two to four best local bulls and an equal
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number of foreign bulls to produce approximately 50 bull
calves for progeny testing. At the age of one year, the bull
calves reach sexual maturity, and approximately 1000 semen
samples are collected from each young bull. These bulls are
mated to approximately 30,000 first parity cows to produce
about 5000 daughters, or 100 daughters per young bull.
Gestation length for cattle is nine months. Thus the young
bulls are approximately two years old when their daughters
are born, and are close to four when their daughters calve
and begin their first lactation. At the completion of their
daughters’ first lactations, most of the young bulls are culled.
Only four to five are returned to general service, and a
similar number of the old proven sires are culled. By this
time the selected bulls are approximately five years old.
Various studies have shown that rates of genetic gain by a
progeny test scheme are about 0.1 to 0.2 genetic standard
deviations of the selection index per year [2,3].

The progeny test scheme has several major weaknesses.
First, for this system to be effective, the population must
include at least several tens of thousands of animals with
recording on production traits and paternity. Inaccurate
recording can significantly reduce rates of genetic gain [2].
Second, generation intervals, especially along the sire-to-
daughter and sire-to-son paths, are much longer than the
biological requirements. The increase in generation interval
reduces the rate of genetic gain per year. Since artificial
insemination institutes generally pay a premium price for
male calves of elite cows, these cows are often given
preferential treatment in order to increase their genetic
evaluations [4]. The small number of bulls actually used for
general service, and the even smaller number of bulls used as
bull sires tends to reduce the effective population size, which
increases inbreeding and decreases genetic variance in the
population. The effective population size of the US Holstein
population with ten million cows has been estimated at about
100 [5]. Finally, there is virtually no selection along the

dam-to-daughter path, because 70-80% of healthy female
calves produced are required as replacements of culled cows.

OVERVIEW OF MARKER-ASSISTED SELECTION

Nearly all economically important traits in domestic
animal species are quantitative. That is the distribution of
phenotypic values in the population has an approximately
normal distribution, because these values are determined by
the joint effect of many genetic and environmental factors.
Sax [6] first proposed that the effects of individual genes
affecting quantitative traits could be statistically isolated via
linkage to genetic markers. A “genetic marker” is a
polymorphism that generates an observable phenotype, and
displays Mendelian inheritance.

MAS within a breed can increase the rate of genetic gain
by increasing the accuracy of genetic evaluations, increasing
the selection intensity, or decreasing the generation interval.
Most theoretical studies have estimated the expected gains
that can be obtained by MAS to be in the range of a 5 to 20%
increase in the rates of genetic gain obtained by traditional
selection programs [1]. Two MAS programs in dairy cattle
have been initiated so far, in the German and French
Holstein populations [7-9]. Both programs are based on
selection of young sires prior to progeny test. These animals
are selected for economically positive haplotypes of
chromosomal regions in which QTL affecting economic
traits have been detected.

In the French program 12 chromosomal segments,
ranging in length from 5 to 30 centi-Morgans (cM) are
analyzed. Regions with putative QTL affecting milk
production or composition are located on Bos taurus
chromosomes (BTA) 3, 6, 7, 14, 19, 20, and 26; segments
affecting mastitis resistance are located on BTA 10, 15, and
21; and chromosomal segments affecting female fertility are
located on BTA 1, 7, and 21. Each region was found to
affect one to four economic traits, and on average three
regions with segregating QTL were found for each trait.

Fig. (1). The Israeli Holstein breeding programme.
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Each region is monitored by two to four evenly spaced
microsatellites, and each animal included in the MAS
program is genotyped for at least 43 markers.

THE CANDIDATE GENE APPROACH TO QTL
DETECTION

Many studies have proposed that genes with known
function in metabolic pathways that determine expression of
the economic traits, are prime candidates for QTL (e. g.
[10]). The counter argument is that even though a specific
gene may have a prime function in trait expression, the gene
is not necessarily functionally polymorphic in the population
of interest. In general the candidate gene approach is based
on determining polymorphisms in a gene known to have an
effect on the traits of interest. A sample of animals is then
genotyped for these polymorphisms. A significant effect of a
polymorphism on either the phenotypic or breeding values of
these animals for the traits of interest is indicative that this
polymorphism represents a segregating QTL.

There are three major reservations with this conclusion.
First, the observed effect may be due only to linkage
disequilibrium (LD) between the analyzed polymorphism
and the causative DNA sequence that may reside elsewhere
in the gene, or in a closely linked gene. Population-wide LD
can extend over 10 cM in commercial dairy cattle
populations [5]. Second, a significant effect may be due to
some other factor not randomly distributed across the
genotype groups for the candidate polymorphism. For
example, if most of the cows are progeny of a few sires, then

the effect detected may be due to the genotypes of these
sires. This problem can be solved if the relationship matrix
among the animal analyzed is included in the analysis.
Finally, if several polymorphisms and several economic
traits are analyzed, nominal significance probability are no
longer meaningful. Generally statistical significance is
declared if the probability of obtaining the observed result
under the null hypothesis is less than 5%. However, if one
hundred statistical tests are performed, then five will display
“significance” purely by chance. The multiple-comparison
problem will be discussed in more detail below. Most of the
PCT and patents for QTL in dairy cattle have been based on
the candidate gene approach.

DETECTION AND ANALYSIS OF QTL IN GENOME
SCANS VIA GENETIC LINKAGE

In the genome scan approach, the objective is to detect
genetic linkage between the genetic markers and the
segregating QTL. This requires LD between the segregating
QTL and the genetic markers. Thus instead of genotyping a
random sample of individuals, the analysis is performed
within families. Dairy cattle have the advantage that because
of the nearly unlimited fertility of males, thousands of
daughters are generated from elite sires. Furthermore,
historical data on the economic trait values of these cows are
available for analysis. Thus the only significant additional
cost required for a QTL genome scan is genotyping. This
experimental design is denoted the “daughter design”, and is
illustrated in (Fig. 2). The daughters of each sire are divided

Fig. (2). The daughter design. Only a single family is shown, although in practice several families will be analyzed jointly. The sire is
assumed to be heterozygous for a QTL and a linked genetic marker. The two alleles of the marker locus are denoted “M” and “m”, and the
two alleles of the QTL are denoted “A” and “a”. Alleles of maternal origin are denoted by question marks.
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into two groups, based on the paternal allele received. All
effects other than the chromosomal segment linked to the
genetic marker are assumed to be distributed randomly
among the two daughter groups. Therefore, a significant
effect of the economic trait associated with paternal allele for
the genetic marker is indicative of a segregating QTL linked
to the marker. Neimann-Sørensen and Robertson [11] were
the first to apply this design using blood group polymor-
phisms as genetic markers.

Since linkage relationships will differ across families,
effects of paternal alleles cannot be summed across families,
as is done in the candidate gene approach. Furthermore, if
only two functionally different QTL alleles are segregating
in the population, the sires of most families will be
homozygous for any specific QTL. Both of these factors
reduce statistical power per individual genotyped, and
thousands of daughters must be genotyped to detect QTL
responsible for only a few percent of the phenotypic

variance. Statistical power per genotype can be increased if
instead of genotyping daughters, sons of a specific sire, each
with many daughters are genotyped. This design is denoted
the “granddaughter design,” as opposed to the daughter
design described above, and is diagrammed in (Fig. 3) [12].

With a battery of 50 to 100 well-spaced genetic markers
spanning the genome it is possible to assay the entire
genome for QTL by “interval mapping” [1]. Unlike the
candidate gene approach, a priori  no assumptions are made
with respect to the effects of these markers on the traits of
interest. Whole genome scans for segregating QTL have
been completed for most major dairy cattle populations. The
traits that have been considered in most studies are milk,
milk-fat, and milk-protein production, fat and protein
concentration, and somatic cell score (SCS). A number of
studies have also considered cow survival, female and male
fertility, persistency of milk production, calving traits, and a
large number of cow conformation traits. Results have been

Fig. (3). The granddaughter design. The grandsire is assumed to be heterozygous for a QTL and a linked genetic marker. As in Figure 2, only
a single family is shown. The two alleles of the marker locus are denote “M” and “m”, and the two alleles of the QTL are denoted “A” and
“a”. Alleles of maternal origin are denoted by question marks. Genotypes are not listed for the granddaughters because they were not
genotyped.
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summarized at: http://www.vetsci.usyd.edu.au/ reprogen/
QTL_Map/, http://bovineqtl.tamu.edu/index.html, and http://
www.animalgenome. org/QTLdb/cattle.html.

The confidence interval for QTL location from the results
of a dairy cattle genome scan will still span 10 to 50 cM.
Increasing marker density will only have a marginal effect
[13]. Furthermore, for genome scans the multiple-
comparison problem is even more acute than for the
candidate gene approach. First, multiple families and traits
are generally analyzed. Second, each chromosomal “site”
can be considered a statistical test. Thus if a 5 or 1% type I
error is declared, several chromosomal regions will show
nominal point-wise “significance” purely by chance.

The classical solution to the multiple-comparison prob-
lem is to reduce the nominal type I error value to the level
required so that the probability that any of the tests will
display significance by chance is below a specified thres-
hold. However, considering the large number of compari-
sons, reduction of the type I error to this level would mean
that only the very largest segregating QTL could be detected.
Although there is no complete solution to the multiple-
comparison problem in genome scans, several solutions have
been proposed (reviewed by [1]). In general a QTL can only
be considered confirmed if it has been detected in multiple
populations.

FROM QTL TO QTN

Once a QTL has been detected and confirmed by
additional studies in a specific chromosomal region the
objective is to determine the actual gene, and the specific
DNA polymorphism within this gene responsible for the
observed effect. This is denoted the “quantitative trait
nucleotide” (QTN). Similar to other mammals, the bovine
genome includes 3×109 base pairs (bp), and the map length is
approximately 3000 cM. The human genome is estimated to
encode 20,000 – 25,000 protein-coding genes [14], and it can
be assumed that the number of genes in other mammals,
including cattle, should be quite similar. Thus a single map
unit, on the average, includes approximately 8 genes and one
million bp. Except for the largest QTL, confidence intervals
determined by a daughter or granddaughter design will
generally include several tens of cM [13]. Considering that
each cattle cM includes ~8 genes and one million bp,
detection of the QTN appears at first glance to be a daunting
task.

Meuwissen and Goddard [15] proposed that confidence
intervals for QTL location could be reduced to individual cM
by application of LD mapping. If a QTL polymorphism is
due to a relatively recent mutation or to a relatively recent
introduction from another population, then it should be
possible to detect population-wide LD between the QTL and
closely linked genetic markers. The closer the marker to the
QTL, the greater will be the extent of LD. They developed a
method to estimate QTL location and confidence intervals
based on LD between a QTL and a series of closely linked
markers.

In order to determine the actual gene responsible for the
QTL, most studies have used a modification of the candidate
gene approach, described above. Likely candidates for the
QTL among those genes within the QTL confidence interval

are determined based on the gene function. The candidate
genes are then sequenced in order to detect polymorphisms,
and the effects of the polymorphism on the trait of interest
are estimated. However, even if a polymorphism is detected
in the candidate gene, and the polymorphism is associated
with a major effect on the QTL, how does one prove that this
polymorphism is not merely in LD with the actual QTN?
Mackay [16] proposed two alternatives for proof positive
that a candidate polymorphism is in fact the QTN, namely,
co-segregation of intragenic recombinant genotypes in a
candidate gene with the QTL phenotype, and functional
complementation where the trait phenotype is “rescued” in a
transgenic organism. Neither of these is applicable to QTL in
dairy cattle. In this case, Mackay [16] postulated that the
only option to achieve the standard of rigorous proof for
identification of a gene underlying a QTL in commercial
animal populations is to collect “multiple pieces of evidence,
no single one of which is convincing, but which together
consistently point to a candidate gene”. Evidence can be
provided by quantitative differences of gene expression in
physiologically relevant tissues, SNP capable of encoding a
non-conservative amino acid change, protein differences in
cows with contrasting genotypes for the QTN, orthologous
QTL in other species (genes that are derived from a common
ancestral gene), and alteration of gene protein in bovine cell
lines by “short interfering RNA” (siRNA) technology. (The
siRNA molecules bind with proteins to form a unit called the
“RNA-induced silencing complex” that suppresses the
expression of the gene to which it corresponds in the viral
genome, silencing the gene from which the siRNA is
derived.)

For dairy cattle, so far, the most compelling evidence is
“concordance” i.e. that the deduced QTL genotypes of a
sample of individuals correspond completely to their
genotypes for the putative QTN. All individuals heterozy-
gous for the QTL should be heterozygous for the putative
QTN, with the same QTN allele associated with the same
QTL allele in all individuals, and all individuals
homozygous for the QTL should also be homozygous for the
QTN. Theoretically, the sample of individuals analyzed
should be large enough to reject statistically the hypothesis
that concordance was obtained by chance. However, in dairy
cattle, the only individuals for which QTL genotype can be
derived with any level of reliability are sires that have been
analyzed by either a daughter or granddaughter design, and
the number of these individuals will always be limited.
Furthermore, there is at present no accepted theory to
compute concordance probabilities by chance, considering
that any polymorphism very close to the QTN will display
significant LD. Two studies have addressed the problem [17,
18]. The case for identification of the QTN is clearly more
compelling if concordance is obtained in several different
populations.

In the candidate gene approach, it is usually assumed that
if a significant effect on an economic trait is associated with
a specific polymorphism in an analysis of a random sample
of animals then this polymorphism is in fact the QTN. In the
genome scan approach this is not the case, because a priori
there is no reason to assume that an anonymous marker
should directly affect the trait of interest. Starting with QTL
detected by anonymous markers there are only two claims in
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dairy cattle of QTN determination. Both are disputed and
will be considered in the following section.

PATENTS AND PCT FOR DNA SEQUENCES
AFFECTING MILK PRODUCTION TRAITS

A list of US patents and PCT for DNA sequences that
include the claim the detect polymorphism affects at least
one milk production trait is given in Table 1. Of these, three
were detected first by genome scans, but two [19,20] refer to
the same polymorphism in the gene DGAT1 on BTA14. This
gene was considered a prime candidate for the QTL, due to
its role in fat metabolism, and because mice with a knock out
mutation for this gene do not lactate [21, 22]. Both groups
claimed complete concordance between a missense mutation
in this gene and the QTL status of sires as determined by
granddaughter designs. However, other studies claim that the
DGAT1 missense mutation described by both PCT does not
explain the entire effect associated with this QTL [23,24].
Some individuals homozygous for this mutation were
nevertheless heterozygous for the QTL. This PCT is licensed
to Merial, an animal health company, under the trade name
“IGENITY OptiYIELD” (http://us.igenity.com/dairy/
igenity_dairy_opti.html). Merial will genotype animals for
this polymorphism for a fee, and the target market is
commercial dairy farmers.

The remaining PCT that refers to a QTN first detected by
a genome scan claims that the causative mutation for a QTL
chiefly affecting milk-protein concentration on BTA6 is
variation in a poly-A sequence in the promoter of the OPN
gene [25]. However, Cohen-Zinder et al. [17] claim that a
missense mutation in the gene ABCG2 is the causative
mutation for the observed effects on milk, and fat and
protein concentration. The latter group filed a PCT in June
2006. All of the remaining PCT and patents can be
considered effects detected by the candidate gene approach.

Most of these are of dubious validity, and have been
repeated in only very few independent studies. It should be
noted that the literature is skewed towards reports of
significant effects, because non-significant effects are
generally not published. Over 1500 studies have shown that
the injection of the growth hormone, also denoted
somatotropin, into lactating cows increases milk production
(reviewed by Cunningham, [26]). Thus the growth hormone
receptor (GHR) gene is a prime candidate for a QTL
affecting milk production. Nevertheless, Dybus [27]
reviewed the literature on the GHR gene and concluded that
“it is difficult to accept the bovine growth-hormone gene as a
major gene for quantitative traits of cattle.”

Three patents describe missense mutations in this gene.
Collier et al. [28] describe a leucine-to-valine missense
mutation at position 126, while two PCT both refer to a
phenylalanine-to-tyrosine substitution at position 279 [29,
30]. The fact that significant effects were detected in two
different populations reduces the probability that this is a
“false positive”. Blott et al. [31] provide the most recent
scientific study of the effect of a polymorphism in this gene.
Although two sires heterozygous for the QTL were also
heterozygous for this polymorphism, they did not report the
GHR genotypes for any of the sires that were homozygous
for the QTL. Furthermore, two sires with significant effects

on milk production traits on this chromosome were
homozygous for this polymorphism. The PCT of Blott et al.
is also licensed to Merial under the trade name “IGENITY
ComponentMAKER” (http://us.igenity.com/dairy/ igenity_
dairy_component.html).

The effect associated with prolactin found by Cowan et
al. [32] was only repeated in one other independent study
[33], but the polymorphism analyzed was different.
Similarly, only one other study in addition to Renaville et al.
[34] found an effect associated with PIT-1 on milk
production [35]. Two US patents were issued for poly-
morphisms in this gene affecting milk production traits [36,
37]. Several studies have found effects on milk production
associated with polymorphisms in the leptin gene, but the
polymorphisms considered were not the same in all studies
[38-41]. No studies other than Khatib et al. [42,43] reported
on an effect of polymorphisms at the protease inhibitor gene
on milk production traits, but at least two genome scans
found QTL affecting milk production and health traits at
position 56 cM on BTA21 [44]. Two patents [45,46]
detected by the candidate gene approach that have not be
verified by other studies.

The QTL on BTA6 and 14 explain 50% of the pheno-
typic variance for protein and fat percentages, respectively
[17,47,48]. However, in both cases, the polymorphism
included in the PCT apparently do not account for the entire
effect observed in these chromosomal regions [17, 23, 24].
The effect associated with the missense mutation in ABCG2
explains the entire effect observed on milk yield and fat and
protein concentration, but does not explain the effects
associated with fat and protein yield. Both of these QTL
have disadvantages with respect to application in MAS. The
allele of DGAT1 that increases fat production also decreases
water content in the milk, which are both desirable. Further-
more, this allele is at moderate to low allelic frequencies in
most dairy cattle populations [49]. Thus there is significant
scope for selection for this allele. However, this allele also
slightly decreases protein yield, which is the most important
trait in most current breeding indices [50]. The allele of
ABCG2 which decreases milk production and increases
protein percentage is clearly the favorable allele in nearly all
current selection indices, but this allele is already at a very
high frequency in all major dairy cattle populations [51].
Thus there is very little scope for further selection.

CURRENT & FUTURE DEVELOPMENTS

Only a few of the patents so far in dairy cattle are
commercialized, and only at the level of providing genotypes
to commercial farmers. The two ongoing MAS programs
have not incorporated any of these patents in their programs.
It is likely that in the near future additional QTN will be
resolved. Discovery of QTN for secondary traits may be
more economically valuable than those for the primary milk
production traits. Secondary traits generally have lower
heritability, and have been under less selection than milk
production. Thus despite low to moderate heritability it is
still likely that relatively large QTL for these traits are still
segregating in commercial populations. Khatkar et al. [44]
found significant effects on BTA 1, 3, 9, and 10 by a meta-
analysis of multiple studies; in addition to the effects
described on BTA 6, 14, and 20. However, as can be seen
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from the examples given, it is a long way from discovery of
a significant QTL to an economically viable patent.

A final point to consider relates to the scope of the claims
of all the patents listed in Table 1. A specific polymorphic
DNA sequence is described in each patent. As noted
previously, population-wide LD can extend over rather large
chromosomal segments in dairy cattle. This then raises the
question as to whether the claims of these patents also cover
additional polymorphism in strong LD to those specifically
described in the patent. The French MAS program includes
chromosomal segments with effects on milk production traits
on BTA6, 14, and 20. Patents or PCT within all of these
chromosomal segments are listed in Table 1. Yet selection in
the French program is apparently based on markers other
than the specific polymorphisms listed in these patents [52].
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