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Gene Mapping of Reproduction Traits in Dairy Cattle. 

Abstract
In this thesis my aims were to map genes affecting reproduction in cattle and to 

explore the correlated effect of these genes on yield traits. This knowledge is expected 
to provide novel insights into the biological processes underlying reproduction traits 
and to identify individual causal polymorphisms or genetic markers for practical 
application in marker-assisted and genomic selection strategies.

A wide range of female fertility traits has been recorded for cattle indigenous to the 
Nordic countries. Moreover, the trait definitions have been standardized across these 
countries and the cattle industry has made its data available for research. The research 
findings, themselves, highlight the benefit of such a comprehensive data source and 
increasingly detailed genomic information ranging from relatively few microsatellites 
to full sequence profiles. 

In manuscript I, a genome scan was performed using linkage analysis with 
microsatellite markers in order to identify genomic areas of interest. Twenty-six
quantitative trait loci (QTL) affecting female fertility were identified.

In manuscript II, the trait fertility treatments were decomposed into sub-traits, four 
QTL for retained placenta were revealed. These QTLs and additional 24 QTL regions 
discovered in manuscript I, were analyzed for effects on yield traits. Sixteen of the 
genomic regions containing QTL for female fertility also harbored QTL for milk 
production or milk composition traits. Twelve QTL regions with effects on nine
different fertility traits did not harbor any QTL for milk production or milk composition 
traits. When.

An association study based on 50k single nucleotide polymorphism (SNP) data 
indicated significant associations for 4,474 SNPs with eight different female fertility 
traits in Nordic Holstein. Of these SNPs, 152 were validated in both the Danish Jersey 
and the Nordic Red breeds, the most significant results were found on Chromosomes1, 
4, 9, 11 and 13. Small significant regions on chromosomes 4 and 13 were analyzed by 
sequencing to further focus the genomic region in which candidate genes and possible 
causative mutations may be localized.

Subsequently, new calving data was added and a validation study was performed,
which confirmed 321 of 424 SNPs significantly associated with 14 calving traits. It was 
determined, however, that the analysis of the new data alone had low power, and an
analysis of the full data set was more powerful.

Keywords: mapping, dairy cattle, reproduction, quantitative trait loci, female fertility, 
calving, validation
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1 Introduction
The cow’s ability to reproduce is essential for milk production and is the key 
biological feature on which the dairy industry is based. Impaired reproduction 
capacity results in additional inseminations, higher replacement rate and 
increased culling rate. In fact, reproduction problems are cited as the most 
common reason for industry culling (Ahlman et al., 2011). 
It should be recognized that application of breeding strategies for improved 
reproduction should be accompanied by efforts to reduce reproduction
diseases. To this end, risk profiles of particular diseases in particular periods 
have been described; specifically, the dry period represents a higher risk of all 
production diseases and the period after calving represents a higher risk of 
infectious diseases, such as that from retained placenta. In fact, the risk for all 
production diseases is highest during the first 100 days after calving. Reducing 
the incidence of reproduction-related diseases will provide benefits to the 
animals’ welfare and industry’s efficiency, namely reducing veterinary 
treatments, shortening calving intervals, and reducing the number of 
inseminations. 
Increasing the dairy industry’s efficiency has broader effects on human health 
and wellbeing. As the global human population continues to grow, so does its 
demand for essential nutrients derived from animal products. Thus, as the 
competition for land and water resources intensifies, more efficient livestock 
production is required. Female fertility is a trait which has a large impact on 
the efficiency of dairy cattle production: fertile females have more offspring 
and therefore dilute their own feed requirements over this increased number of 
offspring and number of lactations (Hayes et al., 2013). Efficient reproduction 
is therefore also expected to be associated with lower emission of methane and 
nutrients per unit of product.
Detection of quantitative trait loci (QTL) is an important first step in 
identifying genes affecting a trait, such as female fertility in cattle. QTL are 



12

stretches of DNA containing a gene or groups of genes that explain the
variation in quantitative manifestation of a trait among a population. Even 
when the causal gene or genes are not identified, it is still possible to 
incorporate (and put a higher weighted value on) a specific QTL region(s) in a 
genomic selection scheme (Boichard et al., 2012). During the course of my 
PhD thesis, genome sequencing technologies and bioinformatic analysis 
approaches advanced tremendously. Widespread application of these tools has
led to remarkable increases in the numbers of trait markers available and thus 
enhanced precision of QTL mapping. Indeed, the in-depth sequence data 
generated by these new technologies (see Figure 2) overcomes the dependence
on linkage disequilibrium (LD) that limited the traditional genetic approaches,
so that causal mutations can be directly detected in the sequence data.
The breeding industry has worked in conjunction with and exploited these 
more powerful analytical strategies to improve its efficiency. For example, the 
best linear unbiased prediction (BLUP) statistical model which incorporates 
information from the pedigree and phenotypes only is now used in conjunction 
with Genomic selection (GS) which makes breeding decisions based on 
genomic information. Thus, breeders now predict a breeding value from a large 
number of genetic markers by adding the predicted effects of markers from 
individuals.
The genome-wide association study (GWAS) of fertility traits has led to the 
identification of specific genes or chromosomal regions related to individual 
traits affecting overall female fertility. The availability of full genome 
sequence data can also help to identify causal mutations underlying variation in 
female fertility. In addition to revealing the genetic architecture that underlies
the physiological and biological processes of female reproduction, this 
information could be practically applied to genomic selection schemes. By 
assigning higher weights to certain genomic regions that influence female 
fertility, more effective combinations of chromosomal regions can be selected 
to increase the number of calvings without increasing the incidence of 
reproductive diseases. 

1.1 Trends in female fertility

Female fertility has declined within the last decades especially in the Holstein 
population. In recent years, however, the Nordic Holstein population has 
experienced a slight improvement in female fertility, (Årsstatistik Avl 
2011/12). The overall decline in fertility rates has been attributed, at least 
partially, to genetic factors (Lucy, 2001; Royal et al., 2008). A study by Shook 
(2006) estimated that approximately one-fourth of the decline in pregnancy 
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rate was due to genetic variables. One of the reasons for the decline in female 
fertility is believed to be a result of an unfavorable genetic correlation between 
female fertility and milk yield (Roxström et al., 2010). When considered in the
context of the intense genetic selection for improved yield that has been carried 
out in recent decades, the unfavorable genetic correlation may have contributed 
to the decline in female fertility, at least in part, due to an insufficient weight 
having been placed on female fertility in the breeding goal. Moreover, the 
extremely intense use of a selected pool of bull sires has led to a dramatic 
reduction of effective population sizes, promoting accumulation of deleterious 
or even lethal recessive alleles. Some of these act in early embryonic 
development and therefore result in as reduced fertility (Van Raden et al.,
2011) 
Despite the recent slight increase in female fertility of the Nordic Holstein 
breed, there is still a lot of room for improvement. The recent genetic 
improvement is in part due to increased emphasis on female fertility in the 
breeding goal. Moreover, availability of more information on female fertility 
characteristics for foreign bulls along with proactive removal of bulls 
producing daughters with particularly low indices for female fertility from the 
breeding program (Lars Nielsen, VikingGenetics, personal communication). 
To this end, investigations will first need to determine whether unfavorable
genetic correlations exist between the different components of female fertility,
such as reproductive diseases and other traits currently included in the selection 
index. If such unfavorable genetic correlations do exist than that fact should be 
taken into account when including the particular trait in the selection index for 
fertility in order to avoid adverse effects on other traits. However, determining 
the genetic correlations between the traits affecting female fertility is 
challenging due to complexity in female fertility traits.

1.2 Inheritance

Fertility traits are modeled as quantitative traits. This means we consider the 
influence of multiple genes, alleles and the environment.
The heritability of fertility traits is characterized as low, typically in the range 
of 0.015-0.08 for the Nordic Holstein population (Sun et al., 2009). Moreover, 
low heritability may explain why the task of identifying genes that affect 
female fertility traits has proven particularly difficult, as each causal gene only 
explains a small fraction of the total phenotypic variance. However, even 
though the heritability is low, the additive genetic variation is considerable in 
the Nordic Holstein population (Sun et al., 2009), which represents a 
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potentially useful opportunity to breed for improved female fertility despite the 
low heritability. 
Genetic progress through selective breeding requires accurate breeding values. 
A trait with low heritability requires large progeny groups in order to attain an 
acceptable level of accuracy for the breeding value. To this end, international 
cooperation will be beneficial. Dairy farmers’ organizations in Denmark, 
Sweden, and Finland established a joint breeding value estimation system 
(Nordisk Avlsværdivurdering, NAV) in 2002 (Aamand, 2005). NAV predicts 
breeding values using a large number of registrations, thereby increasing the 
accuracy of estimated breeding values (EBVs). The closer the predicted 
breeding values are to the true genetic values, the higher the power to identify 
QTL. 

1.3 Reproduction traits

The fertility trait of a cow is ultimately composed of a number of 
characteristics, including the cow’s abilities to re-start its estrous cycle after 
parturition, exhibit signs of heat, get pregnant when inseminated, and sustain a 
pregnancy. Likewise, variation in fertility is influenced by variations in a broad 
range of physiological processes and their related factors.
A number of recorded traits inform us about the characteristics making up 
female fertility. For instance, the traits of first-to-last insemination (IFL) and 
number of inseminations (AIS) are measures a Cow´s/heifer’s ability to show 
signs of heat and ability to conceive (defined as the pregnancy rate). These two 
traits represent all of the events of the heat state, and also represent the factors 
involved in conception. The trait of calving to first insemination (ICF) is a 
measure of both the ability to show heat and the ability to return to cycling 
after calving. The trait of 56-day non-return rate (NRR) also represents the 
cow´s/heifer´s ability to conceive after insemination pregnancy rate.
A highly simplified illustration of a heifer’s estrous cycle is provided below.
However, this description reveals the remarkable complexity of physiological 
processes and factors involved in the estrous portion alone for the traits of IFL,
AIS, and NRR.
The estrous cycle is regulated by the hypothalamic-pituitary-gonadal axis, 
which produces hormones that determine reproductive events. Three 
organs hypothalamus, pituitary and ovary are involved in this reproductive 
signaling axis. As previously described by Rick Rasby and Rosemary Vinton at 
the University of Lincoln-Nebraska, (2012) “The sequence of hormonal 
release essentially begins with the synthesis and release of gonadotropin-
releasing hormone (GnRH) from the hypothalamus. This polypeptide hormone 
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is transported to the anterior pituitary through a highly specialized capillary 
network called the hypothalamo-hypophyseal portal system. GnRH functions to 
stimulate the anterior pituitary to produce and release follicle-stimulating 
hormone (FSH) and luteinizing hormone (LH). FSH and LH are transported 
through systemic blood circulation to the ovaries, where they initiate a series 
of morphological changes that lead to ovulation and pregnancy if fertilization 
occurs. Morphological changes also occur on the ovary throughout the cow 
and heifer’s oestrous cycle. Once ovulation has occurred and the egg is 
released, the cells on the ovary that made up the ovulatory follicle differentiate 
to form luteal cells” (this text was reproduced with the permission of the 
author). In order to investigate the underlying biology behind the trait fertility 
treatments (FRT), FRT was divided into its underlying sub traits in manuscript 
II. Each of these sub traits could affect reproductive efficiency. Presented 
below are the traits analyzed in this thesis. 
Infective Reproductive Disorders. Uterine disease occurring in the period after 
calving has serious negative influence on the heifer’s/cow´s subsequent 
reproductive performance (Gilbert et al., 2005). The uterine infection itself and 
antibiotics delivered to the uterus and retained placenta is traits recorded in the 
breeding scheme. The underlying disease state is defined as endometritis or 
metritis, with metritis being the more severe form. Retained placenta can lead 
to the development of endometritis and metritis, thereby impairing the 
subsequent reproductive performance of the affected heifer/cow (LeBlanc, 
2008). Due to the relation of retained placenta to endometritis and metritis, the 
two are considered as a single phenotype in this study.
Spontaneous abortion. The overall frequency of spontaneous abortions among 
recorded pregnancies is 1.5% (in the Nordic Holstein population). This trait, in 
particular, is believed to be affected by a significant underestimation of its true 
frequency, as it is difficult for a farmer to detect an abortion occurring early in 
pregnancy, the cow is than subsequently considered as not pregnant. 
Calving traits. The Calving trait also contributes to the overall reproduction. 
Calving traits are reflecting different aspects of calving. Calving ease (CE) 
reflects different degrees of difficulties in the birth of the calf. In addition, the 
size of the calf is registered by farmers, as large calves are considered at high
risk of dystocia. Stillbirth (SB) is defined as calf mortality before and during 
the 24 hours after parturition. The SB rate is likely multifactorial in nature 
where birth weight, difficult calving, recessive lethals, pathogens and 
incompatibility between calf size and dam size have been suggested reasons
(Berglund et al., 2003).
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1.4 Gene mapping

The current strategies of QTL analysis include a number of statistical methods 
that link two types of information: phenotypic data (trait measurements) and 
genotypic data (usually molecular markers). In this study, linkage analysis and
association studies were selected as the methods to carry out the gene mapping.

1.5 Linkage analysis

Linkage analysis (LA) is based on the fact that genetic markers proximal to a 
QTL tend to be inherited together because only few recombinations occur 
during the meiosis. This is termed linkage. The number of recombinations in a 
single meiosis is relatively low. When DNA is transmitted to offspring it is 
therefore passed on in large chromosome blocks. Inheritance of markers 
therefore indicates the inheritance of a large chromosomal region. If the 
inheritance of markers statistically associates with the pattern of (dis)similarity 
in trait phenotypes, there is reason to believe that the chromosome region 
marked by the markers harbors a gene or genes affecting the trait in question.
In a QTL genome scan (reported in manuscripts I and II) using linkage analysis 
with a granddaughter design (GDD) see figure 1 (Weller et al., 1990), the 
phenotypes were set as breeding values of bulls based on the information from 
many daughters of the sire. The method studies the co-inheritance of markers 
and traits from grandsires to their progeny tested sons. The simultaneous 
inheritance of multiple markers is used to scan the genome. This method is 
advantageous over LA, as the latter has low precision for the QTL position 
since it only utilizes recombination events that occur in the grandsire. 
Moreover, the low number of recombination events prevents localization of the 
QTL to segments smaller than 10~20 cM.
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Figure 1. A simplified description of Linkage analysis illustrating recombination with a 
granddaughter design (GDD). In a GDD design genotypes are obtained on grandsires and their 
sons and the phenotypes of the sons are based on the performance of their daughters. The two 
marker alleles, M1 and M2, are linked to the QTL alleles Q+ and Q-. The two marker alleles can 
be passed on from the grandsire to the sire in two different chromosome blocks, depending on 
whether or not recombination has occurred. The yellow dotted lines represent the maternal 
contribution.  Picture by Mogens Sandø Lund.

1.6 Association mapping

With today’s dense marker maps, such as those represented on SNP chips and 
by whole genome sequence data, it has become possible to perform GWAS). 
This method narrows down the region on the genome where causative 
polymorphisms are located. 
The basis of association studies is linkage disequilibrium. In contrast to linkage 
analyses which only exploit information from current recombinations, GWAS 
takes advantage of historical recombinations as well. GWAS performed on 
quantitative traits is usually performed by marker regression, where each 
marker by regressing the dependent variables onto the number of copies of one 
of the alleles. This strategy has been used in manuscripts III-V in this thesis. 
Figure 2 illustrates a GWAS performed with the Bovine SNP50 BeadChip
(Illumina, Inc.). While an advantage of GWAS is the simple nature of the 
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analysis of each marker, the efficiency is complicated by the impact of several 
inheritance- and study-related factors, such as allele effect size, density of 

Informative markers, numbers of animals applied with genotype and phenotype 
data, as well as the degree of LD. Many large species of farm animals, 
including dairy cattle, have in recent generations had small effective population 

Figure 2. By increasing the density of markers, a genomic region of interest may be narrowed 
down for focused analysis. (Far left panel) The trait of ICF was analyzed using a BovineSNP50
bead chip (50K) on BTA13. (Middle panel) The selected (red) region from the first panel was
analyzed using a High-Density BeadChip (700K; HD BeadChip by Illumina, Inc.). (Far right 
panel) The blue area from the middle panel was analyzed with sequence data. The dotted line 
represents genome-wide significance for the individual chromosome positions.
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sizes, causing extensive LD. Therefore, within-breed LD is a significant factor 
in large domestic animals. While this fact makes it possible to reduce the 
number of markers used in analyses, it also limits the accuracy of mapping that 
is achievable. Figure 3 illustrates the potential to narrow down a genomic 
region by adding more markers; the last panel shows an actual analysis 
performed with sequence data. Two key advantages of using sequence data are 
that the causal mutation is likely to be present in the data set and that 
bioinformatic information is available to qualify competing variants.

1.7 Validation

There are often pronounced disagreements in the results obtained by LA and 
GWAS conducted in different populations. However, it is necessary to perform 
studies in different populations in order to detect condition-specific (such as 
breed) polymorphisms. Such studies have also revealed that effects of the same 
polymorphism may differ in different genetic backgrounds. In these studies, 
failure of validation of QTL data may indicate that the original detection was a 
false positive, but may also occur when detection power is low. The former 
finding highlights the need to confirm detected QTL before extensive resources 
are invested into gene identification within the region.
In manuscript IV of this thesis, our efforts to validate associations across 
breeds are reported. The probability of observing spurious associations 
between a particular trait and a SNP in multiple populations by chance are
small, especially if two or more validation populations of different breeds are 
used (Karlsson et al., 2007). There are different strategies to analyze and 
validate GWAS results. In time more and more data accumulate giving more 
animals with breeding values and higher accuracy to the predicted breeding 
values. In manuscript V of this thesis we compared two strategies to validate 
previously detected QTL when new data have accumulated from the same 
population. The comparison is made by analyzing all the data collected on all 
published sires presently available. We compare this to analyzing only the new 
accumulated data and compare associations to those found on older sires 
previously analyzed and published. The principle is illustrated in figure 4. 
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2 Objective of the thesis
The overall goals of this PhD thesis research were to map genes affecting 
reproductive traits in cattle and to contribute to the overall genetic 
improvement of cattle reproduction. It is important to validate genomic areas 
of interest before substantial resources are invested in efforts to identify causal 
polymorphisms. Ultimately, these data will help to expand our understanding 
of the genetic basis of female reproductive biology and to improve genomic 
predictions within and across breeds. 

The specific aims of the individual subprojects are as follows: 

I. The objective of this study was to detect QTL for multiple female 
fertility traits in Danish and Swedish populations of Holstein cattle.

II. The objectives of this study were to refine fertility phenotypes and 
explore whether QTL that segregate for female fertility also segregate 
for yield traits.

III. The objectives of this study were to detect significant SNP 
associations for female fertility traits in the Nordic Holstein population 
and validate these associations in the Nordic Red and Jersey 
populations.

IV. The objective of this study was to use sequence data to narrow down 
our focus on certain regions in the genome where causative mutations 
for female fertility traits are likely to be located.

V. The objectives of this study were to detect associations and evaluate 
methods to validate associations for calving traits in the Holstein 
population.
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3 Summary of Investigations

3.1 Phenotypes

For the studies reported in manuscripts I-III and V, the single trait breeding 
values (STBVs) were used. The STBVs had been generated specifically for 
QTL mapping by the Nordic Cattle Genetic Evaluation Company 
(http://www.nordicebv.info). STBVs were predicted for each animal by using 
the BLUP procedure with a sire model, wherein sires were treated as unrelated. 
Pedigree information other than the link between sire and daughter was not 
included in this prediction model of STBV. Thus, the STBVs of a sire were 
predicted from its daughters’ information only. The STBVs were adjusted for 
the same systematic environmental effects as in the official routine evaluations. 
In manuscript IV, de-regressed proofs were used as phenotypes. 

3.2 Recordings of the phenotypes

Many characteristics related to fertility are routinely recorded in the Nordic 
countries. All inseminations are performed by artificial insemination (AI) 
technicians or licensed farmers and are recorded at the time of insemination. 
The corresponding data are subsequently entered into each country’s national 
database for the particular sire and date of insemination. These records form 
the basis for predicting breeding values. For four female fertility traits (AIS, 
56-day NNR, IFL, and HST), the recordings were split into two groups: heifers 
(H) and lactating cows (C). Separate breeding values were calculated for the 
heifer and lactating cow phenotypes.
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3.3 Fertility traits

3.3.1 Number of inseminations (AIS)

This trait represents the number of inseminations a cow or heifer needs to get 
pregnant. It describes the cow’s or heifer’s ability to go into heat and achieve a 
pregnancy. Signs of heat are used to indicate the optimal time for insemination. 
As such, AIS also reflects HS.

3.3.2 56-day non return rate (NRR)

NRR is a measure of whether a cow or heifer has a second insemination within 
56 days of the first insemination. All cows and heifers not inseminated within 
56 days after the first insemination are considered pregnant. NRR describes the 
pregnancy rate. The recording unit is days.

3.3.3 First to last insemination (IFL)

IFL measures the time from the first insemination to the last insemination, and 
the recording unit is days. IFL is used as a measure of pregnancy rate and HST. 

3.3.4 Heat strength (HST)

HST measures a cow’s or heifer’s ability to show estrous. The trait is measured 
subjectively by the individual farmer by using a predefined scale, with scores 
ranging from 1 to 5. HST is only measured in Sweden.

3.3.5 Calving to first insemination (ICF)

This trait is only described for cows and reflects both HST and the ability to 
return to cycling after calving. The recording unit is days. For a cow to be 
inseminated, it must first return to cycling after calving.

3.3.6 Fertility treatments 1st 2nd 3rd  lactation (FRT)

In Denmark, fertility treatments are recorded by veterinarians and AIS 
technicians. Fertility treatments are divided into three groups. Group 1 
represents hormonal reproductive disorders, and consists of ovarian cysts 
treatments. Group 2 represents infective reproductive disorders, and consists of 
recordings of endometritis, metritis, and vaginitis treatments. Group 3 consists 
of treatments for spontaneous abortion, uterine prolapse, uterine torsion, and 
other reproductive disorders. A disorder score of 1 is assigned if the female has 
the corresponding disease; otherwise, the female is assigned a score of 0. 
The three lactations are considered as different traits. In Sweden and Finland, 
similar fertility treatments are recorded by the same strategy; however, 
veterinary strategies and regulations vary across countries.
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3.3.7 Fertility index (FTI) 

Female fertility represents a joint Nordic index, which is based upon 
insemination data collected from Denmark (since 1985), Sweden (since 1982), 
and Finland (since 1994). The traits that were included in the national FTI 
calculation were: AIS in cows and heifers; ICF in cows; IFL in cows and 
heifers; NRR in cows and heifers; and HST in cows and heifers. FTI is 
considered to reflect the ease with which a cow or heifer is able to conceive.

3.4 Calving traits

For each calving trait described below except the combined indices, four single 
trait breeding values are calculated: one for each combination of direct effect 
(D) (the evaluated sire is the father of the calf), maternal effect (M) (the 
evaluated sire is the maternal grandfather of the calf), and first (F) and later (L) 
pregnancy.

3.4.1 Calving ease (CE) 

In Denmark and Finland, calvings are divided into four groups according to the 
degree of calving difficulty. Group 1 represents easy calving, without help. 
Group 2 represents easy calving with help. Group 3 represents difficult calving, 
without veterinarian assistance. Group 4 represents difficult calving with 
veterinarian assistance and includes Caesarean sections. In Sweden, two 
categories are recorded at the time of calving, which are later transformed into 
the four groups described above.

3.4.2 Calf size (CS) 

CS is measured only in Denmark and is divided into four groups. Group 1 
represents small calves. Group 2 represents calves below the average size. 
Group 3 represents calves above the average size. Group 4 represents calves 
considered large in size.

3.4.3 Stillbirth (SB) 

A calf is considered stillborn if it dies before birth or within 24 hours after 
parturition. 

3.4.4 Birth index (BI) 

A compound index describing a sire´s total direct additive genetic effect on 
calving ease by combining DSBF, DSBL, DCEF, DCEL, DCSF, and DCSL. 
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3.4.5 Calving index (CI) 

A compound index describing the maternal additive genetic effect on calving 
ease by combining MSBF, MSBL, MCEF, MCEL, MCSF, and MCSL.

3.5 Materials

In manuscript I, a total of 36 Danish and Swedish Holstein grandsires were 
used for a linkage-based QTL analyses with a granddaughter design (Weller et 
al., 1990). The number of progeny sons tested per grandsire family ranged 
from 16 to 160 (average: 61). In total, 2182 sons were genotyped. 
In manuscript II, only grandsire families from Danish Holstein were used. This 
study design was used according to the differences between the data recording 
systems and different treatment strategies across the Nordic countries. The
study population consisted of 34 grandsire families. The number of progeny 
sons tested per grandsire family ranged from 16 to 105 (average: 55). In total, 
1888 sires were genotyped. The 34 families analyzed in this manuscript 
constituted a subset of the same Danish Holstein grandsire families analyzed in 
manuscript I. 
In manuscript III, a total of 3475 sires from Danish, Swedish, and Finnish 
Holstein with breeding values for female fertility traits were genotyped with a 
50k SNP array covering the entire genome. The Holstein data were used for 
discovery of association between SNPs and female fertility traits. The 
identified SNP associations were then validated in two other cattle populations, 
namely Nordic red sires (n = 4998) and Danish Jersey sires (n = 1225). 
In manuscript IV, 3918 animals with recorded phenotypes were used. 
Genotypes of all individuals were imputed to the whole genome sequence 
WGS level, and sequence variants were applied to GWAS. 
In manuscript V, a total of 4258 sires with genotypes and phenotypes for 
calving traits were used.

3.6 Marker data

In manuscripts I and II, QTL mapping using within-family LA was performed 
with microsatellite markers. A total of 416 microsatellite markers were 
genotyped, covering the 29 autosomes. The total length of the linkage map was 
3179 cM, with an average marker spacing of 7.64 cM. In manuscript III, the 
GWAS mapping was performed with SNP markers. All sires were genotyped 
with the Bovine SNP50 BeadChip, which assayed 54,001 SNP markers 
(Matukumalli et al., 2009). After filtering for poor quality data, a total of 
38545 SNPs on 29 bovine autosomes remained.
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In manuscript IV, First HD SNP Beadchip was used. The number of SNPs after 
imputation to Bovine HD chip was 648,219 and as a second step imputed 
sequence data for selected regions of the genome were used. Data included, on 
average, 3000-5000 bi-allelic markers per 1 Mb region (Sahana et al. 2012; 
EAAP presentation).

3.7 Methods QTL Analysis

Manuscript I and II study design

The same statistical analysis, linkage mapping, was used in the first two 
manuscripts for detection of QTL for female fertility traits.

The traits were analyzed with the linear regression mapping procedure adapted 
from Haley and Knott (1992). Each trait and chromosome was analyzed
separately and tested for the presence of a single QTL affecting one single trait 
for both the across and within family analysis. The linkage phases of the 
markers in the grandsires were determined based on the marker types of the 
sons. Marker allele frequencies were estimated using an expectation–
maximization algorithm (Dempster et al., 1977). Segregation probabilities for 
each position were calculated using all markers on the chromosome 
simultaneously, together with allele frequencies where segregation was 
ambiguous. Phenotypes were then regressed onto the segregation probabilities. 
The following regression model was applied in analyses both across and within 
families. = + ( ) ( ) + ( ) 
where  is the single-trait EBV of son from grandsire ;  is the overall 
mean of grandsire ;  ( ) is the regression coefficient within grandsire  at 
position  ; ( ) is the probability of QTL allele 1 being transmitted from 
grandsire  , given all of the informative markers of son  ; and ( ) is the 
residual effect, given QTL position .

Manuscripts I and II: Significance level 

Two types of test statistics were calculated: an F-statistic for each grandsire 
family, chromosome, and trait; and a joint F-statistic for each trait and 
chromosome across grandsire families. A QTL was considered significant if it 
exceeded the chromosome threshold by 5%, which was determined by a 
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permutation test with 1000 permutations (Churchill and Doerge, 1994). 
Churchill and Doerge (1994) introduced the use permutation testing in QTL 
mapping. By many times analyzing datasets where phenotypes have been 
randomly re-assigned to genotypes the distribution of the maximal test statistic 
under the null hypothesis are obtained.

Manuscript III: Study design

A SNP-by-SNP analysis was carried out, with each SNP being tested 
sequentially for association with phenotypes. The following linear mixed 
model was used to estimate SNP effects in the Nordic Holstein population: = + + +
where  is the single-trait EBV of individual , belonging to the half-sib (sire) 
family ;, is the general mean; is the allelic substitution effect; is the 
number of copies of an allele, with an arbitrary labeling of the SNP count in 
individual (corresponding to 0, 1 or 2 copies);  is the random effect of the 
-th half-sib family, which is assumed to have covariances according to the 
relationship among sires (such that ={ } is normally distributed 0, ,
where is the polygenic genetic variance and is the additive relationship 
matrix among the sires derived from the pedigree), and eij is a random residual 
of individual , which is assumed to follow a normal distribution with mean 
zero and unknown variance. Testing was done by t-test against a null 
hypothesis of H0: b = 0. 

Manuscript III, Significance level

The significance threshold was determined using a Bonferroni correction 
(within trait using 38,545 SNP markers). The genome-wide significance 
threshold was 1.3x10-6, and was calculated by dividing the nominal 
significance threshold of 0.05 by the total numbers of SNPs included in the 
analyses. For the LD studies in manuscript III-IV permutation testing were 
replaced by the use of the Bonferroni correction (Dunn, 1961). This testing 
assumes independence of tests. However, this is usually not the case with 
GWAS as there is LD between adjacent markers. Correlation between tests 
means that the effective number of independent tests is less than the number of 
markers. Thus use of the Bonferroni correction is conservative. The nominal 
test level is 5% throughout manuscript III-V under this model assumption, 



29

which reduces the risk of making a type I error to no more than 5% experiment 
wise.  

Manuscript IV: Study design

Association analysis was carried out for each trait using a linear mixed model, 
which fitted a fixed effect for each SNP along with a random polygenic effect. 
The random polygenic effect was included to account for residual genetic 
variance that was not explained otherwise by the SNP in the model or the 
population structure because of the presence of half-sib families (Yu et al.,
2006). = + + +
where is a vector of de-regressed breeding values; is the general mean; is 
a matrix relating additive polygenic effects to individuals;  is a vector of 
additive polygenic effects;  is a vector of SNP effects; is an incidence 
matrix relating to the individuals; and is a vector of random residual 
effects. The random variables and are assumed to be normally distributed. 
Specifically,  is normally distributed with (0,   A), where   is the 
polygenic genetic variance, and A is the additive relationship matrix derived 
from the pedigree.

Manuscript V: Study design

The linear model used was: = + + +
where is the single-trait EBV of individual ;  is the general mean; is a 
count in individual for one of the two alleles (with an arbitrary labeling);, is 
the allele substitution effect;, is the fixed effect of the sire of individual ;
and is a random residual of individual , which was assumed to follow a 
normal distribution with mean zero and unknown variance. Testing was done 
with a t-test against a null hypothesis of H0: b = 0.

Manuscript V: Significance level

The same significance level as used in manuscript III was applied to the 
analysis of the comprehensive combined dataset. A chromosome-wise 
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significance threshold was used for the reference population. A threshold of 
>0.05 was used for the validation population.

3.8 Results

In manuscript I, a total of 26 QTL were identified on 17 chromosomes. Among 
the QTL reported here, eight had effects on FRT, two on HST, five on NRR, 
two on AIS, and nine on ICF.
In manuscript II, we identified 12 QTL regions with effects on nine different 
fertility traits. None of these QTL harbored QTL for milk production or milk 
composition traits. However, an additional 16 selected genomic regions 
containing QTL for fertility also harbored QTL for milk production or milk 
composition traits. The FRT trait was decomposed into its underlying 
components: infective reproductive disorders, hormonal reproductive 
disorders, and other reproductive disorders. No QTL were detected for the 
subtrait of spontaneous abortion. Four different QTL were identified for the 
trait of retained placenta.
In manuscript III, 4474 significant SNPs were associated with eight different 
female fertility traits. Of these, 836 SNPs were validated in the Nordic Red 
breed, 686 SNPs were validated in the Nordic Jersey population, and 152 SNPs 
were validated in both breeds. There was evidence for QTL where multiple 
traits were segregating, and many SNPs were validated on chromosomes 1, 4, 
7, 9, 11, and 13 (Fig. 3).
In manuscript V, 424 significant SNPs were found by a genome-wide scan for 
14 calving traits. Of these, 321 SNPs were confirmed in the validation dataset 
(Fig. 4).

Figure 3. Illustration of GWAS for the trait calving to first insemination (ICF) The dotted line 
represents genome wide significance. The data was analysed with the BovineSNP50 Beadchip, 
which assayed 54,001 SNP markers (Matukumalli et al., 2009).
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Figure 4. Illustration of a validation study (from manuscript V), with association results plotted 
for the trait of birth index. The left side indicates the data used. The right side shows the names of 
the different datasets, as referred to in manuscript V. The figure illustrates the number of markers 
reaching significance in the different datasets (i.e., where the dotted line exceeds the significance 
threshold depicted by the broken line). The REF dataset included 2,219 animals and the VAL 
dataset included 2,039 animals.





33

4 General discussion
The identification of several QTL through this thesis work, along with the 
parallel progression of genome-based technologies and analytical approaches, 
have provided the opportunity to fine-map genomic regions influencing female 
fertility in cattle. These data contribute to a deeper understanding of the genetic 
basis of female reproductive biology and improve genomic predictions within 
and across breeds. 

4.1 Studies

In manuscript I, several QTL were identified by LA. Strong evidence of 
segregating QTL for several of the female fertility traits were found on BTA1, 
BTA7, and BTA10. In the association study presented in manuscript III one 
can assume that the significant associations on BTA1 represent the same QTL 
found in the LA study in manuscript I. Other studies have also detected QTLs 
and associations in the same areas on BTA1 (Sahana et al., 2010, Ben-Jema et 
al., 2008, Schulman et al., 2011, Boichard et al., 2003). This constitutes strong 
evidence for QTL for fertility segregating on BTA1. On BTA13 we found QTL 
segregating in manuscript I. Our subsequent association study found strong 
association with fertility in close vicinity of the same region. Again other 
studies also detected QTL effects in the same region on BTA13 (Sahana et al., 
2010, Schulman et al., 2011 and Huang et al., 2010). This makes BTA13 
interesting for further analysis. This QTL affects the trait ICF which reflects 
the ability to show heat and the ability to return to cycling after calving. In the 
fine-mapped region, augmenting the association with full sequence in the 
region identified intragenic variants as the most likely causative variants. This 
could suggest that the causative variant control some genes involved in the 
physiology of heat or returning to cycling. The top SNP (most significant SNP) 
on BTA13 explained 3% of the variance of the de-regressed proof (used as a 
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response variable in the sequence analysis in manuscript IV). The minor allele 
frequency (MAF) for this SNP was 38.5% i.e. in high frequency in the 
population. The frequency and effect size indicate that this SNP can be 
exploited in breeding.
Linkage analysis as used in manuscript I, has low precision for determining the 
QTL position because it relies solely on recombination events that occur 
between two generations (i.e., the lowest possible number). The low number of 
recombination events and the use of relatively few markers prevent localization 
of QTL to segments smaller than about 10 to 20 cM. Besides, the localization 
of the QTL in a family will depend on the informative markers for that family. 
Therefore, it is generally difficult to draw any firm conclusion concerning 
overlap in QTL positions from manuscript I and the later association studies 
for fertility traits in this thesis. The power of LA studies depends on the 
number of segregating families. Typically, when working with functional 
traits, most QTL effects will be small compared to the amount of residual error. 
Low power means that estimates of effects of the detected QTL will suffer 
from “the winner’s curse”. Therefore, the QTL that are detected will represent 
those with overestimated effect sizes. Furthermore, false positives may account 
for a significant fraction of the QTLs detected. Thus, it is important to find 
ways to validate the detected QTLs and/or identified associations.
An unfavorable genetic correlation is known to exist between the traits of 
female fertility and those of milk production. Therefore, it is expected that 
there are overlapping QTL regions for these two traits across the genome. This 
could be either due to pleiotropic effect of a QTL affecting either traits or
separate QTL affecting each trait but linked together. If we could identify the 
QTL that affect both traits (pleiotropic) or that only affect fertility (linked),
then it may be possible to optimize simultaneous breeding for the two traits. In 
manuscript II, 27 genomic regions harboring QTL for fertility traits were 
screened for different milk production traits, and 16 of those regions were 
found also to harbor QTL for milk production traits. This finding is in line with 
our expectations, given that the genetic correlation between fertility and 
production is ranging from about -0.2 to -0.5 (Roxström et al., 2001 and Pryce 
et al.,1997). Using a combined breeding goal in the selection scheme a positive 
genetic gain in fertility is most likely to come from the QTL that only affect 
fertility. 
It remains unknown whether it is possible to break parts of the negative genetic 
correlation to increase the benefit for both trait groups. To do so, it is first 
necessary to know if overlapping QTL are due to pleiotropic genes affecting 
both traits or linked genes each affecting separate traits; however, the 
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confidence intervals for QTL achieved in LA studies are not suitable for this 
type of analysis.
It would be highly beneficial to define the traits more accurately and to 
decompose the traits into sub-traits, to gain a better understanding of the 
physiology behind them. In manuscript II, the trait “fertility treatments” was 
dissected. The FRT trait was analyzed to identify the underlying sub-traits. 
Reduction of fertility related disease is highly relevant due to its immediate 
contribution to better animal welfare and reduction of veterinary costs. The 
sub-trait of retained placenta was represented by four different QTL across the 
genome. It would have been highly useful to combine data across countries, so 
that the breeding values could be more reliably predicted. Unfortunately, the 
Nordic countries employ different veterinary strategies for this feature, which 
precluded combination of the data. No QTL were detected for the sub-trait of 
spontaneous abortion. However, the frequency of reported spontaneous 
abortion is believed to be low, due to the inherent underestimation of this 
feature, which is very difficult to detect in early pregnancy. 
In manuscript III, fine-mapping of fertility traits were conducted by using the 
Bovine SNP50 BeadChip, and the results were validated in two different 
breeds. The strongest evidence of associations was found on chromosomes 
BTA1, BTA4, BTA7, BTA9, BTA11, and BTA13. 
Several QTL and associations have been detected through the studies 
comprising this thesis work. It is challenging to conclude the number or nature 
of the loci involved in a particular trait. This type of information is even more 
challenging to obtain for female fertility for which trait definitions were not 
generated with the aim of determining the physiology behind the trait but with 
the aim of improving a breeding scheme. Therefore, many physiological sub-
traits are combined in the definition of a single trait/phenotype. On many 
positions on the genome, several female fertility traits are significantly 
associated with the QTL. That is to be expected as the female fertility traits are 
genetically correlated. It is however, not known how common non additive 
gene action (dominance vs. epistasis) in determining a fertility trait value.
The genetic correlation between cow and heifer fertility traits in the Nordic 
countries is around 0.4 (Årsstatistik Avl, 2011/12). This indicates that cows 
and heifers have partially separate genetic bases. This is reflected in the results 
manuscript I and III, in where only limited overlap between cow and heifer 
fertility QTL was found.
In manuscript IV, the fine-mapping objective was taken two steps further. 
First, with the analysis of a high-density SNP array (including >777,000 evenly 
spaced SNPs across the entire bovine genome). Secondly, genotypes were 
imputed to the full sequence level. Sequence variants were then associated to 
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phenotypes, to narrow down the genomic regions on BTA4 and BTA13 in the 
search for possible causative mutations (Figure 3). In total, nine genes were 
annotated in the focused region on BTA4 (see Table 1 in manuscript IV). A 
search of the Ensemble database indicated semaphorin-3C (SEMA3C) as the 
most promising candidate gene, according to the description of its biological 
function. SEMA3C binds to plexin family members to exert its effects as a 
regulator of developmental processes. SEMA3C is essentially involved in 
cardiovascular development during embryogenesis and plays an important role 
in axon growth and guidance through its functions as an attractant for growing 
axons (http://www.uniprot.org/uniprot/A7MB70). However, the SNP markers 
within this gene were not found among the genome-wide significant markers. 
When the test statistics of the SNP markers (i.e., -log10(P-value)) was 
considered, CD36 was identified as the most promising candidate gene. CD36 
is involved in cell adhesion, a key process of many physiological processes. 
However, the mechanism by which CD36 influences fertility in cattle remains 
unknown. In general, only some of the SNP markers of this study were located 
within a gene and the SNP markers with the highest association to AISC and 
IFLC (on BTA4) were not annotated, which highlight the need for a better 
annotation of the bovine genome. Currently, the sites of gene transcription, 
initiation, termination, and differential splicing remain to be fully defined, even 
though the tools and resources for annotation and gene discovery are available 
for the bovine genome (Brent, 2005; Childers et al., 2011). Rapid amplification 
of cDNA ends (RACE, a PCR-based method) is a well-established tool for 
empirically annotating the transcription start / end sites for a single gene. 
RACE has been successfully supplied for large-scale structural transcript 
annotation (Salehi-Ashtiani et al., 2009). 
Although we used the ‘full’ sequence-level variants in our analysis, we could 
not with certainty, pinpoint any particular causal factor underlying the fertility 
QTL. Several reasons may explain this issue. First, half of the total genetic 
variants identified in the WGS had been filtered out, due to low quality scores 
at the sequencing level or low imputation accuracy. Second, all of the variants 
that were not bi-allelic had been removed, due to the inherent limitation of 
imputing such data to all of the genotyped animals. Therefore, there was a high 
risk that the causal factor had not been included in the analysis. Third, there 
were many SNPs with very high –log10(P-values), as a result of the high LD 
among these SNPs. Therefore, our ability to make any firm conclusion on 
which SNPs to pick for further analysis was limited. 
A number of further studies may help in the identification of causal variants. 
Re-sequencing animals in the region of interest and among multiple breeds 
may also prove helpful in the detection of SNPs and causative mutations 
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(Boyko, 2011). This could help to validate the set of detected SNPs across 
breeds, which could be a useful approach for identifying causative mutations. 
For example, the selected SNPs from the Nordic Holstein cattle population can 
be validated by comparison to sequence data from Nordic Red or Danish 
Jersey cattle. Combining the association results across these three breeds may 
help in lowering the number of candidate Quantitative Trait Nucleotide (QTN). 
Another potentially useful strategy is to genotype a large number of cows with 
the most promising candidate QTN. This approach would avoid imputation 
errors and provide a statistically independent data set, while providing high 
power for distinguishing between candidates QTN. As stated above, there 
might be other transcripts in the analyzed area that remain unrecognized 
because not all of the genes are annotated. Indeed, the genomic structures of 
candidate genes may differ according to species-specific and tissue-specific 
expression patterns, or even variations in expression during different 
developmental stages. Expression analysis (transcriptome sequencing data) 
may prove useful to investigate the expression of genes in relevant organs at 
different developmental stages. Evolutionary analysis of nucleotide sequences 
may also be useful, in particular for predicting the deleteriousness or potential 
functions of noncoding variants (Cooper and Shendure, 2011). For example, on 
BTA13, only transcripts located in the noncoding regions were found. The 
causal variants for these genes may exist in the regulatory elements of 
noncoding regions (Keane et al., 2011). The most common regulatory elements 
are enhancers, but other regulatory sequences, such as promoters, insulators 
and silencers, may also be involved (Maston et al., 2006).
In manuscript V, the strategies used for validation studies were evaluated. This 
type of study is highly relevant for dairy cattle populations, in particular, 
because new data are continuously accumulating and made available in the 
national databases. Our findings from a GWAS follow-up study indicated that 
the choice of method for validation study depends on the objective of the 
study. If the aim of the study is to detect QTL, it is recommended that all of the 
presently available data be analyzed. If the aim is to identify causal mutations, 
then confirmation of SNP association should be performed with the new data.

4.2 Markers 

This thesis spans years where marker technologies have developed very 
quickly. At the start of my PhD project we only had access to microsatellite 
markers with 416 markers distributed across the whole genome. (Manuscripts I 
and II). The average spacing of microsatellites was around 20 cM in linkage 
studies. Next technology progressed to use of DNA chips with first (2008) 
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54,001 marker across the genome and more recently more than 777,000. Now, 
with whole genome sequence data used to fine map certain areas of the genome 
we now have 8,000-9,000 bi-allelic markers per Mb. This represents a 
significant difference in density of markers available for mapping compared 
for the last manuscript in this thesis. With the lower density microsatellite 
maps, QTL mapping was conducted using linkage analysis, which makes use 
of co-segregation between marker and QTL within family. Now with the 
increase in number of markers it has been possible to perform association 
studies which make use of population based LD.

4.3 Choice of model

The underlying statistical method used for our linkage and association studies 
was regression analysis. The choice of model depends on factors such as 
properties of the “phenotypes” (predicted breeding values, de-regressed proofs, 
models used for prediction etc.) used as the response variable, the distribution
of accuracies for the phenotypes, the family/population structure of the 
individuals and the marker density. In QTL mapping in dairy cattle response 
variables are EBVs or de-regressed proofs of sires, both of which are estimated 
from the performance of a sire’s progeny with or without information from 
other relatives. The reliability of breeding values from a sire depends on the 
number of that sire’s progeny with phenotype records.  This is considered 
when using de-regressed proofs. STBVs have been used throughout this thesis 
with the exception of manuscript IV were de-regressed proofs were used as 
response variable. STBV was used to avoid contamination with information 
from correlated traits. Without this step, it would not have been possible to 
interpret the presence of QTL for a particular trait, as the presence of one of the 
QTL might have been inferred based on a correlated trait. Because the breeding 
values represent the additive genetic effect, the QTL mapping model can only 
detect the additive genetic effect of the QTL. To detect dominance effects the 
actual phenotypes would have to be analyzed.

4.4 Gene Mapping methods

In our LA studies, we attempted to identify markers that co-segregate with trait 
values within families. In contrast, in our association studies, we sought to 
identify a direct correlation between a specific genetic variation and a trait 
variation among a group of animals, with the aim of implicating a causal role 
for the variant. The fact that LA is based on the relationship between markers
and phenotypes allows for the identification of a trait locus that is nearby the 
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marker locus. On the other hand, association between a marker of genomic 
variation and the phenotype of interest at the population level is observable 
under two circumstances. In the first, the functional variant is measured 
directly; and in the second, the marker variant is in LD with the actual 
functional variant. Direct measurement of the causal factor increases the power 
of the association study. However, depending on how dense and detailed the 
marker map is, it may be more likely that neighboring polymorphisms will be 
identified in LD. By using whole sequence data, as we did in manuscript IV, it 
is feasible to map the functional variant directly. However, only bi-allelic 
markers mapped with the sequence (3,000-5,000 bi-allelic markers per 1 Mb 
region (Sahana et al., 2012; EAAP presentation)) because imputation methods 
only work for bi-allelic variants. Therefore, information on other markers 
remains to be investigated.
False-positive associations may result from familial or population stratification, 
which frequently occurs in many domestic animal populations. When 
populations are divided into subgroups, each of which may differ in marker 
allele frequency and disease frequency, and the combined population is 
analyzed without accounting for the structure, spurious associations between 
markers and traits may occur. These associations do not reflect the proximity 
of the marker and QTL. In a mapping sense, they reflect false-positive 
associations. This issue can be resolved by applying pedigree information to 
the model used for analyzing the data (Yu et al., 2006).
False positives can also arise from incorrect adjustment for multiple testing. 
For more information regarding corrections for multiple testing see section 3.6

4.5 Applied use in breeding

The animal breeding industry in the Nordic countries has applied genomic 
selection, based on the individual’s marker information, over approximately 
the last 5 years. Genomic selection is based on the individual´s marker 
information. In this strategy, the markers’ effects are predicted in a (preferably 
large) reference population of animals with marker information and reliably 
predicted breeding values. A breeding value for a selection candidate can then 
be predicted from its genetic markers by adding their predicted effects. 
Genomic prediction can help to select the animals for the next generation with 
the most desirable traits. Information about identified QTL can be applied to 
this genome selection scheme to further enhance the prediction reliability 
(Boichard et al., 2012).
However, accurately estimating the prediction equations becomes complicated 
when the number of SNPs is much larger than the number of phenotypes. Thus, 
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applying WGS data to a genomic prediction scheme has proven a challenge. 
Indeed, the sequence data are useful for identifying the regions on the genome 
with influence on female fertility (by association studies), and the availability 
of WGS data could identify the causal mutations underlying female fertility not 
only markers in LD with the causal mutation. This information could be used 
in a genomic prediction scheme with higher weights being put on certain 
genomic regions or causal variants that influence female fertility. There is 
benefit in such genomic predictions accounting for identified causative 
mutations, because they are expected to have better predictive ability across 
breeds, particularly in highly structured populations, or when candidate 
progenitors are distantly related to the reference.
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5 Conclusions
Several QTL have been identified in this thesis by LA study: BTA1, 
BTA7, and BTA10 showed the strongest evidence of segregating QTL 
for several female fertility traits.

Twelve QTL regions with effects on nine different cattle fertility traits 
did not harbor coinciding QTL for milk production traits. Sixteen 
genomic regions harboring female fertility traits also contained QTL 
for milk production traits.

Dissection of the fertility treatments trait identified no QTL for the 
sub-trait of spontaneous abortion. However, four QTL were identified 
across the genome for the sub-trait of retained placenta.

BTA1, BTA4, BTA7, BTA9, BTA11, and BTA13 showed the 
strongest evidence of association with cattle fertility traits across 
breeds in a validation study.

Focused (narrowed-down) regions of interest on BTA4 and BTA13 
were identified after applying a denser marker map and conducting 
sequence data analysis to identify annotated genes.

Finally, selecting an optimal method for processing new accumulated 
data from the ever-expanding national databases depends on the 
objective of the study. If the aim is to detect QTL, it is recommended 
to analyze all of the data that are presently available. If the aim is to 
identify causal mutations, a validation study design is recommended. 
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6 Future outlook
A key goal of dairy cattle breeding is to increase the reproductive performance 
and decrease the amount of disease in the next generation. Both of these 
features benefit the welfare of the animals, the output of dairy product, and the 
efficiency of the dairy industry’s future breeding efforts.
Additional fine mapping using high-density sequencing array technology and 
WGS data is expected to facilitate even finer mapping of genomic areas 
affecting female fertility in cattle. For the results of this thesis work to facilitate 
such future efforts, a number of steps should be taken:

Directly measured phenotypes and genotypes of cows are necessary to 
provide a more direct link between phenotype and genotype and to 
identify the temporal-specific aspects of gene expression.

Identification and analysis of phenotypic measures that reflect more 
directly the physiologic background of the reproduction traits could be 
helpful for determining the precise physiological aspect represented by 
a specific QTL. For example, progesterone level has been suggested as 
a measure of HST. 

Application of genomic data from other breeds and species of cattle 
may be useful for increasing the overall annotations and knowledge of 
functions for specific genes with potential association to a fertility 
trait.

Gaining more information on the animals in the research population 
i.e. add additional bulls with many daughters in order to gain more 
power to the analysis; this is also shown in the last manuscript (V).  
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Genomic prediction can help to select the animals for the next 
generation more efficiently; however there are challenges in 
estimating the prediction equations when the number of SNPs is much 
larger than the number of phenotypes. So far the whole genome 
sequence data is therefore difficult to use in a genomic prediction 
scheme. The sequence data can however be used to identify the 
regions on the genome influencing female fertility. This information 
could be used in a genomic selection scheme where weights can be put 
on certain genomic regions which influence female fertility.
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7 Sammanfattning
Mål
Under flera decennier har honlig fruktsamhet hos kor av Holsteinras försämrats 
samtidigt som mjölkavkastningen har stigit kraftigt, även om man kan se ett 
trendbrott de senaste åren. Det finns flera orsaker till denna minskning: 
arvbarheten är låg, i tjurindexet har mjölkavkastning en högre ekonomisk vikt 
än fruktsamhet och före år 2000 saknade många utländska Holsteintjurar 
avelsvärden för honlig fruktsamhet. Dessutom är den genetiska korrelationen 
mellan fruktsamhetsegenskaper och produktionsegenskaper ogynnsamma. 
Genetisk korrelation mäter hur samma eller kopplade genetiska faktorer 
påverkar två egenskaper på samma gång.
Målsättningen med denna studie var att i första hand med hjälp av genetiska 
markörer kunna förstå vilka gener som styr reproduktion. En genetisk markör 
är en bit DNA där det finns variation mellan individer som man har utvecklat 
en metod för att observera. I andra hand var målet att se om dessa markörer 
även interagerar med produktionsegenskaper. Den tredje målsättningen var att 
utvärdera en metod för att bekräfta de markörer man har funnit associerade 
med reproduktionsegenskaper.

Resultat
I den första studien sökte vi efter genetiska markörer för honlig fruktsamhet. Vi 
identifierade totalt 26 markörer på 17 kromosomer som hade effekt på honlig 
fertilitet. På kromosom 1, 7 10 och 26 fann vi hos olika familjer flera sådana 
markörer inom begränsade områden. Våra resultat överensstämmer med 
resultat från andra undersökningar på Holstein. 
I den andra studien undersökte vi om det i områden med markörer för 
fruktsamhetsegenskaper även fanns markörer för produktionsegenskaper. Vi 
identifierade 16 kromosomregioner med markörer för båda typerna av 
egenskaper och 12 områdena var unika för fruktsamhetsegenskaperna. Detta 
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betyder att större delen av de områden vi fann i genomet påverkar båda typerna 
av egenskaper. 
I den tredje studien hade vi tillgång till många fler markörer. 4,474 markörer 
var associerade med honlig fruktsamhet och här hade vi möjlighet att mer 
precist identifiera var på genomet dessa markörer befann sig. Vi försökte sedan 
bekräfta associationerna i de röda nordiska mjölkoraserna och i Dansk Jersey. 
152 markörer kunde bekräftas i alla tre raserna.  De mest intressanta 
kromosomer var kromosom  nummer 1, 4,7, 9, 11 och 13.
I den fjärde studien analyserade vi mindre regioner på kromosom 4 och 13 med 
sekvensdata där hela genomet sekvenserats. På båda kromosomerna fanns det 
gener i området men fler analyser behövs för att kunna peka ut någon uppenbar 
kandidatgen.
I den femte studien bekräftade vi markörassociationer för kalvningsegenskaper, 
Vi kunde bekräfta 68 % av markörerna i ett valideringsdata-set hos Holstein.

Material och metoder
I Norden har vi unika förutsättningar att studera honlig fruktsamhet hos 
nötkreatur. Egenskaper registrerade i Kokontrollen och avelsvärden skattade av 
Nordisk Avelsvärdering, NAV, utgör underlag för studien. Vi har undersökt 
följande egenskaper: antal semineringar per serie, 56 dagars non-return %, 
brunststyrka (endast svenska tjurar), intervall mellan kalvning och första 
seminering samt fruktsamhetsbehandlingar. 
I den första undersökningen ingick 2182 tjurar från Sverige och Danmark. Data 
analyserades både inom och mellan familjer med ca 416 markörer.
I den andra studien utgick vi från de områden med genetiska markörer som vi 
funnit i den första studien och undersökte om dessa områden även påverkade 
produktionsegenskaper. Det ingick 1888 danska tjurar och samma genetiska 
markörer och analysmetod användes som i den första studien.
I en tredje studie försökte vi finkartlägga de områden på genomet som påverkar 
honlig fruktsamhet genom en associations studie. Här hade vi möjlighet att 
använda oss av ca 3500 tjurar och ca 38500 markörer.
I den fjärde studien valde vi ut regioner med de mest övertygande resultat från 
den tredje studien, för att om möjligt finna de underliggande generna i dessa 
regioner. I den femte studien använde vi samma metod som i tredje 
manuskriptet, associationsstudie, för att validera associationer för 
kalvningsegenskaper. 

Slutsatser
Användning av genomisk information i avelsarbetet kan möjliggöra en säker 
och tidig selektion av de djur som har den största potentialen som avelsdjur. 
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Kunskap om olika markörer i kromosomsegment (QTL) och deras inverkan på 
olika egenskaper kan användas för att välja ut vilka regioner som skall ingå i 
och läggas vikt på vid avelsvärdering. Resultatet från vår studie visar att det är 
delvis samma och delvis olika regioner på kromosomerna som har QTL för 
fruktsamhets- och produktionsegenskaper. I QTL-regioner kan sekvensdata ge 
möjlighet att identifiera specifika kromosomsegment för respektive egenskap 
och på så vis öka förståelsen för vad det är som orsakar variationer i 
egenskaperna. 
Markörinformation används idag vid genomisk selektion. Därför går det att 
identifiera tjurkalvar med övervägande positiva anlag för både produktions-
och reproduktionsegenskaper.
Våra studier syftar också till att ge en bättre förståelse av de biologiska 
processer  som via specifika kromosomsegment påverkar fertilitet. 
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ABSTRACT

Data from the joint Nordic breeding value predic-
tion for Danish and Swedish Holstein grandsire families 
were used to locate quantitative trait loci (QTL) for 
female fertility traits in Danish and Swedish Holstein 
cattle. Up to 36 Holstein grandsires with over 2,000 sons 
were genotyped for 416 microsatellite markers. Single 
trait breeding values were used for 12 traits relating 
to female fertility and female reproductive disorders. 
Data were analyzed by least squares regression analysis 
within and across families. Twenty-six QTL were de-
tected on 17 different chromosomes. The best evidence 
was found for QTL segregating on Bos taurus chromo-
some (BTA)1, BTA7, BTA10, and BTA26. On each of 
these chromosomes, several QTL were detected affect-
ing more than one of the fertility traits investigated in 
this study. Evidence for segregation of additional QTL 
on BTA2, BTA9, and BTA24 was found.
Key words:  quantitative trait locus, genome-wide 
scan, female fertility

INTRODUCTION

Female fertility has been declining in recent decades 
in the Holstein cattle populations (Sørensen et al., 
2007). Improving female fertility is becoming more and 
more important as the consequences of impaired fertil-
ity include additional inseminations, higher veterinary 
costs, increased culling rate, and higher replacement 
costs.

Traditional selection methods to improve fertility 
have not been able to prevent this decline in female 
fertility (Strudsholm et al., 2007). There are several 
reasons for this. First, heritabilities for fertility traits 
are generally low (ranging from 2 to 4% for Holstein 
populations in the Nordic countries; Strudsholm et al., 
2007), they have sex-limited expression, and some of 

them are expressed late in life. This in itself causes ge-
netic gain to be slow at best. Furthermore, the genetic 
correlations between fertility and production traits are 
generally unfavorable. Genetic correlations between 
milk yield traits and fertility traits are in the range 
of −0.2 to −0.5 (Pryce et al., 1997; Dematawewa and 
Berger, 1998; Roxström et al., 2001). Given the high 
economic weight put on production traits in most coun-
tries’ breeding programs, this has lead to the continuing 
decline in female fertility. Even the much higher weight 
on female fertility in breeding goals in Nordic countries 
has not been sufficient to offset this trend.

Identification of QTL for fertility traits would con-
tribute to improve the efficiency of selection for fertility 
traits. Expression of fertility traits is sex-limited. The AI 
bulls have to be progeny-tested before they are proven 
for fertility traits. Hence, it could be a significant ad-
vantage to obtain information of young bulls’ breeding 
values for fertility traits at an early age. Genetic gain 
could then be increased. Detection of QTL for fertility 
traits could make information available at an early age 
through the use of marker-based tests. Even if the use 
of genomic selection should become widespread, QTL 
with effects on low heritability traits such as fertility 
will remain valuable particularly where recordings for 
fertility traits are not available.

Several studies have reported the detection of QTL 
for fertility traits (Schrooten et al., 2000; Kühn et 
al., 2003; Ashwell et al., 2004; Schnabel et al., 2005; 
Holmberg and Andersson-Eklund, 2006). Generally, 
overlap between the QTL detected in different studies 
is incomplete. In part, this may be caused by insuf-
ficient statistical power of detection studies due to the 
low heritability of the traits. Hence, the probability of 
obtaining strong evidence for the same QTL in multiple 
studies will be greatly reduced. Also, trait definitions 
and computational procedures for estimating breeding 
values differ among countries, which in turn may lead 
to detection of different QTL between countries.

International cooperation can overcome some of these 
problems. Cattle breeding organizations in Denmark, 
Sweden, and Finland have established a joint breed-
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ing value estimation system, the Nordic Cattle Genetic 
Evaluation. Trait definitions have been standardized 
across the countries. The Nordic countries record a 
wide range of fertility traits. In this study, we include 
12 different measures of female fertility. Simultaneously, 
combining data across a larger base of recorded data 
will lead to more precise prediction of breeding values. 
This will in turn improve the statistical power to detect 
QTL. For genetic polymorphisms with effects on several 
traits, detection of QTL for several biologically related 
traits can lend each other added support. The large 
number of fertility-related traits available in the Nordic 
Cattle Genetic Evaluation can therefore be exploited to 
gain additional confidence in detections of QTL.

The objective of this study was to detect QTL for 
multiple female fertility traits in Danish and Swedish 
populations of Holstein cattle.

MATERIALS AND METHODS

Population

A total of 36 Danish and Swedish Holstein grandsires 
with more than 16 offspring-tested sons were analyzed 
in a granddaughter design (Weller et al., 1990). Of 
these 36 families, 29 were tested only in Denmark, 2 
only in Sweden, and 5 across the countries. The sires 
with offspring in both countries had twice as many sons 
tested in Denmark as in Sweden. The number of sons 
per grandsire ranged from 16 to 160 with an average of 
61 sons per grandsire family. Of the grandsire families, 
5 had less than 30 sons, 14 had between 31 and 60 sons, 
9 had between 61 and 100 sons, whereas 5 had more 
than 100 sons. In total 2,182 sons were genotyped.

Marker Data

The genome was screened using 416 microsatellite 
markers representing a total of 3,179 cM with an aver-
age marker spacing of 7.64 cM. All 29 autosomes were 
typed for an average of 14 markers (Table 1). The 
number of grandsire families typed varies between chro-
mosomes because chromosomes considered interesting 
in past QTL mapping projects varied (Table 1). As a 
measure of the amount of available marker informa-
tion, the average number of heterozygote markers in 
the grandsires included in this study is listed in Table 1. 
Markers and their positions were taken from the USDA 
Cattle Genome Mapping Project (http://www.marc.
usda.gov/genome/cattle/cattle.html).

Genomic DNA was extracted from semen or blood 
samples (DNeasy tissue extraction kit, Qiagen, Valen-
cia, CA) and used in multiplex PCR in which 4 to 
10 microsatellite markers were amplified. Polymerase 

chain reactions (15 μL) were performed in a 96-well 
thermal cycler (GeneAmp PCR System 9700, Applied 
Biosystems, Foster City, CA) using 2.5 mM MgCl2, 
0.25 mM deoxynucleoside triphosphate, 0.3 μM of each 
forward primer, 0.3 μM of each reverse primer, 0.75 U 
of TEMPase DNA polymerase (VWR-Bie & Berntsen, 
Denmark), and 30 to 100 ng of genomic DNA in 1× 
TEMPase PCR buffer (VWR-Bie & Berntsen). An 
initial denaturing step at 94°C for 15 min was followed 
by 10 touchdown cycles at 95°C for 30 s, annealing at 
67 to 58°C for 1.5 min, and extension at 72°C for 45 s; 
then 25 cycles at 95°C for 30 s, annealing at 58°C for 
1.5 min, extension at 72°C for 45 s, and ending with 
72°C for 20 min. The products of PCR were analyzed 
on an automated sequence analyzer (ABI 3730 DNA 
Analyzer, Applied Biosystems). Alleles were assigned 
using the GeneMapper software, version 3.7 (Applied 
Biosystems).

Phenotypic Data

Single-trait breeding values (STBV) were custom 
made by the Nordic Cattle Genetic Evaluation. The 
STBV was calculated for each animal using BLUP 
procedures and a sire model. The STBV were adjusted 
for the same systematic environmental effects as in 
the official routine evaluations. However, the correla-
tion to other traits was set to 0 and calculated without 
pedigree information. This is to avoid information from 
phenotypes of correlated traits to affect results of a par-
ticular trait. The STBV were calculated for 12 fertility 
traits. For details of the phenotypes recorded and mod-
els used in breeding value prediction, see http://www.
nordicebv.info/Routine+evaluation/Fertility+traits/
Fertility+traits.htm and Ancker et al. (2006). The 
predicted breeding values for sires were predicted on 
data for the first to third parity in cows. The STBV 
were available from national evaluation separately for 
cows (C) and heifers (H) for number of inseminations 
per conception (or culling) (AISC and AISH), 56-d 
nonreturn rate (NRRC and NRRH), days from first to 
last insemination (IFLC and IFLH), and heat strength 
(HSTC and HSTH). Length in days of the interval 
from calving to first insemination (ICF) is only defined 
for cows. It should be noted that HST was assessed 
subjectively by the individual farmer on a scale from 1 
to 5, and it was only recorded in Sweden.

Because of differences between the Danish and Swed-
ish recording systems for fertility treatments in the first 
3 parities (FRT1, FRT2, and FRT3), only records from 
Denmark were used in this study. In Denmark, fertility 
treatments are recorded by veterinarians and trained 
AI technicians. Fertility treatments include hormonal 
reproductive disorders, ovarian cyst treatments, and in-
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fective reproductive disorders and consist of recordings 
of endometritis, metritis, and vaginitis treatments as 
well as treatments for abortion, uterine prolapse, uter-
ine torsion, and other reproductive disorders. The unit 
of measurement was number of recorded events. For 
fertility treatments, STBV were predicted separately 
for first, second, and third lactation. The STBV were 
estimated using total number of records within each 
lactation for each animal as the observed phenotype.

QTL Analysis

The traits were analyzed with the linear regression 
mapping procedure adapted from Haley and Knott 
(1992). All QTL analyses were done using the pro-
gram GDQTL4 (unpublished) by one of the authors 
(Bernt Guldbrandtsen; source code available from the 
author, Bernt.Guldbrandtsen@agrsci.dk). The program 
GDQTL4 follows the following procedure. The linkage 
phases of the markers in the grandsires were deter-
mined based on the marker types of the sons. Marker 
allele frequencies were estimated using an expectation-

maximization algorithm (Dempster et al., 1977). Seg-
regation probabilities were calculated using all marker 
genotypes on the chromosome simultaneously, together 
with allele frequencies where segregation was ambigu-
ous. The STBV were then regressed onto the segrega-
tion probabilities. The following regression model was 
applied in analyses both across and within families:

 Y b X eij i i
p

ij
p

ij
p= + −⎡

⎣⎢
⎤
⎦⎥
+μ ( ) ( ) ( ),2 1  

where Yij is the single trait estimated breeding value of 
son j of grandsire i, μi is the overall mean of grandsire 
family i, bi

p( )  is the regression coefficient within grand-

sire i at position p, Xij
p( )  is the probability that QTL 

allele 1 (using an arbitrary labeling of chromosomes) is 
transmitted from grandsire i given all the informative 
markers of son j, and eij

p( )  is the residual effect given 

QTL position p. The regression coefficient bi
p( )  is the 

expected deviation of the additive genetic value from 
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Table 1. Overview of marker information by chromosome 

Chromosome BTA1 Markers Length2 (cM) Heterozygote3 markers Families4

1 23 189 10.9 29 DK, 7 SE
2 10 139 6.4 14 DK, 7 SE
3 28 171 9.9 29 DK, 7 SE
4 8 104 5.1 14 DK, 7 SE
5 24 181 7.3 29 DK, 7 SE
6 8 113 4.1 14 DK, 7 SE
7 22 138 7.5 29 DK, 7 SE
8 10 197 3.6 29 DK, 7 SE
9 26 113 6.9 29 DK, 7 SE
10 17 142 8.0 29 DK, 7 SE
11 14 112 6.3 29 DK, 7 SE
12 6 103 4.9 14 DK, 7 SE
13 6 117 4.7 14 DK, 7 SE
14 10 108 3.5 19 DK, 7 SE
15 17 103 6.7 29 DK, 7 SE
16 17 114 5.2 29 DK, 7 SE
17 11 93 4.9 15 DK, 7 SE
18 22 124 7.9 29 DK, 7 SE
19 8 133 5.2 14 DK, 7 SE
20 10 94 3.8 14 DK, 7 SE
21 22 86 5.7 29 DK, 7 SE
22 6 85 3.9 14 DK, 7 SE
23 17 65 5.6 29 DK, 7 SE
24 14 55 4.2 14 DK, 7 SE
25 6 80 2.9 14 DK, 7 SE
26 10 59 4.6 29 DK, 7 SE
27 13 44 7.9 29 DK, 7 SE
28 12 57 4.3 29 DK, 7 SE
29 19 60 7.9 29 DK, 7 SE
Total 416 3,179 5.9

1BTA = Bos taurus chromosome.
2Length of chromosome bracketed by markers.
3Average across families of number of markers typed as heterozygote in the families included for the chromo-
some.
4Number of families with sons tested in each country: DK = Denmark; SE = Sweden.



the mean of the group of sons of an individual inherit-
ing allele 1. An individual inheriting allele 2 therefore 
has an expected deviation of bi

p( ).  To obtain an esti-

mate of the substitution effect, one should use 2bi
p( ).

The tests conducted were of 2 types. First, a joint 
test was done. An F-statistic was calculated for each 
combination of trait and chromosome but across those 
grandsire families where both marker genotypes and 
STBV were available. Second, within-family tests were 
done: an F-statistic was calculated for those combina-
tions of grandsire family, chromosome, and trait where 
both marker genotypes and STBV were available. The 
significance threshold was determined for each test 
individually by performing a permutation test with 
1,000 permutations (Churchill and Doerge, 1994). A 
QTL was considered significant if it exceeded the 5% 
chromosome-wise threshold in the permutation distri-
bution. For each QTL significant in the joint test, the 
number of grandsire families individually significant at 
a 5% level for a QTL on the same chromosome was 
counted.

Estimates of effect sizes were calculated by taking 
the average of the absolute values of the within-family 

estimates bi
p( )⎡
⎣⎢
⎤
⎦⎥
 weighted by the number of sons across 

for only those families that met 2 criteria: 1) the family 
was significant in the within-family test and 2) where 
the maximum test statistic of the within-family test 
was attained within 25 cM of the location of maximum 
test statistic in the joint test. Effects were standardized 
against the standard deviation of 10 used by the Nordic 
Cattle Genetic Evaluation for the STBV (see http://
www.nordicebv.info/ under “Presentation of EBVs”).

For the set of joint tests, q-values were calculated fol-
lowing the method of Storey and Tibshirani (2003). The 
q-value is an estimate of the probability that a rejection 
of the null hypothesis in a given test would constitute 
a false positive. The q-values were calculated for the 
entire set of P-values across traits and chromosomes 
using the package “qvalue” (http://cran.r-project.org/
web/packages/qvalue/) for the R-package (http://
www.r-project.org).

RESULTS AND DISCUSSION

A total of 26 QTL significant at the 5% chromosome-
wise level were located on 17 different chromosomes in 
this genome scan (Table 2). Among the QTL reported 
here, 8 had effects on FRT, 2 on HST, 5 on NRR, 2 on 
AIS, and 9 on ICF. Effect estimates were in the range 
between 0.2 and 0.5 genetic standard deviations. False 
discovery rates, q-values for these QTL, varied between 
0.133 and 0.471. On some chromosomes, several QTL 

were detected with different traits. If it is assumed that 
these reflect pleiotropic effects of the same underlying 
polymorphism, this provides support for these QTL.

On Bos taurus chromosome (BTA)1, evidence was 
found for the segregation of a QTL for fertility treat-
ments in first lactation (FRT1, P = 0.002) at 132 cM 
and a QTL for ICF (P = 0.022) at 140 cM. Generally, 
reproductive health problems would lead to longer in-
tervals before insemination can occur as well as poten-
tially affect the success of the insemination. This with 
the proximity of the QTL peaks suggests that the QTL 
for the 2 traits may reflect the same underlying genetic 
variation. Schulman et al. (2008) have previously re-
ported QTL for days open (146 cM) and for fertility 
treatments (151 cM) in Finnish Ayrshire cattle.

On BTA2, a QTL for NRRC was detected (P = 0.003 
or q = 0.160) at 3.9 cM in the current study. This is 
close to a QTL reported by Schulman et al. (2008) in 
Finnish Ayrshire cattle for days open at 2 cM on the 
same chromosome.

On BTA4, a QTL was detected (P = 0.028) at 43.2 
cM with a q-value of 0.393. However, no further sup-
port for this QTL was found in the literature.

On BTA7, QTL were detected for AISH (P = 0.035 
or q = 0.425) at 111 cM and HSTH (P = 0.006 or q 
= 0.278) at 96 cM. Boichard et al. (2003) detected a 
QTL for success of insemination in daughters at 120 
cM on this chromosome. Because AIS and insemination 
success will necessarily be related, the AISH hit in the 
present study and the result of Boichard et al. (2003) 
may very well reflect the same genetic variation in the 
Danish-Swedish and French Holstein populations. The 
evidence for concordance with HST is not as strong 
because it is measured only in 7 Swedish families. Out 
of these 7 families, 2 were significant at a 5% level in 
family-wise tests on BTA7.

On BTA9, a highly significant QTL was found for 
IFL in cows (P = 0.001, IFLC) at 50 cM and heifers 
(IFLH, P = 0.018) at 5 cM (i.e., far apart). Schrooten et 
al. (2000) and Holmberg and Andersson-Eklund (2006) 
reported a QTL for NRR near the marker TGLA73 
(77.6 cM). Later, Holmberg et al. (2007) using combined 
linkage and linkage disequilibrium analysis fine-mapped 
this QTL to 27 cM. Holmberg and Andersson-Eklund 
(2006) also reported a QTL for heat intensity near the 
marker BMS817 (42.5 cM). Nonreturn rate and IFL 
are intrinsically, related strongly suggesting that these 
authors may be observing the effect of the same QTL 
that is reported in the current study. The combination 
of low q-value for the IFLC QTL with an aggregation of 
QTL in other studies in the same region suggests that 
this QTL is real.

On BTA10, a QTL was detected for IFLC (P = 0.026) 
at 90.8 cM. For this QTL, 7 grandsires segregated in 
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Table 2. Overview of the QTL for the fertility traits significant in joint test 

BTA1 Trait2 Marker bracket Position3 P-value4 q5 Sires6 and effects7

1 FRT1 BMS918- 132.6 0.002 0.133 6/34
BMS4043 23%

1 ICF BMS918- 140.8 0.022 0.393 6/36
BMS4043 28%

2 NRRC TGLA44 3.9 0.003 0.160 3/21
32%

4 IFLC BMS2646 43.2 0.028 0.393 5/21
29%

7 AISH DIK2895- 111.6 0.035 0.425 4/36
MB057 39%

7 HSTH BMS2258- 95.7 0.006 0.278 2/7
AE129 58%

9 IFLC UWCA9- 50.0 0.001 0.133 3/36
DIK4912 44%

9 IFLH BMS2151 4.9 0.018 0.393 2/36
20%

10 FRT3 CSSM38- 11.1 0.027 0.393 3/34
BMS528 20%

10 IFLC BMS2641- 90.8 0.026 0.393 7/36
BMS614 45%

11 ICF HUJV174- 92.5 0.045 0.471 4/36
TGLA436 31%

12 NRRC BM6108- 40.6 0.018 0.393 4/21
BM860 22%

13 ICF BL1071- 89.7 0.024 0.393 2/21
AGLA232 34%

14 FRT3 RM180 33.3 0.035 0.425 1/24
13%

15 FRT3 BMS820- 98.3 0.023 0.393 5/34
BMS927 18%

17 FRT2 BM1862- 86.3 0.007 0.267 2/20
BM1233 17%

20 FRT2 BMS703- 64.3 0.046 0.471 1/19
BM5004 34%

20 HSTC TGLA126- 43.1 0.026 0.393 2/7
BMS2361 36%

22 FRT1 BM4102 82.9 0.002 0.133 1/19
43%

22 NRRH BM1558- 43.5 0.034 0.425 4/21
BM3628 40%

24 AISC BMS917 6.2 0.016 0.393 3/21
34%

24 ICF ILSTS065- 30.4 0.001 0.133 6/21
BMS1862 28%

25 NRRH ILSTS102- 17.3 0.012 0.393 3/21
BMS2843 42%

26 FRT1 BMS332- 31.7 0.023 0.393 3/34
RM026 27%

26 IFLC BMS882- 53.7 0.038 0.441 5/36
BM804 34%

26 NRRH RME40- 45.7 0.041 0.456 6/36
IDVGA-59 26%

1BTA = Bos taurus chromosome.
2FRT = fertility treatments; ICF = interval from calving to first insemination; NRR = 56-d nonreturn rate; IFL = interval from first to last 
insemination; AIS = number of inseminations per conception; HST = heat strength; C = cow; H = heifer.
3Position of the maximum test statistic on the chromosome.
4P-value for joint test.
5q-value estimating probability of false positive.
6Number of families significant in within-family test/number of families analyzed.
7Average of within-family effect of QTL.



within-family tests. Additionally, BTA10 only margin-
ally fails to achieve significance for AISC (P = 0.077) in 
a joint test. However, out of the 7 sires segregating in 
within-family tests for the IFLC QTL, 5 were also found 
to segregate for AISC in within-family tests. The most 
extreme test statistics for within-family tests for these 
traits were found within a range of 20 cM. A significant 
result was also found for FRT3 (P = 0.027) on BTA10. 
However, the maximum test statistic for FRT3 (11 cM) 
was found far from the maximum for IFLC (90 cM). For 
each of these QTL, the q-value was high (q = 0.399). 
Boichard et al. (2003) reported a QTL for insemination 
success at 95 cM, which provides support to the pres-
ent detection of a QTL for IFLC despite the very high 
q-value of the results reported here.

One QTL was detected on each of BTA11 (q = 0.471), 
BTA12 (q = 0.393), BTA13 (q = 0.393), and BTA15 (q 
= 0.393). Each QTL was only found to be segregating 
in between 10 and 20% of the grandsire families exam-
ined. However, the QTL on BTA12 for NRRC at 49 cM 
is supported by results from Schulman et al. (2008), 
who studied Finnish Ayrshire cattle detecting a QTL 
for days open at 47 cM.

On BTA14, a QTL was detected (P = 0.035) for 
third lactation reproductive diseases (FRT3) at 33 cM, 
but the q-value was high (q = 0.435). Ashwell et al. 
(2004) and Schnabel et al. (2005) detected a QTL for 
pregnancy rate on BTA14 at 11 and 60 cM, respec-
tively. However, these traits are different and the peaks 
are far apart. These findings do not lend much support 
to our results.

On BTA17, a QTL was detected for FRT2 at 86.3 cM 
(P = 0.007). Segregation was detected in only 2 out of 
20 grandsire families examined. Again, the q-value was 
high (q = 0.267). No supporting evidence was found in 
the literature.

On BTA20, 2 QTL were detected for FRT2 (P = 
0.046) at 64.3 cM and HSTC (P = 0.023) at 43 cM, 
respectively. For both these QTL, q-values were high 
(0.471 and 0.391). Only 1 out of 19 and 2 out of 7 
grandsire families examined were segregating. However, 
Boichard et al. (2003) in the French population of Hol-
stein cattle detected a QTL for insemination success at 
75 cM.

On BTA 24, a highly significant (P = 0.001 or q = 
0.133) QTL affecting ICF was detected at 6.2 cM. It 
was found to be segregating in 6 out of 24 grandsire 
families examined. On the same chromosome, a less 
significant (P = 0.016) QTL was located about 24 cM 
apart for AISC. This trait has not been extensively 
studied; therefore, no supporting evidence was found 
in the literature. Nonetheless, the relatively low q-value 
and high number of families found to be segregating 
means that the evidence for this QTL is fairly strong.

On BTA25, a QTL for NRRH was detected (P = 
0.012) at 17.3 cM segregating in 3 out of 21 grand-
sire families examined with a q-value of 0.393. Even 
though the number of families segregating is low and 
the q-value is high, Holmberg and Andersson-Eklund 
(2006) described a QTL for heat intensity at the same 
position.

On BTA26, significant results were found for IFLC 
(P = 0.012) at 53.7 cM, for NRRH (P = 0.041) at 45.7 
cM, as well as for FRT1 (P = 0.038) at 31.7 cM. The 
QTL found for IFLC and for NRRH were found only 8 
cM apart. For IFLC, FRT1, and NRRH, the peaks were 
found less than 25 cM apart. The traits IFLC and NRRH 
both are measures of females’ ability to conceive. It 
could therefore be the same QTL segregating for these 
fertility traits. Taken in isolation, the q-values for these 
QTL results were high (0.399 and 0.456). However, 
considering that the QTL locations for several QTL are 
close to each other, the results in combination become 
more convincing, assuming that they represent effects 
of the same underlying genetic polymorphism. None of 
the other studies reported QTL on this chromosome.

In summary, among the QTL candidates discussed 
combining results from the present study with results 
from the literature, the best evidence was found for seg-
regation of QTL on BTA1 (FRT1; ICF) near 135 cM, 
BTA2 (NRRC) near 4 cM, BTA9 (IFLC) near 50 cM, 
BTA10 (IFLC) near 91 cM, BTA24 (ICF) near 6 cM, 
and BTA26 (IFLC; NRRH; FRT1) near 50 cM. Despite 
high q-values, BTA10 was included in the best evidence 
as the QTL for IFLC and the suggestive QTL for AISC 
were within 20 cM and shared 5 same segregating sires. 
In this study, BTA26 was included among the best 
evidence because QTL for IFLC, NRRH, and FRT1 are 
located within 25 cM.

Overlap Between Studies

Generally, the QTL found in different studies were 
not entirely consistent with each other. The best 
overlap between our results and previously published 
results was found with the studies of Boichard et al. 
(2003) and Schulman et al. (2008). Boichard et al. 
(2003) studied the French Holstein population, which 
being of the same breed provides an additional support 
to our findings. Additionally, the overlap between our 
results and the results of Schulman et al. (2008) pro-
vides additional support, considering that they studied 
the Finnish Ayrshire population, a different breed than 
Holstein.

However, power of detection in any of the experi-
ments to detect QTL for low heritability traits is prob-
ably not high. Thereby, the probability of detection of 
the same QTL in different studies gets smaller. Also, 
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trait definitions and strategies for editing phenotypic 
data, especially with respect to the handling of extreme 
records and censored data, differ among studies. This 
in turn may lead to disagreements about the presence 
of QTL. Finally, as can be seen from the q-values calcu-
lated for the results in the present study, a significant 
fraction of the QTL detected must by necessity be false 
positives. If one is willing to assume that closely spaced 
QTL for different traits represent the same underlying 
variation (an assumption that was not tested in this 
study), one can use results from multiple, biologically 
related traits to provide internal corroboration of the 
conclusions reached.

Consistency Between QTL for Heifer and Cow Traits

In this study, different QTL were detected for traits 
measured in cows and heifers. For the traits AIS, 
HST, IFL, and NRR, cows and heifers were analyzed 
separately. In our study, no convincing evidence was 
found for overlap between QTL affecting cow and heifer 
traits. This is consistent with other QTL studies in 
which traits are separated into cow and heifer traits 
(Holmberg and Andersson-Eklund, 2006) even though 
these authors analyzed traits different from the ones 
analyzed in the present study. It agrees with published 
studies of correlations between cow and heifer fertility 
traits. Jamrozik et al. (2005) found a genetic correla-
tion between cows and heifers of 0.60 for NRR and 
0.76 for AIS in Canadian Holstein cattle. Kuhn et al. 
(2006) found a genetic correlation for conception rate 
of 0.39 in American Holstein cattle along with 15 other 
breeds. Oltenacu et al. (1991) reported a genetic cor-
relation between heifer and cow first-service conception 
rate of 0.59 for Swedish Red and White. These numbers 
indicate that fertility characteristics of high-producing 
cows and virgin heifers only share 1/3 or less of their 
genetic variation. Also, studies have incomplete power 
and may detect false-positive results, further reducing 
the fraction of QTL regions overlapping between traits 
recorded in cows and heifers.

CONCLUSIONS

A total of 26 QTL for fertility traits on 17 chro-
mosomes were identified. On each of BTA1, BTA7, 
BTA10, and BTA26, several QTL were detected within 
narrow regions for the fertility traits investigated in 
this study and segregated in several grandsire families. 
Additional support was found for the segregation of 
QTL for fertility traits on BTA2, BTA9, and BTA24. 
Considerable overlap was found between the results in 
the present study on results from previous studies in 
Holstein populations.

Several chromosomes were found to harbor linked 
QTL. It must be investigated whether these represent 
pleiotropic effects of the same underlying genetic varia-
tion or whether they represent linked genetic polymor-
phisms. This could be done by analyzing the relevant 
QTL regions within a variance components framework 
(Thomasen et al., 2008). This would allow an explicit 
comparison of competing models incorporating either 
pleiotropic QTL or linked QTL. The same approach 
could be taken to examine the QTL detected in this 
study for correlated effects on other traits in the breed-
ing goal. Unfavorable genetic correlations between yield 
and female fertility traits as well as low heritabilities 
of female fertility traits make it difficult to achieve ge-
netic gain on fertility traits using conventional selection 
methods. However, QTL identified in this and other 
studies should be inspected for adverse effects on other 
traits included in breeding goals.
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  ABSTRACT 

  Before implementing selection based on quantitative 
trait loci (QTL) for fertility, it is important to determine 
the existence of correlated effects between the fertility 
QTL and QTL with effects on production traits. When 
a QTL is detected for a trait that is a composite of 
subtraits, it is of interest to validate which of the sub-
traits are affected by the QTL. Phenotypic and marker 
data were collected from 34 grandsire families from the 
Danish Holstein population. First, the trait data for 
“fertility treatments” were separated into their underly-
ing subtraits: uterine infections, antibiotics placed in 
the placenta, and abortions. In addition, retained pla-
centa was selected for analysis because it is related to 
uterine infections. A genome scan was performed using 
416 microsatellite markers for the fertility treatment 
subtraits and retained placenta, and an additional ge-
nome scan for milk production traits conditional on the 
QTL regions for the subtraits and retained placenta 
was conducted. Second, we selected 24 genomic regions 
harboring QTL for fertility traits from a previous study. 
A QTL scan for milk production traits conditional on 
the selected regions was conducted. We found that 16 
selected genomic regions containing a QTL for fertility 
(including the fertility treatment subtraits and retained 
placenta) also harbored QTL for milk yield or milk 
composition traits. Furthermore, 12 QTL regions cor-
responding to 9 different fertility traits (including the 
fertility treatment subtraits) did not harbor a QTL for 
milk production or milk composition traits; that is, the 
region was specific for the fertility trait. The genome 
scan for the fertility treatment subtraits did not cor-
respond to the QTL found for fertility treatments. No 
QTL were detected for the subtrait abortion, however 
genome scans for retained placenta revealed 4 different 
QTL. 

  Key words:    quantitative trait locus ,  female fertility , 
 milk production trait ,  cattle 

  INTRODUCTION 

  During the last decade, the fertility of dairy cows has 
declined while milk production has increased (Aamand 
et al., 2008). The decline in female fertility has forced 
farmers to perform additional inseminations and has 
resulted in greater veterinary costs, increased culling 
rates, and greater replacement costs for the farmer. An 
unfavorable genetic correlation between female fertility 
traits and milk production has been reported, rang-
ing from about −0.2 to −0.5, depending on the trait 
and population (Pryce et al., 1997; Dematawewa and 
Berger, 1998; Roxström et al., 2001). 

  Some authors (e.g., Campos et al., 1994) have re-
ported nonzero genetic correlations between milk 
composition traits and female fertility-related traits, 
indicating that the genetic factors that have favored 
an increase in milk production may underlie, at least 
in part, the decline in female fertility. The antagonistic 
relationship between milk production traits and fertil-
ity traits makes simultaneous genetic improvement of 
both groups of traits more difficult. Molecular genet-
ics tools could be used to facilitate selection of genetic 
determinants by identification of QTL. Then these 
QTL could be incorporated in a breeding scheme by 
marker-assisted selection (MAS), a process that can be 
particularly beneficial for traits with a low heritability, 
such as fertility traits (Dekkers, 2004). 

  Milk production traits have much greater heritability 
values than do fertility traits. The heritabilities for milk 
yield, protein, and fat are in the range of about 0.20 to 
0.40. Meanwhile, fertility trait heritability values fall 
in the range of 0.02 to 0.04 for the Danish Holstein 
population (Aamand et al., 2008). 

  Before implementing selection based on QTL infor-
mation in a breeding scheme, it is important to confirm 
if direct selection for QTL that favor greater fertility 
is hampered by correlated effects between the fertility 
QTL and QTL that influence production traits. One 
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approach would be to search the genome for regions 
with putative effects on fertility traits (Höglund et al., 
2009) and then search only among those identified QTL 
regions for additional effects on other traits such as 
production traits. Conditioning the QTL search for ad-
ditional traits to specific regions increases the power 
to detect QTL for other traits. Thus, when such an 
approach is adopted, multiple testing corrections only 
have to be done over a smaller set of null hypotheses 
instead of for the whole genome. Here, we used this 
approach to investigate the fertility QTL regions de-
scribed by Höglund et al. (2009) as having production 
trait effects.

Höglund et al. (2009) analyzed 12 fertility traits 
measured in the Danish and Swedish Holstein popula-
tion. A scan of the Danish population of dairy cows for 
fertility treatments (FRT) revealed several QTL. The 
FRT trait, however, is composed of several subtraits, 
each of which could affect reproductive efficiency. 
These subtraits were divided into 3 groups: infectious 
reproductive disorders, other reproductive disorders, 
and hormonal reproductive disorders. It is unknown 
which of these subtraits describe the QTL found for 
FRT. Therefore, the trait FRT was decomposed into 
its underlying subtraits: uterine infection, antibiotics 
placed in the placenta (endometritis and metritis), 
and spontaneous abortions. In addition, the genome 
was also scanned for retained placenta (RP). Retained 
placenta can lead to the development of endometritis 
and metritis, which can impair the reproductive perfor-
mance of the cow (LeBlanc, 2008). Retained placenta is 
therefore related to the trait FRT, as endometritis and 
metritis are part of FRT.

In this study, we performed a genome scan to identify 
QTL for FRT subtraits, abortion, and RP in the Dan-
ish Holstein population. Genomic regions previously 
identified as harboring QTL for fertility traits (Höglund 
et al., 2009) and the genomic regions identified in this 
study were then scanned for QTL for milk yield and 
milk composition traits.

MATERIALS AND METHODS

Danish Holstein Population

Marker and phenotypic data were collected from the 
Danish Holstein-Friesian population according to a 
granddaughter design (Weller et al., 1990). The popula-
tion consisted of 34 grandsire families. The number of 
sons tested per grandsire ranged from 16 to 105 with an 
average of 55 sons per grandsire family. In total, 1,888 
sons were genotyped. Bos taurus autosomes (BTA)1, 
BTA3, BTA5, BTA7, BTA8 to BTA11, BTA15, BTA16, 
BTA18, BTA21, BTA23, BTA26, and BTA29 were 

typed for all 34 families. Chromosomes BTA2, BTA4, 
BTA6, BTA14, BTA19, BTA20, BTA22, BTA24, and 
BTA25 were typed for 19 families, and BTA17 was 
typed for 20 families.

Phenotypic Data

Fertility Treatments. Fertility treatments were 
previously analyzed by Höglund et al. (2009). Because 
of differences between the Danish and Swedish record-
ing systems regarding fertility treatments (FRT1, 
FRT2, and FRT3, for first, second, and third lactation, 
respectively), only records from Denmark were used in 
this study (Höglund et al., 2009). In Denmark, fertility 
treatments are recorded by veterinarians and trained 
AI technicians. Fertility treatment records include data 
describing hormonal reproductive disorders, infective 
reproductive disorders (including uterine infection 
and antibiotics placed in the placenta and other re-
productive disorders (including abortion). The unit of 
measurement was treated or not treated (1 or 0) for 
any of the recorded diseases. Single-trait breeding value 
(STBV) for fertility treatments was predicted sepa-
rately for first, second and third lactation, using the to-
tal number of individual records within lactation. For a 
detailed overview of the phenotypes recorded and mod-
els used in breeding value prediction, see http://www.
nordicebv.info/Routine+evaluation/Fertility+traits/
Fertility+traits.htm.

Decomposed Fertility Treatments. The STBV for 
the subtraits included in FRT were calculated across 
lactations because the frequency of the underlying 
traits was too small to have reliable EBV for the indi-
vidual lactations. The 3 main components of FRT were 
infective reproductive disorders, other reproductive 
disorders, and hormonal reproductive disorders.

Infective Reproductive Disorders. Uterine infec-
tion and antibiotics placed in the placenta are related 
and had a total frequency of 3.9%. Uterine infection and 
antibiotics placed in the placenta combined (FRTA) 
was coded as a binary trait: if a cow had no uterine 
infection and no antibiotics placed in its placenta, the 
trait value for FRTA was 0; otherwise, the value of 
FRTA was 1. The remaining diseases underlying infec-
tive reproductive disorders had a frequency less than 
0.5% per lactation. No reliable breeding values could be 
calculated for these disorders.

Other Reproductive Disorders. Abortion had 
an overall frequency of 1.5% per recorded pregnancy. 
Two genetic components of abortion were studied: The 
direct abortion (DA) effect is the effect of a sire’s genes 
acting through the genotype of the fetus and is mea-
sured as the abortion rate among pregnancies sired by 
a particular sire. The maternal abortion (MA) effect 
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represents the effect of a sire’s genes acting through the 
genotype of his impregnated daughters. It is measured 
as the abortion rate among pregnancies of heifers sired 
by the sire in question. Daughter group averages were 
calculated from the Danish Holstein-Friesian popula-
tion. These daughter group averages were based on the 
abortion frequencies defined as the number of abortions 
divided by the total number of pregnancies (the sum of 
the numbers of calves born and abortions). The daugh-
ter group averages were calculated using annual calving 
data from January 1991 to December 2005.

Hormonal Reproductive Disorders. The fre-
quency of cysts and cysts with hormone treatment was 
0.68% and was therefore considered too small to predict 
breeding values reliably.

RP. Retained placenta was measured as a binary 
trait with a value 0 or 1 and occurred at a frequency 
of 7.8%. The STBV for these traits were predicted 
using a single-trait repeatability linear sire model in-
cluding year-month, herd-year, calving-age, lactation, 
cow (permanent environment), sire, breed-proportion 
and heterozygosity, based on the data pooled over the 
first 3 lactations using the DMU package (Madsen and 
Jensen, 2007).

Production Traits. Production traits in the analy-
sis were milk yield, protein yield, fat yield, fat percent-
age, and protein percentage. Phenotype recording and 
models used in breeding value prediction for fat and 
protein percentage were as described in Danish Cattle 
Federation (2006). Meanwhile, the phenotypes used for 
milk yield, protein yield, and fat yield were EBV cal-
culated using a single-trait BLUP sire model, without 
consideration of family structure among sires and cor-
relations among the traits.

Fertility Traits. The QTL regions focused on in this 
study were identified based on prior data (Höglund et 
al., 2009). The fertility traits were predicted separately 
for cows (C) and heifers (H) for number of insemina-
tions per conception (or culling) (AISC and AISH), 
56-d nonreturn rate (NRRC and NRRH) and length 
in days of interval from first to last insemination (IFLC 
and IFLH). Length in days of the interval from calving 
to first insemination (ICF) is only defined for cows. 
Detailed information on these traits can be found in 
Höglund et al. (2009).

Marker Data

The total length of the bovine genome is 3,179 cM. 
The genome was screened using 416 microsatellite 
markers with an average marker spacing of 7.64 cM. All 
29 autosomes were typed for an average of 14 markers. 
Höglund et al. (2009) gives a detailed description of the 
markers and sire families used for each chromosome.

QTL Mapping Scheme

A whole-genome scan was performed for abortion 
traits (DA and MA), FRTA, and RP. Genomic regions 
harboring a fertility associated QTL based on our prior 
study (Höglund et al., 2009) and the results of the ge-
nome scan for FRTA and RP were selected and scanned 
for production traits within the marker bracket given 
in our previous report (Höglund et al., 2009). A single 
marker analysis was performed in cases where a QTL 
peak was located at the end of the chromosome outside 
the region covered by microsatellite markers in the ge-
nome scan, or the QTL peak was located at the marker. 
In total, 27 regions in the cattle genome containing a 
QTL for a fertility trait or a fertility treatment trait 
were scanned (Table 1).

QTL Analysis

The traits were analyzed employing a linear regres-
sion mapping procedure adapted from Haley and Knott 
(1992). All QTL analyses were done using the GDQTL4 
program (unpublished; source code available from the 
author, Bernt.Guldbrandtsen@agrsci.dk), which deter-
mined linkage phases of the markers in the grandsires 
based on the marker types of the sons. Marker allele 
frequencies were estimated using an expectation–
maximization algorithm (Dempster et al., 1977). Seg-
regation probabilities were calculated using all marker 
genotypes on the chromosome simultaneously, together 
with allele frequencies where segregation was ambigu-
ous. Phenotypes were then regressed on the segregation 
probabilities. The following regression model was ap-
plied in analyses on both across and within families:

 Y b X eij i i
p

ij
p

ij
p= + +μ ( ) ( ) ( ), 

where Yij is the single-trait EBV of son j of grandsire i; 
μi is the overall mean of grandsire family i; bi

(p) is the 
regression coefficient within grandsire i at position p; 
Xij

(p) is the probability that QTL allele 1 (using an arbi-
trary labeling of chromosomes) being transmitted from 
grandsire i given all the informative markers of son j; 
and eij

(p) is the residual effect given QTL position p.
Test for Whole-Genome QTL Detection. Two 

types of tests were conducted: a joint test and within-
family tests. For the joint test, an F-statistic was cal-
culated for each trait-chromosome combination across 
those grandsire families where both marker genotypes 
and STBV were available. For the within-family tests, 
an F-statistic was calculated for each grandsire family-
chromosome-trait combination, where both marker 
genotypes and STBV were available. The significance 
threshold was determined for each test individually by 
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performing a permutation test with 1,000 permutations 
(Churchill and Doerge, 1994). A QTL was considered 
significant if it exceeded the 5% chromosome-wise 
threshold in the permutation distribution. For each 
QTL that was significant in the joint test, the number 
of grandsire families individually significant at a 5% 
level for a QTL on the same chromosome was counted.

Test for Specific Area QTL Detection. Similar 
tests were performed as for the whole-genome scan, but 
the significance threshold for each test was determined 
individually from the outcome of a permutation test 
with 1,000 permutations based on a smaller interval 
(Churchill and Doerge, 1994).

RESULTS

Decomposed Fertility Treatments and RP

The genome was scanned for FRTA and RP traits 
(Table 1). This scan revealed a QTL on BTA1 for 
FRTA at 53.2 cM. Within a region of 22 cM, QTL for 
RP (116.2 cM) and FRTA (119.0 cM) were detected on 
BTA6. On BTA10, a QTL was detected for RP located 
at 100.1 cM. On BTA18, a QTL for RP was detected 
at 83.3 cM. On BTA22, a QTL was detected for FRTA 
and RP at 83.3 cM. Only the QTL for the fertility sub-
traits on BTA22 coincided with the QTL for FRT1. The 
positions found on BTA1, BTA6, BTA10, and BTA18 
did not coincide with the QTL detected for fertility 
treatments in an earlier study (Höglund et al., 2009).

Abortion Traits

The frequency of both DA and MA from 1999 to 
2005 ranged from 1 to 2% in the Danish Holstein popu-
lation. No QTL exceeding the 5% chromosome-wise 
significance level were detected for either DA or MA in 
the Danish Holstein cattle population.

Decomposed Fertility Treatments, RP,  
and Production Traits

Screening the selected regions of the fertility treat-
ments (Table 1) for QTL of production traits revealed 
6 QTL regions for fat yield on BTA1, BTA10, BTA14, 
BTA17, BTA20, and BTA26, respectively. Three regions 
were detected for fat percentage, on BTA14, BTA20, 
and BTA26, respectively. For protein yield, 1 region 
was detected on BTA26. Four regions were detected 
for protein percentage on BTA10, BTA14, BTA15, and 
BTA20, respectively. Screening for milk yield revealed 
3 regions, located on BTA15, BTA17, and BTA26, re-
spectively.

Fertility Traits and Production Traits

The QTL regions for fertility traits were further 
scanned for fat yield, fat percentage, protein yield, 
protein percentage, and milk yield (Table 1). This scan 
revealed 2 significant regions for fat yield on BTA1 and 
BTA26. Three significant regions for fat percentage 
were detected: 1 region on BTA26 and 2 regions on 
BTA24. Two significant regions for protein yield were 
detected: 1 on BTA24 and 1 on BTA26. Two significant 
regions for protein percentage were detected on BTA9 
and BTA10, respectively. A scan of the fertility QTL 
regions for milk yield revealed 1 region on BTA26.

DISCUSSION

For this study, we selected 27 genomic regions har-
boring QTL for fertility traits and screened them for 
different milk production traits. Screening small areas 
of the genome is advantageous because the maximum 
F-statistic in tests with permuted data occurs over a 
narrower range, leading to more liberal test thresh-
olds.

Decomposed Fertility Treatments and RP

To understand the FRT1, FRT2, and FRT3 traits, 
2 underlying components with the highest frequency 
(uterine infection and antibiotics placed in the pla-
centa) were used to compose 1 combined trait over 3 
lactations (FRTA). The advantage of combining the 3 
lactations is that the frequencies of the fertility treat-
ment indices are higher, which results in more reliable 
breeding values.

The frequencies for the groups “hormonal reproduc-
tive disorders” and “other reproductive disorders” were 
too small to predict breeding values reliably. However, 
the 2 QTL for FRTA did not overlap any of the QTL 
detected for FRT in our prior study (Höglund et al., 
2009). Several factors could explain the lack of overlap-
ping QTL. The QTL of the composite trait may have 
been caused by another subtrait that we could not test 
because of the unreliable breeding values. Alternatively, 
combining the 3 lactations as we did could have diluted 
the effects of the subtraits and prevented detection of 
a QTL. Finally, it could be that because of the low 
frequencies, the QTL for the composite trait is a false 
positive. Because of this uncertainty, we suggest using 
caution when interpreting the QTL for FRT.

Retained placenta is not used in the fertility treat-
ments trait in the Danish breeding value estimation, but 
it can be considered as a pre-stage of uterine infection 
(LeBlanc, 2008). Quantitative trait loci for the trait RP 
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were detected on 4 different chromosomes. The location 
of the RP QTL on BTA10 is only 10 cM from IFLC. 
This result is interesting given that the interval from 
first to last insemination is extended when problems 
arise after calving because of RP. Retained placenta is 
associated with the same marker (BM4102) as FRT1 on 
BTA22, even though RP is not a subtrait of FRT. Uter-
ine infection-related trait is part of FRT. Further stud-
ies are necessary to validate whether the QTL found 
on BTA22 for RP is the same as the QTL for FRT1. 
Moreover, Thomasen et al. (2008) found a QTL for calf 
size in the adjacent chromosomal region. In the latter 
study, these authors found direct and maternal genetic 
components on calf size in adjacent marker brackets. 
We also previously found a QTL for NRR in the same 
adjacent region (Höglund et al., 2009). All of these 
findings were obtained within an approximately 40-cM 
segment. If confirmed by fine mapping, this could be 
of great advantage because these QTL could be used 
without conflicting with milk production traits in the 
Danish Holstein population.

Fertility treatment as a trait has also been measured 
in Sweden (Holmberg and Andersson-Eklund, 2006) 
and Finland (Schulman et al., 2008). However, the un-
derlying treatments of the cows registered for the trait 
“fertility treatments” differed between the 2 Scandina-
vian countries (Johansson, 2007). This fact implies that 
even though the traits have the same name, they are not 
actually the same, which is supported by study results 
that showed no overlapping QTL between the Swedish 
and Finnish study (Holmberg and Andersson-Eklund, 
2006; Schulman et al., 2008). Similarly, the Danish 
fertility trait QTL locations did not overlap with the 
Finish QTL locations (Schulman et al., 2008). However, 
the Swedish study found QTL for fertility treatments 
when co-factors were used in the QTL analysis (Hol-
mberg and Andersson-Eklund, 2006), but only 1 QTL 
(BTA22) had an overlapping position with the Danish 
study.

Abortion

Because early abortions are difficult to detect, regis-
tration of abortions can be inaccurate. A cow could be 
registered as not pregnant while experiencing an early 
abortion. Hence, the reported frequency may be smaller 
than the true abortion frequency. The data obtained 
from the Danish Holstein cattle population had a small 
frequency of abortion and a low estimated heritability 
(0.075%; G. Su; unpublished data). This small herita-
bility value could explain, at least in part, why no QTL 
for abortion were detected in our study.

Overlapping Regions for Fertility Trait QTL  
and Production Trait QTL

Five regions showed evidence of QTL for more than 2 
milk production traits. These regions were localized to 
BTA26, BTA20, and BTA14.

BTA26. On BTA26, 3 regions harboring QTL for 
IFLC, NRRH, and FRT1 were selected based on a prior 
study (Höglund et al., 2009). Scanning these regions 
for milk production traits revealed QTL for fat yield, 
fat percentage, protein percentage, and milk yield in 
all 3 regions. Prior QTL studies have also found milk 
production traits segregating on BTA26 for different 
breeds (http://genomes.sapac.edu.au/bovineqtl/home.
php). However, most of the QTL found in other studies 
are not located at the same position as the QTL in our 
study. The overlapping regions of the fertility traits are 
within a 25-cM interval on BTA26. In another study 
based on the same animal material, it was shown that 
BTA26 also harbored a QTL for clinical mastitis in 
the same region (Lund et al., 2008). This convergence 
of findings implicates BTA26 as a prime candidate for 
further fine mapping.

BTA20. A QTL for FRT2 was detected on BTA20. 
We also detected QTL for fat yield, fat percentage, and 
protein percentage in this region. These findings are in 
agreement with studies showing QTL for milk yield and 
fat yield in the same region (http://genomes.sapac.edu.
au/bovineqtl/home.php). However, a QTL for protein 
percentage had not previously been detected in this 
region.

BTA14. A QTL for FRT3 was detected on BTA14. 
We detected QTL effects on fat yield, fat percentage, 
and protein percentage in this region. Although the 
diacylglycerol O-acyltransferase (DGAT1) gene is not 
close, these fat and protein effects on BTA14 could be 
due to a DGAT1 gene effect. Many studies have shown 
milk or milk composition traits effects on BTA14 
(http://genomes.sapac.edu.au/bovineqtl/home.php). 
A QTL for protein percentage has also been described 
in the US cattle population (Schnabel et al., 2005). 
Different markers were used in the US study, but a 
comparison of the bovine map location of these mark-
ers suggests that the QTL position is near the region 
we detected. A scan of the Finnish Ayrshire breed for 
milk production QTL also revealed QTL for fat yield, 
fat percentage, and protein percentage in this region 
(Viitala et al., 2003). Although different markers were 
used, a comparison of the marker positions based on the 
bovine map showed that the QTL positions reported by 
Viitala et al. (2003) were close to those detected in 
the present study. The regions with overlapping QTL 
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for fertility traits and production traits influence both 
group of traits. Fine mapping of the areas with overlap-
ping QTL could provide insight to whether the fertility 
QTL and milk production QTL are regulated by one 
gene or by linkage.

Specific Regions for Fertility Trait QTL

Another 12 regions for 9 different fertility traits were 
believed to be fertility-specific QTL because no QTL 
for milk production traits were detected in these areas. 
The traits (and respective regions) were NRRC (BTA2, 
BTA12), NRRH (BTA22, BTA25), IFLC (BTA4), IFLH 
(BTA9), AISH (BTA7), ICFC (BTA11, BTA13), RP/
FRTA (BTA6), FRT1/RP (BTA22), and FRT1 (BTA1). 
The QTL in these regions specifically influence fertility 
without influencing milk production traits in the Dan-
ish Holstein population.

The Use of QTL in Selection

Using genomic information in a breeding setting 
could facilitate early selection of those animals with 
the best potential for breeding. However, understand-
ing the influence of a specific region on different traits 
could be used to select better combinations of regions 
and improve traits of interest. The results of our study 
provide information that allows a partial separation of 
milk production and fertility traits. Overlapping QTL 
regions for fertility traits and production traits can be 
evaluated for use in breeding using dense SNP typing. 
The resulting data will provide more-detailed insights 
into the nature of the overlapping QTL. Any linked 
QTL can then be separated and implemented to improve 
fertility without affecting production characteristics.

CONCLUSIONS

In this study, we found 12 QTL regions with effects 
on 9 different fertility traits (including the fertility 
treatment subtraits) that did not harbor any QTL for 
milk production or milk composition traits. Hence, 
the fertility QTL appear specific to the fertility traits. 
An additional 16 selected genomic regions containing 
QTL for fertility (including the fertility treatment sub-
traits) also harbored QTL for milk production or milk 
composition traits. The trait “fertility treatments” was 
decomposed into its underlying components: infective 
reproductive disorders, other reproductive disorders, 
and hormonal reproductive disorders. The genome scan 
for the fertility treatment subtraits did not correspond 
with the QTL found for fertility treatments. No QTL 
were detected for the subtrait abortion. Scanning the 

genome for the trait retained placenta revealed 4 dif-
ferent QTL.
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Abstract
A reliable way to confirm a discovered association between genetic markers and phenotypes is to 
validate the results in different populations. Therefore, the objective of this study was to validate 
female fertility associations identified in the Nordic Holstein cattle population in the Nordic Red 
and Jersey cattle breeds. In the present study, we used data from 3,475 Nordic Holstein sires to 
discover associations between single nucleotide polymorphisms (SNPs) and eight female fertility-
related traits. The animals were genotyped using a BovineSNP50 Beadchip, and a total of 4,474
significant associations between SNPs and eight fertility traits were observed in Nordic Holsteins.
These significant associations were then validated in the Nordic Red (4,998 sires) and Jersey (JER) 
(1,225 sires) dairy cattle populations. We were able to validate 836 of the SNPs discovered in 
Nordic Holstein cattle in the NR population, as well as 686 SNPs in the JER population. Out of 
these 1,522 validated SNPs, 152 could be confirmed in both the NR and JER populations. The
validation of these SNPs in multiple populations yields a high degree of confidence that these 
markers are associated with female fertility in dairy cattle.

Introduction
There is often pronounced disagreement between different populations in the results obtained from
genome-wide association studies (GWAS). Validation of association studies is therefore desired
before marker information is incorporated in selection decisions, or before large sums are invested 
into identification of causal factors. The probability of observing spurious associations between a 
particular trait and SNPs in multiple populations by chance is small, particularly if significant 
associations are confirmed in two or more validation populations or breeds [1,2].
As a result of the widespread use of artificial insemination (AI), effective dairy cattle population 
sizes are relatively small. This has had an effect on patterns of linkage disequilibrium (LD) in dairy 
cattle breeds. For example, The Bovine Hapmap Consortium [3] reported low but non-zero levels of 
LD of up to 1,000 kb in several dairy breeds, in contrast to humans in which LD is found only up to 
tens of kb [4]. Because GWAS exploits LD, it should be possible to find significant associations in 
dairy cattle with markers positioned every 100 kb or so [5]. On the other hand, the level of LD also 
limits the precision of the QTL location, as SNPs at longer distances will exhibit association due to 
extended LD with causal mutation. This extended LD is not expected to exist across breeds,
therefore across-breed validation of associations may help to narrow down the QTL interval.
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Cattle breeding organizations in Denmark, Sweden and Finland participate in a joint breeding value 
estimation system, known as the Nordic Cattle Breeding Evaluation (NAV). Trait definitions are 
standardized across the countries and collected data is housed in a centralized database. The 
increased total number of records in pooled datasets allows for reliable detection of associations for 
traits with low heritability. NAV undertakes breeding value estimation for three breeds: Nordic 
Holstein (NH), Nordic Red (NR) and Jersey (JER). The standardized phenotype recording for 
female fertility traits across these three breeds provides unique data for discovering and validating
female fertility associations. The objective of this study was to detect associations for female 
fertility traits in the NH population and to validate the discovered associations in the NR and JER
breeds.

Materials and Methods
DNA was extracted from semen samples from sires for genotyping in a previous project, so no 
ethical approval was required for this study.

Animals and phenotype data
Data from three Nordic cattle breeds was used in this study. A total of 3,475 NH sires from 
Denmark, Sweden and Finland with official breeding values for female fertility traits were used to 
discover associations. Data from NR and JER cattle was used for population validation. There were 
4998 and 1225 individuals with official breeding values in the NR and JER breeds, respectively. 
The numbers of animals with official breeding values for each of the eight fertility-related traits for
the three breeds studied are presented in Table 1. Single-trait breeding values (STBV) were 
predicted for each animal using first to third parity data with best linear unbiased prediction 
procedures and a sire model where sires were treated as unrelated. This means that the STBV of a 
sire is predicted from its daughters’ information only. These STBVs were generated specifically for 
QTL mapping studies by the Nordic Cattle Genetic Evaluation company 
(http://www.nordicebv.info), and were adjusted for the same systematic environmental effects as in 
official routine evaluations. The traits evaluated included: number of inseminations per conception 
(AIS), 56-day non-return rate (NRR), days from first to last insemination (IFL), and the length in 
days of the interval from calving to first insemination (ICF). The Nordic female fertility index (FTI) 
is a compound index, based on data collected from Denmark (since 1985), Sweden (since 1982) and 
Finland (since 1994). The traits included in the FTI included: AIS in cows and heifers; ICF in cows; 
IFL in cows and heifers; NRR in cows and heifers; and heat strength (HS) in cows and heifers. FTI 
is meant to reflect the ease with which a cow or heifer was able to conceive. The economic value of 
HS and NRR were set to zero and therefore had no weight in the FTI. With the exception of ICF, 
STBVs from the national evaluation were available for both 1st parity animals (heifers, suffixed H) 
and 2nd and 3rd parity animals (cows, suffixed C). For details regarding the phenotypes recorded and 
models used in routine breeding value prediction, see http://www.nordicebv.info.

SNP chip and genotyping
All animal samples were genotyped using the BovineSNP50 beadchip (Illumina, San Diego, CA), 
which assayed 54,001 SNP markers with a median interval of 37 kb between SNPs [6]. For these 
experiments, genomic DNA was extracted from whole blood or semen. The Illumina® Infinium II 
multi-sample assay protocol was followed to prepare SNP chips for scanning using the iScan 
imaging system. Analysis was performed using Beadstudio software (version 3.1). The quality 
parameters used for selection of SNPs in the study were minimum call rates of 85% for individuals 
and 95% for loci. Marker loci with minor allele frequencies (MAFs) below 5% were excluded. The 
minimum acceptable GC score [7] was 0.60 for individual typing, and individuals with average GC 
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scores below 0.65 were excluded. SNP positions within a chromosome were designated according 
to the Bos taurus genome UMD3.1 assembly [8]. After filtering for poor quality data, a total of 
38,545 SNPs on 29 bovine autosomes (BTAs) were used to determine associations in the NH
population. NR and JER individuals were genotyped with the same BovineSNP50 beadchip and the 
quality control standards used for the NH population were used. However, only SNPs that showed 
genome-wide significant associations in the discovery population (in NH) and also passed the 
within-breed quality control criteria for genotypes were tested in the two validation populations. 

Statistical analysis
An SNP-by-SNP analysis was carried out in which each SNP was tested in turn for association with 
phenotypes. The following linear mixed model was used to estimate SNP effects in the NH
population: = + + +
Where yij was the single trait estimated breeding value of individual j, belonging to the half-sib 

ij was the number of 
copies of an allele (with an arbitrary labeling) of the SNP count in the individual j (corresponding to 
0, 1, or 2 copies), and si was the random effect of the i-th half-sib family and assumed to have 
covariances according to the relationship among sires. For example,  s={si} is normally distributed 0, , where    is the polygenic genetic variance and  is the additive relationship 
matrix among the sires derived from the pedigree, and eij was a random residual of individual i,
assumed to follow a normal distribution with mean zero and unknown variance. Testing was done 
using a t-test against a null hypothesis of H0: b = 0. The significance threshold was determined 
using a Bonferroni correction (within trait using 38,545 SNP markers). The genome-wide 
significance threshold was 1.3x10 -6, and was calculated by dividing the nominal significance 
threshold of 0.05 by the total number of SNPs included in the analysis. 

Validation of associations
The genome-wide significant SNPs were selected from the NH discovery population. These SNPs 
were then tested in the NR and JER populations using the same model as that described above for 
NH. For the NR population, an additional fixed effect of breed was fitted as individuals in this 
population are derived from Danish Red, Swedish Red and White, and Finnish Ayrshire breeds. A 
stringent threshold for validation study will result in a few validated associations. As we have used 
a stringent criterion in the discovery population, a nominal threshold of P < 0.05 was used in the 
validation populations. Therefore, if an SNP showed a genome-wide significant association for a 
trait in the NH population, and also showed a nominally significant association (P < 0.05) for the 
same trait in the NR and JER populations, the association was considered validated. 

Results and Discussion
The present association study identified a total of 4,474 genome-wide significant SNPs associated 
with eight female fertility traits in the NH population (Table S1). The most significant SNPs 
identified were associated with the FTI (973), IFLC (839), NRRC (758) and ICF (715) traits (Table 
2). In general, more SNPs were detected for cow traits (AISC, IFLC, NRRC) than for heifer traits 
(AISH, IFLH, NRRH). The most significant SNPs were detected on BTA1 (548), BTA3 (368), 
BTA9 (333), BTA8 (288), BTA13 (279), BTA11 (251), BTA4 (219) and BTA26 (201). The lowest 
number of significant SNPs was detected on BTA27 (26) and BTA28 (21).
According to previous studies [2, 9] the only reliable way to confirm associations is to validate the 
results in different populations. We were able to validate 836 SNPs in the NR population and 686 
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SNPs in the JER population. Out of these 1,522 validated SNPs, 152 could be confirmed in both the 
NR and JER populations (Table 2 and S2). The FTI trait had the highest number (34) of validated 
associations across the three breeds, followed by ICF (28). We observed only a few validations
across the three breeds for the AISH (2) and IFLH (9) traits. In this study we used distantly related 
breeds for validation of associations. Therefore, the main reason for failure to validate many 
associations could be due to the fact that some HL associations were not segregating in the JER and 
NR breeds. The power of detecting associations also depends on minor allele frequencies and the 
genetic background. Therefore, the probability of detecting a QTL in three independent populations 
is reduced drastically even if the power to detect the QTL is high in one population. For example, if 
the power to detect a QTL is 80% in all three populations individually, the joint probability of this 
QTL being detected in all three populations is only 51%.
Pryce et al. [10] carried out a study to validate QTLs affecting female fertility (pregnancy within the 
first 42 days of mating). The Holstein cattle were used as the discovery population, while a new 
sample from Holstein and another Jersey population were used to validate associations. However,
they could not validate any SNPs associated with female fertility across breeds. This exposes the 
challenges associated with mapping and validating associations related to female fertility. In 
contrast, we were able to validate a large number of associations due to the availability of large 
samples from three breeds and due to the uniform phenotype definitions across these three breeds.
The correlation between the absolute values of the validated SNP effect sizes was higher between 
the NH and NR (0.18) populations compared to that of the NH and JER (0.10) populations. The 
correlation between the absolute values of the validated SNP effect sizes between JER and NR was 
0.02. The correlations between the absolute effect sizes for the validated SNP-by-trait associations 
were low. This illustrates that marker associations between SNPs and Quantitative Trait 
Nucleotides (QTNs) are generally not well preserved between breeds. This may reflect a closer 
relationship between NH and NR than between NH and JER, in part due to the import of Holstein 
genetics to some portion of the NR breed. The difference in correlations could also be due to a more 
reliable estimate of SNP effects in NH and NR due to the larger sample sizes compared to those for 
the JER population. Pryce et al. [10] also reported a very low correlation (0.04) between absolute 
effect sizes between NH and JER for fertility.
The results from the present study were also compared to previous studies. However, direct 
comparison between the results obtained in this study and those from previous studies is hindered 
by the fact that locations from linkage analyses are mostly given in centimorgans (cM) and do not 
necessarily reflect the same physical location on the genome as the results derived from different 
genome assemblies. There are also differences in trait definitions across countries, which make
comparison difficult.

Fertility QTLs detected
Many significant SNP markers were detected for female fertility traits in this study (Table S1). As 
the aim of our study was to validate significant SNP markers in other breeds, we decided to focus 
on those chromosomes that harbored validated, significant SNP markers in all three breeds. The 
chromosomes harboring multiple QTLs, which were also validated in the NR and JER populations,
were BTA1, BTA4, BTA7, BTA9, BTA11, and BTA13. These chromosomes are discussed in detail 
below.

BTA1
On BTA1 several SNPs were detected with association to seven of the eight fertility traits analyzed 
(AISC, ICF, IFLC, IFLH, NRRC, NRRH, and FTI). For all of these traits, SNPs were confirmed in 
both the NR and JER populations (Table S2). The confirmed SNP markers were concentrated in the 
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range of 77 Mb to 100 Mb for AISC, IFLC, NRRC, NRRH, and FTI, whereas ICF and IFLH had a 
confirmed SNP in the range of 55 Mb to 60 Mb. Interestingly, AISC showed 6 confirmed SNP 
markers (BTA-36624-no-rs, UA-IFASA-6360, Hapmap52416-rs29016842, BTA-13139-
rs29018103, BTB-01195902 and BTA-108728-no-rs) in the area between 77 Mb and 100Mb.
Furthermore, the AISH, IFLH and NRRH traits have their highest peak location in the same area 
(Table S1). The proximity of the concentrated association peak suggests that the associations for 
these traits may reflect the same underlying causative mutations. Previously, Sahana et al. [11]
detected SNP markers associated with FTI within the same area as the SNPs associated with FTI in 
our study. In fact, SNP rs29019866 was found to be significant in both studies. However, a portion
of the NH data used in our study was also used by Sahana et al [11]. Ben-Jemaa et al. [12] detected 
QTLs for non-return rate within the marker brackets INRA073 (78.9 Mb) and BM1824 (132.5 Mb), 
which is in the vicinity of the SNPs associated with FTI in our study. Significant SNP markers for 
AISH were also detected in the Finnish Ayrshire breed at 88 Mb [13], however part of the NR 
validation population used in the present study was also used in this previous study. In addition, a 
QTL was detected at marker INRA073 (78.9 Mb) in French dairy cattle for the trait of success or 
failure of each insemination [14]. Taken together, these findings strongly imply that the areas
between 55 Mb to 60 Mb and 77 Mb to 100 Mb on BTA1 affect fertility in dairy cattle.

BTA4
BTA4 harbored several SNPs with association to five fertility traits (AISC, FTI, ICF, IFLC,
NRRC), which were confirmed in both the NR and JER populations (Additional file 2: Table S2).
The SNPs associated with AISC, FTI, and IFLC showed overlap in the area of 50 Mb, indicating 
that the same genes may play a role in the regulation of these traits. The SNPs detected for ICF
(40Mb) and NRRC (69 – 80 Mb) were on a different location on the chromosome. In the vicinity of 
the associated SNP markers for ICF, a previous study [15] detected a QTL associated with IFLC. In 
addition, SNPs associated with fertility treatments, AISC, and IFLC have been detected on this 
chromosome in the vicinity of the regions found in this study [11]. An SNP association for NRRH 
was previously detected at 35Mb in the Finnish Ayrshire population [13]. In addition, previous 
work detected significant SNP markers linked to SCRN1 in the area of 69 Mb [16], and a QTL for 
daughter fertility on BTA4 was linked to the gene ADCY1 [17]. In the present study, we detected 
SNPs associated with four different fertility traits (FTI, ICF, IFLC and NRRC) near the ADCY1
gene. The fact that the SNPs of these four different traits overlap indicates that these traits can be 
regulated by the same gene(s). Leptin, which is also located on BTA4, is also associated with
fertility [18,19]. Even though validated SNPs were detected in the vicinity of the leptin gene, SNP 
markers within the leptin gene [18] were not present on the SNP array used in this study.

BTA7
On BTA 7 SNP associated with FTI, IFLC, and AISC were overlapping. The same SNP markers for 
each trait could be validated in NR and JER (ARS-BFGL-NGS-81749, BFGL-NGS-119353, BTB-
01207097). The validated SNP markers occurred around 40Mb and 90 Mb. These findings strongly 
suggest that this area of the genome influences female fertility in dairy cattle. A previous study [11]
detected an SNP marker for IFLC, and the same SNP marker (ss117968986) was associated with 
AISC in our study. In addition, a QTL for female fertility was detected close to marker INRA053
on BTA7 [14]. However, the confidence interval was large and therefore it is difficult to tell 
whether these QTLs overlap with the associations found in our study.
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BTA9
SNPs associated with eight fertility traits (IFLC, IFLH, ICF, NRRC, NRRH, AISC, AISH, and FTI)
were detected on BTA9. SNPs for IFLC, NRRC and FTI were validated for all three breeds in the 
area of 90 Mb to 100Mb. Furthermore, SNPs for AISC, IFLC, FTI, and NRRC were validated in 
the range of 55 Mb to 70 Mb, whereas confirmed SNPs associated with ICF were located at 25 Mb 
and 30 Mb. A previous study [11] detected SNPs associated with AISC, FTI and fertility treatments
on BTA9, however none of these SNPs were among the validated SNPs detected in our study. Two 
separate studies [20, 21] detected a QTL for non-return rate near the marker TGLA73 (76.7 Mb), 
which coincides with the BTA9 region containing SNPs detected for AISC, FTI, IFLC and NRRC 
in the present study. Combined linkage and linkage disequilibrium analysis were used to fine-map 
this QTL to 27 cM [22], and a QTL for heat intensity was detected near the marker BMS817 (39.3 
Mb) [21], which coincides with the QTLs we detected for AISH, AISC, FTI, ICF, IFLC, IFLH, 
NRRC, and NRRH.

BTA11
Validated SNPs associated with all eight fertility traits (AISH, AISC, ICF, NRRH, NRRC, IFLC, 
IFLH, and FTI) were detected on BTA11. Markers for IFLH, IFLC and FTI centered in the area of 
80 Mb to 85 Mb, while markers for NRRC and ICF were located in the area of 60 Mb. SNPs were 
also validated in the area between 0 Mb and 33 Mb for NRRC, NRRH, and FTI. Interestingly, the 
NRRC and ICF traits showed overlap on two different regions of the genome with strong 
association in the NH population. However, these markers could not be validated in either the NR 
or JER populations. Even though BTA11 shows many significant SNP markers for multiple traits, 
only a few of them could be validated in the NR and JER breeds (ICF(1), FTI(2), IFLC (1)). A
previous study [15] detected a QTL for ICF in the area of 84 Mb to 90 Mb, and three significant 
SNP markers for daughter fertility were previously detected on BTA11 [17]. One of these SNP 
markers was detected in the area of the validated IFLC SNPs detected in this study (29.0 Mb) and 
one was detected in the vicinity of the SNPs we detected and validated for NRRC and ICF. These 
two SNP markers were linked to the PPM1B and SLC1A4 genes, respectively.

BTA13
We identified 117 significant SNP markers for ICF on BTA13. Of the 117 significant SNP markers,
5 could be validated in both the NR and JER populations. Four SNPs were validated in the area 
from 38 Mb-45 Mb, while one SNP was validated around 65Mb. In a previous study, a QTL for 
ICF was detected between markers BL1071 (71.9 Mb) and AGLA232 (77.6 Mb) by using linkage 
analysis [15]. In addition, Sahana et al. [11] detected SNP markers for ICF on BTA13. Seven of 
these SNP markers were also significant in our study, however none of these markers were 
validated in the NR or JER populations. Schulman et al. [13] also detected a significant association 
with ICF at 18.1 Mb on BTA13, and Huang et al. [23] detected a QTL for fertilization rate (77.0 
Mb and 83.7 Mb) and blastocyst rate (1.8 Mb) on this chromosome. These findings make BTA13 
particularly interesting for further analysis to identify the genes underlying genetic variation in ICF.

Overlap between cow and heifer fertility associations
The genetic correlation between cow and heifer fertility traits varies in the literature but is generally 
low [24, 25]. This indicates that the genes involved in the fertility traits of a heifer are different 
from those of a lactating cow. This is reflected in the results of this association study, in which little 
QTL overlap between cow and heifer fertility traits was found. These results are in agreement with 
those of a previous linkage study in which we detected little QTL overlap between cow and heifer 
traits [15].
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Association analysis model
Complex familial relationships are the primary confounding factor in dairy cattle GWAS studies
[26]. When familial relatedness exists, the linear mixed model that accounts for the relatedness 
among all individuals is a useful approach in reducing the false positive rate [27]. In these analyses, 
a polygenic random effect term is included to represent the family structure. However, this 
approach is computationally challenging for large datasets. A previous study [28] has shown that a 
‘compressed’ model in which individuals are clustered into groups can maintain a power similar to 
the linear mixed model of Yu et al [27]. At the same time, the compressed model markedly reduces
computing time. In these analyses, we have fitted a pedigree-based sire model, which considers the 
relationships among the grandsires to account for the relationship among the half-sib families.
We observed that the distribution of P-values had an intermediate to large genome-wide inflation. 
The lambda-values that reflect the genome-wide inflation of the test statistics [29] ranged from 2.6
to 4.7 for different traits. There are several potential explanations for this. First, the linkage 
disequilibrium in the NH population is extended to a very long range and the effective NH 
population size is around 50 [30]. Therefore, in a single marker analysis, all the SNPs in linkage 
disequilibrium with QTNs will have an effect on the analyses. Therefore, for one causal mutation 
100s of SNPs could show associations with traits. Second, the fertility traits analyses in the present 
study are under intensive directional artificial selection, which can potentially result in genome-
wide inflation of P-values. An artificial selection influencing a smaller subset of loci, which then 
will be different from the general impact of subpopulation divergence on the whole genome. Such 
inflation will differ among traits depending on selection pressure. The highest lambda-value of 4.7 
was observed for FTI, which is a combined index of fertility traits and is in the breeding goal. We 
have not corrected the test statistics using lambda-values. The inflation observed in this analysis is 
more likely due to high LD and artificial selection of the traits rather than to familial sub-structure, 
and the suitability of controlling the inflation through methods like genomic control in such 
situations [29] needs to be studied.

Conclusions
Validation of association studies is important before marker information is incorporated in selection 
decisions or before large sums is invested into identification of causal factors. The present study 
presents strong evidence for association of SNPs with fertility traits across three cattle breeds. We
provide strong evidence that SNPs for many fertility traits are concentrated at certain areas on the 
genome (BTA1, BTA4, BTA7, BTA9, BTA11 and BTA13), and these areas would be highly 
suitable for further study in order to identify candidate genes for female fertility traits in dairy 
cattle.
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Tables

Table 1 - Number of records analyzed for each female fertility trait in three cattle breeds

Trait1 Holstein Nordic Red Jersey
AISC 3,380 4,629 1,127
AISH 3,465 4,436 1,147
ICF 3,384 4,613 1,132
IFLC 3,394 4,637 1,135
IFLH 3,464 4,432 1,145
NRRC 3,394 4,636 1,133
NRRH 3,465 4,437 1,148
FTI 3,475 4,719 1,156

1 AIS: number of inseminations per conception, NRR: 56-day non-return rate, IFL: days from first to last insemination, 
ICF:  length in days of the interval from calving to first insemination, FTI: fertility index. C and H denote whether the 
trait has been measured in cows or heifers, respectively.
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Table 2 - Number of SNP found to be genome-wide significant in Nordic Holstein (NH) discovery 
population and validated at nominal significant level (P < 0.05) in Nordic Red (NR) and Jersey 
(JR).

Trait1 No. of genome-
wide significant 

associations in NH

Validated in  
NR

Validated 
in JR

Validated in 
both NR and 

JR

Chromosome 
where the validated 

SNPs are located

AISC 490 81 79 23 1,2,3,4,5,6,7,8,9,10,
11,13,14,16,18,19,

20,22,23,24,25,26,28

AISH 117 14 22 2 1,2,5,8,9,11,14,17,
19,24,26,29

ICF 715 131 125 28 1,2,3,4,5,6,7,8,9,10,
11,12,13,14,15,16,
17,18,19,20,21,22,

23,24,26

IFLC 839 163 111 18 1,2,3,4,5,6,7,8,9,10,
11,12,13,14,15,16,
17,18,19,20,21,22,
23,24,25,26,27,28

IFLH 148 33 28 9 1,2,4,5,9,11,14,15,
17,18,19,20,22,26,

27,29

NRRC 758 124 85 25 1,3,4,5,6,7,8,9,10,11,
12,13,14,15,16,17,
18,19,21,22,23,24,

25,26,28,29

NRRH 434 68 66 13 1,2,3,4,5,6,7,8,9,10,
11,12,13,14,15,17,
19,23,26,27,28,29

FTI 973 222 170 34 1,2,3,4,5,6,7,8,9,10,
11,12,13,14,15,16,
17,18,19,20,21,23,
24,25,26,27,28,29

1 AIS: number of inseminations per conception, NRR: 56-day non-return rate, IFL: days from first to last insemination, 
ICF:  length in days of the interval from calving to first insemination, FTI: fertility index. C and H denote whether the 
trait has been measured in cows or heifers, respectively.
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Introduction

Genome-wide association studies (GWAS) compare common genetic variants in large numbers of individuals to 
determine whether an association with quantitative trait exists. GWAS have identified thousands of single nucleotide 
polymorphisms (SNPs) across the cattle genome associated with economically important traits in cattle (e.g.).
However, most of the genetic variants detected by these studies are not causal for the traits themselves. Instead they 
are in linkage disequilibrium (LD) with the causal polymorphisms. Most of the GWAS studies in cattle done so far 
have used data from one breed only. In most cases this has been the Holstein Frisian (HF) where the largest datasets 
are available. The low effective population size in HF has results in long-range LD (e.g. Khatkhar et al., 2008; Villa-
Angulo et al., 2009). This limits the studies’ ability to distinguish between casual factors and markers in strong LD 
with causal factors. The limitation can sometimes be overcome by using data from multiple breeds. A second 
limitation of previous mapping studies is that the marker panels used only represent a small fraction of the variants
segregating in the population. Using a panel of individuals with whole genome sequence, in principle all SNP can be 
imputed for all individuals in the mapping population (Deatwyler et al., 2013 Subm). The data thereby comes to 
include the causal variants. Causal effects thereby become identifiable.

Genomic prediction helps to select breeding animals for the next generation more efficiently. Introducing high density 
SNP arrays (777k) did not substantial increase accuracy of genomic predictions in cattle (0.5 to 1%) compare to 
medium density 50K SNP arrays (Su et al., 2012). One of the reasons discussed was the increase in the number of 
unknown parameters to be estimated with high density data. With the availability of full genome sequence data this 
problem increases many folds. However, if the causal mutations underlying female fertility are identified, the
information could be used in a genomic selection scheme where additional weight can be put on certain genomic 
regions /variants which influence female fertility. This would in particular improve predictions over many generations
and across breeds. 

Previously QTL areas influencing female fertility traits have been identified in the Nordic Holstein cattle population 
using the 50 k SNP array (Manuscript III). In this study two of these QTL regions were validated across two other 
breeds, the Jersey and Nordic red cattle population. The validated regions were reanalyzed using HD 777K SNP array 
to further refine the regions. The refined QTL regions were imputed to the full sequence data. The candidate genes in 
the regions were then studied to ascertain their possible effect on fertility traits.

Material and Methods

Animal population
The animal population has been described before in Höglund et al. (Manuscript III, subm.). In short, a total of 3,475 
Nordic Holstein (NH) sires from Denmark, Sweden and Finland with official breeding values for female fertility traits 
were used to discover associations. 4998 Nordic red animals and 1225 Danish Jersey animals were used as the 
validation populations. For further information on animal populations analyzed with 50k SNP array see Höglund et al.
(Manuscript III, subm.)

Phenotypes 
The traits evaluated included: number of inseminations per conception (AIS), 56-day non-return rate (NRR), days 
from first to last insemination (IFL), and the length in days of the interval from calving to first insemination (ICF). 



With exception of ICF, STBVs from the national evaluation were available for both 1st parity animals (heifers, 
suffixed H) and 2nd and 3rd parity animals (cows, suffixed C). For details regarding the phenotypes recorded and 
models used in routine breeding value prediction, see http://www.nordicebv.info .

SNP chip and genotyping
All animal samples were genotyped using the BovineSNP50 BeadChip (Illumina, San Diego, CA), which assayed 
54,001 SNP markers with a median interval of 37 kb between SNPs. For these experiments, genomic DNA was 
extracted from whole blood or semen. The Illumina® Infinium II multi-sample assay protocol was followed to prepare 
SNP chips for scanning using the iScan imaging system. Analysis was performed using Beadstudio software (version 
3.1). The quality parameters used for selection of SNPs in the study were minimum call rates of 85% for individuals 
and 95% for loci. The minimum accepted Gene Call score was 0.60 for individual typing, and individuals with 
average GC scores below 0.65 were excluded. SNP positions within a chromosome were designated according to the 
Bos taurus genome UMD3.1 assembly (Zimin, 2009). After filtering for poor quality data, a total of 38,545 SNPs on 
29 bovine autosomes (BTAs) were used to determine associations in the NH population. 

Sequencing
The sequences for the reference population used for imputation of Nordic animals consisted of the whole genome 
sequence carried out at Aarhus University and in the 1,000 Bull genome project. The sequencing of Nordic bulls at 
Aarhus University, Foulum was done using Illumina sequencers at Beijing Genomics Institute, Shenzhen, China. 
Sequencing was shotgun paired-end sequencing with a read length of 91 base pairs. Fastq data were converted from 
Illumina to Sanger quality encoding using a patched version of maq (Li et al., 2008). They were aligned to the 
UMD3.1 assembly of the cattle genome (Zimin et al., 2009) using bwa (Li & Durbin, 2009) version 0.6.2. They were 
converted to raw BAM files using samtools (Li et al., 2009). Quality scores were re-calibrated using the Genome 
Analysis Toolkit (McKenna et al., 2010) version 1.6’s following the Human 1000 Genome guidelines incorporating 
information from dbSNP version 133 (Sherry et al., 2000). Sequences were realigned around insertion/deletions using 
the Genome Analysis Toolkit version 1.6. Variants were called using the Genome Analysis Toolkit version 1.6’s 
UnifiedGenotyper. Genomes for the 1,000 Bull Genomes project were sequenced in a number of laboratories and 
collected in Dept. of Primary Industries, Victoria, Australia. Data processing was standardized. Sequences were 
aligned to the same reference genome as used at Aarhus University using versions of bwa. Variant calling was done 
using samtools’s mpileup function. Variant Call Files from Aarhus University and the 1,000 Bull Genomes project 
were combined using the Genome Analysis Toolkit’s CombineVariants with precedence given to calls from the 
Nordic dataset for animals appearing in both datasets.

Imputation HD and Sequence data
The imputation of 50K SNP to the full sequence was done in two steps. First in another study (N.K. Kadri, pers. 
comm.), the 50K genotypes (46,702 SNPs after quality control) for 12,322 Nordic bulls were imputed to HD 
genotypes (734,077 SNPs) using the software IMPUTE2 (Howie et al., 2009). The reference population with HD 
genotypes was available for 2036 bulls (902 Holstein, 735 Nordic Red and 399 Danish Jersey). In the second step of 
imputation, the 12,322 bulls imputed to HD genotypes were further imputed to the full sequence level. The whole 
genome sequences from 253 dairy cattle were used as reference to impute the imputed HD data to the whole genome 
level using the software Beagle (Browning & Browning, 2009). For imputation from HD to sequence data, 
chromosomes were divided into chunks of about 20,000 consecutive markers with an overlap of 250 markers at each 
end to minimize imputation error at ends of the chunks. The number of SNPs after imputation to BovineHD chip was 
648,219. 



The 253 dairy cattle sequences originated from a combination of sequences processed at Aarhus University and 
sequences from the 1,000 Bull Genomes dataset. Only polymorphisms identified both at Aarhus University dataset
and the 1,000 Bull Genomes dataset were imputed. For positions containing both a SNP and an INDEL, the INDEL 
was deleted. SNPs at positions with disagreements between alleles from sequence and HD data were deleted. The 
reference data was pre-phased with Beagle v3.3.2 (Browning & Browning, 2009) and all markers with an r2 value 
below 0.9 were removed. This left a total of 16,374,063 markers for chromosomes 1-29.

Statistical method for Association analysis
The association between the SNP and the phenotype was assessed by a single-locus regression analysis for each SNP 
separately, using a linear mixed model (Yu et al., 2006). The model was as follows:= + + +  
where y is the vector of phenotypes (de-regressed EBV), is a vector of ones with length equal to the number of 
observations, is the general fixed mean, is a vector of 
marker effect, is a scalar of the associated additive fixed effect of the SNP, is an incidence matrix relating 
phenotypes to the corresponding random polygenic effect, is a vector of the random polygenic effect with a
multivariate normal distribution N( ,    ) where is the additive relationship matrix and     is the polygenic 
variance, and is a vector of random environmental deviates with a normal distribution ( ,    ) where    is 
the error variance and is the diagonal matrix containing weights of the de-regressed estimated breeding values. The 
model was fitted by REML using the software DMU (Madsen and Jensen, 2011). The standard error of the fixed 
effect estimates was obtained from DMU. Testing for the presence of an effect of a marker was done using a Wald test 
against a null hypothesis of H0: g = 0.

Variant annotation
Variants were annotated using Variant Effects Predictor (McLaren et al., 2010) version 2.8. The underlying databases 
correspond to ENSEMBL databases version 70.

Results
Based on the association analysis for female fertility trait using the 50k SNP array, two genomic regions were selected 
for further fine-mapping. The regions are located on BTA4 and on BTA13. SNP markers in these areas were validated 
in three breeds: Nordic Holstein, Nordic Red and Danish Jersey. However, no markers in the Jersey and Nordic Red 
breeds reached significance analyzing HD data.

BTA04. The area chosen on BTA04 was associated with AISC, IFLC and NRRC and was in the range of BTB-
00178261 - rs43387409 (38,257,758-40,890,784bp = 2,633,026 bp) (Figure 1: left). This region was re-analyzed using 
the markers from the bovine HD array (Figure 1: middle). Based on the results using the HD array an area from 
38,721,162 – 40,890,784 bp was selected for further analysis with full sequence data for this region. Based on the 
sequence data analyzes (Figure 1: right) the QTL position was narrowed down to two regions. Region 1 spanned 
positions between 39,210,643 – 39,498,957 bp (= 288,314 bp) and Region 2 spanned 39,700,194 – 40,890,784bp
(=1,190,590 bp). These two regions were searched for candidate genes/polymorphisms. The annotated genes are 
presented in table 1 and the markers showing association with AISC, IFLC and NRRC are shown in table 2.



BTA13. The area selected based on association analysis using 50K genotype data on BTA13 was associated with ICF 
and ranged from 21,236,959 to 46,150,079 (= 24,913,120bp). This region was re-analyzed using the markers from the 
bovine HD array and subsequently with sequence data. Based on the analysis using sequence data two regions were 
identified and checked for annotated genes; Region 1: 33,900,143-33,908,994bp (=8,851bp) and Region 2: 
34,051,815-34,056,728 bp (=4,913bp). Both these two selected regions as well as the region in-between were
annotated by Variant Effect Predictor as “intergenic”.

 

Figure 1: Manhattan plots of GWAS on BTA4 for 5 female fertility traits with three densities of markers across 
successively narrower regions. The y axes show –log10(p) of single-marker associations tests. The x axes show marker 
positions in bases. Left panel: tests across three breeds with BovineSNP50 BeadChip. Vertical lines indicate the 
region shown in the middle panel. Center panel: tests in Holstein with the HD BeadChip. Vertical lines indicate the 
region shown in the right panel. Right panel: tests using sequence data for Holstein.

Confirmed in 
+ Nordic red 
× Jersey 
• Holstein 



Table 1. Genes located on BTA04 in region 1 (39,210,643-39,498,957bp) and region 2(39,700,194- 40,890,784bp).

Ensembl Gene ID Description Gene Start (bp) Gene End (bp) Associated 
Gene Name

ENSBTAG00000014800 40067664 40068936
ENSBTAG00000006138 Semaphorin-3C 40140494 40345588 SEMA3C
ENSBTAG00000047646 Uncharacterized protein 40432906 40457597
ENSBTAG00000014220 Uncharacterized protein 40457450 40560780
ENSBTAG00000046905 Uncharacterized protein 40541701 40542459
ENSBTAG00000017866 Platelet glycoprotein 4 40581484 40643369 CD36
ENSBTAG00000008641 guanine nucleotide-binding protein 

G(t) subunit alpha-3
40775885 40830619 GNAT3

ENSBTAG00000029292 5S ribosomal RNA 40887316 40887433 5S rRNA
ENSBTAG00000044967 U6 spliceosomal RNA 39753149 39753244 U6
 

Table 2. Annotation of the markers on BTA04 associated with AISC, IFLC and NRRC in region 2(39,700,194-
40,890,784bp)

Marker Description Position
(bp)

AISC1

-log(P)
IFLC1

-log(P)
NRRC1

-log(P)
Gene name

rs43384664 non coding exon variant 39753216 2.4605 2.8191 0.8507
rs43383647 non coding exon variant 40067725 2.5025 2.5839 1.8574
rs43383646 non coding exon variant 40067763 4.3396 3.4117 2.4495
rs43383645 non coding exon variant 40067774 2.5029 2.5845 1.8577
rs43383644 non coding exon variant 40067834 2.5273 2.6006 1.8879
rs43383643 non coding exon variant 40067978 3.9303 5.1706 1.8290
rs109658404 non coding exon variant 40068059 2.0745 2.0725 1.3027
rs43383637 non coding exon variant 40068666 3.9227 5.1547 1.8272
rs43383636 non coding exon variant 40068699 3.9227 5.1547 1.8272
rs109959240 non coding exon variant 40068766 2.1516 2.1473 1.3416
rs136871729 non coding exon variant 40068903 2.1559 2.1552 1.345
40322885C/A Synonymous variant 40322885 2.7487 4.1129 0.2773 SEMA3C
40438940A/G Missense variant 40438940 1.4299 1.2607 0.4097 UP
rs136410227 Synonymous variant 40455017 6.7135 7.3694 2.8445
40585702G/A Synonymous variant 40585702 12.8399 14.0147 5.3021 CD36
40599222G/A Synonymous variant 40599222 13.1476 14.2355 5.4904 CD36
40614608C/T Missense variant 40614608 13.2259 14.2777 5.5281 CD36
40614675G/A 5 prime UTR variant 40614675 13.2255 14.2828 5.5249 CD36
40807452A/G Missense variant 40807452 9.2722 8.5549 4.1428 GNAT3
rs110078696 Synonymous variant 40807576 9.358 8.6351 4.2066 GNAT3
rs109903966 Synonymous variant 40807594 9.3572 8.6346 4.2061 GNAT3
rs108969608 Synonymous variant 40813977 9.4276 8.7599 4.2175 GNAT3
1 AISC: Number of inseminations per conception; IFLC: days from first to last insemination; NRRC: 56-day non-return rate.



Discussion

In this study we have fine-mapped and tried to identify candidate genes in two areas influencing female fertility traits.
Two regions were chosen based validation across breeds in manuscript III one on BTA04 and the other on BTA13.
The regions were analyzed using high density SNP chip data and sequence data. By using position based mapping 
approaches such as GWAS, physical information is provided in the search for candidate genes. 

BTA13. Using sequence data we were able to identify two smaller regions of 8,851 bp and 4,913bp in length. 
Searching the chromosome for genes revealed a low number of annotated genes (918 transcripts on the entire 
chromosome). No genes or unknown transcripts are annotated in the two identified regions. The SNPs annotated on 
BTA13 in these regions were all annotated as intergenic variants. It is possible that BTA13 is at this stage poorly
annotated such that the associated polymorphisms are located in as-yet undiscovered genes. Alternatively the 
associated polymorphisms may be located in promoters, enhancers or other regulatory elements.

BTA04. In the region on BTA04 a total 9 genes were annotated (Table 1). Based on the –log10(P-value) (Table2), 
CD36 is the most obvious candidate gene. CD36 is involved in cell adhesion which in turn involves many 
physiological processes but no mechanism linking it to fertility has been documented. Another interesting candidate 
on BTA04 based on its suggested biological function is Semaphorin-3C (SEMA3C). SEMA3C binds to members of 
the plexin family . It plays an important role in the regulation of developmental processes. Furthermore it is required 
for normal cardiovascular development during embryogenesis and plays an important role in axon growth and axon 
guidance by functioning as attractant for growing axons (http://www.uniprot.org/uniprot/A7MB70). However, the 
SNP markers located in this gene do not reach genome wide significance for the traits AISC, IFLC, and NRRC (Table 
2).

At this stage annotation of this region on BTA04 is not sufficient to reach a firm conclusion about the causal 
polymorphism. Even though some of the SNP markers were located within genes, the SNP markers with the most 
significant associations to AISC and IFLC were not annotated. Therefore, a better annotation might help to identify 
the nature of the causal mutation. 

Many tools and resources for annotation and gene discovery in the bovine genome are available. None the less the 
known set sites of gene transcription, initiation, termination as well as differential splicing remains incomplete. 
Information on genomic structure of organisms which are better annotated like mouse and human are used as an 
information source. However, the information for those areas which contain mainly regulatory elements and non-
protein coding regions is often more challenging (Brent 2005; Childers et al,. 2011).

Though we have used the ‘full’ sequence level variants in our analysis we could not with certainty the causal 
polymorphism for the fertility QTL. There could be several reasons for that. Half of the total genetic variants 
identified in the whole genome sequencing (WGS) were filtered out for various reasons. All the variants which were 
not bi-allelic were dropped due to limitations in the imputation software. Therefore, the actual causative 
polymorphism may be missing from the data analyzed here. There were hundreds of SNPs with very high –log10(P-
values) due to high LD among themselves. Therefore, it is not possible to pick a few from them based on this analysis. 

There might be other transcripts in the area than the ones studied here, not all the genes are annotated. The genomic 
structures of candidate genes may alter according to species-specific expression patterns, tissue specific patterns and 
even variations in different developmental stages.



Re-sequencing animals in the region of interest and among multiple breeds could prove helpful in the detection of 
SNPs and causative mutations (Boyko, 2011). Validation across breed as considered here could be a good tool in the 
detection of SNPs and identification of causative mutations. The selected SNPs from NH can be tested in NR and NJ
using sequence data. Alternatively, to avoid the problems of accuracy in genotype calling and imputation the 
candidate SNPs could be directly genotyped in the bulls and a large number of females with own phenotypes. 
Combing the association results across these three breeds may help in lowering the number of candidate genes.
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Abstract

Background: There is often a pronounced disagreement between results obtained from different genome-wide
association studies in cattle. There are multiple reasons for this disagreement. Particularly the presence of false
positives leads to a need to validate detected QTL before they are optimally incorporated or weighted in selection
decisions or further studied for causal gene. In dairy cattle progeny testing scheme new data is routinely
accumulated which can be used to validate previously discovered associations. However, the data is not an
independent sample and the sample size may not be sufficient to have enough power to validate previous
discoveries. Here we compared two strategies to validate previously detected QTL when new data is added from
the same study population. We compare analyzing a combined dataset (COMB) including all data presently
available to only analyzing a validation dataset (VAL) i.e. a new dataset not previously analyzed as an independent
replication. Secondly, we confirm SNP detected in the Reference population (REF) (i.e. previously analyzed dataset
consists of older bulls) in the VAL dataset.

Results: Clearly the results from the combined (COMB) dataset which had nearly twice the sample size of other
two subsets allowed the detection of far more significant associations than the two smaller subsets. The number of
significant SNPs in REF (older bulls) was about four times higher compare to VAL (younger bulls) though both had
similar sample sizes, 2,219 and 2,039 respectively. A total of 424 SNP-trait combinations on 22 chromosomes
showed genome-wide significant association involving 284 unique SNPs in the COMB dataset. In the REF data set
101 associations (73 unique SNPs) and in the VAL 24 associations (18 unique SNPs) were found genome-wide
significant. Sixty-eight percent of the SNPs in the REF dataset could be confirmed in the VAL dataset. Out of 469
unique SNPs showing chromosome-wide significant association with calving traits in the REF dataset 321 could be
confirmed in the VAL dataset at P < 0.05.

Conclusions: The follow-up study for GWAS in cattle will depend on the aim of the study. If the aim is to discover
novel QTL, analyses of the COMB dataset is recommended, while in case of identification of the causal mutation
underlying a QTL, confirmation of the discovered SNPs are necessary to avoid following a false positive.

Keywords: Association mapping, Confirmation study, Calving traits, QTL, Cattle

Background
Sample sizes in the thousands are generally required for
genome-wide association studies (GWAS) to have suffi-
cient statistical power to detect moderate sized associa-
tions [1]. The large sample sizes and initial high cost of
SNP arrays helped motivate the development and use of
multistage GWA study designs [2]. Replication in

association studies is necessary because there is often a
pronounced disagreement between studies in the results
obtained. Therefore, it is necessary to validate detected
associations before they are optimally incorporated or
weighted in selection decisions or large sums are
invested into identification of causal factors.
Within the Holstein cattle population it is impossible

to conduct a genuinely independent GWAS confirm-
ation study following guidelines from NCI-NHGRI
Working Group on Replication in Association Studies
[3] due to unavailability of unrelated samples. The
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effective population size in Holstein cattle is about 50
[4]. Thus any QTL study conducted in Holstein will par
force include animals that are closely related to the
study population of any other study conducted in Hol-
stein cattle. Nevertheless, one is still able to validate
QTL detected in different studies, as detection of QTL
in the same region from different samples of the popula-
tion strengthens evidence for the QTL being real.
In dairy cattle breeding, new data is routinely recorded.

This new data provides an opportunity to validate earlier
detected QTL. When new data are obtained from the
same population there are two choices: either the ana-
lyses of new data are considered as an independent repli-
cation to confirm the findings from the previous study or
they are treated as additional information used to fortify
the conclusions through an analysis of a combined data-
set. However, both approaches have their own limita-
tions. In the first approach we assume that the new data
is an independent sample which is not correct because
the animals are related through the pedigree. In the sec-
ond approach, analyzing a combined dataset uses the in-
formation in the reference dataset twice. Thus
information in the reference data is used both in the dis-
covery of QTL as well as in their subsequent confirm-
ation. This makes interpretation as a confirmation study
difficult [5].
A genome-wide association study for calving traits has

been conducted for the combined Danish and Swedish
populations of Holstein cattle [6]. To this end we
obtained substantial new data from the same study
population as was analyzed in the previous study. In this
study we wanted to compare the performance of two
approaches, to evaluate QTL detected in a follow-up
study. We compare analyzing the combined dataset
(COMB) to only analyzing the new data alone and try to
confirm SNPs which showed significant association with
traits in the reference (REF) dataset to the validation
(VAL) dataset. The first objective of the present study
was to evaluate the performance of strategies for follow-
up association studies in cattle. Another objective of this
study was to map QTL for calving traits segregating in
the Nordic Holstein cattle using the full combined data-
set. As sample size was substantially higher in the
COMB dataset compared to the REF, it was expected
that COMB will have higher power to detect novel QTL
than either of the two subsets.

Methods
Animals and Phenotypes
A total of 4,258 bulls were available for the study. Of
these data 2,219 were previously analyzed by Sahana
et al. [6]. These animals constitute the reference popu-
lation. The validation population consisted of 2,039
new bulls those were added as the genotypes and

breeding values for calving traits from these bulls had
subsequently become available. Single-trait breeding
values (STBV) were predicted for each animal using
best linear unbiased prediction procedures and a sire
model where sires were treated as unrelated. Pedigree
information was not included in prediction of STBV to
avoid the risk that SNP would be selected on the basis
of pedigree information rather than phenotype. Thus
the STBV of a sire is predicted from its daughters’ in-
formation only. These STBVs were generated specific-
ally for QTL mapping studies by the Nordic Cattle
Genetic Evaluation company (http://www.nordicebv.
info) in order to avoid identification of false positive
associations from QTL affecting correlated traits.
STBV were estimated using the models described by
Danish Cattle Federation [7] simultaneously incorporat-
ing direct and maternal additive genetic effects. STBV
values were estimated based on recordings undertaken
as part of the routine recording system of Denmark,
Sweden and Finland. Two STBVs were predicted for
each animal: one for 1st parity, and the other for com-
bined 2nd and later (up to fifth) parities. Data were
edited according to national editing rules, including re-
moval of twin pregnancies, crossbred pregnancies and
pregnancies resulting from embryo transfer. Separate
STBVs were calculated for direct and maternal effects.
The direct effect represents the additive effect of the
genotype of the calf being born. The maternal effect
represents the additive genetic effect of the genotype
of the cow giving birth. STBV were standardized to an
average of 100 and a standard deviation of 10 index
units, with standardization factors calculated from the
sire population born 1997–1998. The data recording
systems and breeding value estimation for calving traits
were described previously [8]. Additional details about
the traits and method of estimation of breeding values
is available at the website of Nordic Cattle Genetic
Evaluation [http://www.nordicebv.info/Forside.htm].
The traits analyzed were calving ease (CE), calf size

(CS) and stillbirth (SB). The registrations of phenotype
for these traits were previously described by Sahana
et al. [6]. For each of these three recorded traits four sin-
gle trait breeding values (STBV) were calculated: one for
each combination of direct (D) and maternal (M) effect,
and first (F) and later (L) pregnancy. For example the
STBV for a direct genetic effect for stillbirth in 2nd and
later lactations is designated as DSBL. Additionally, two
combined indices were analyzed. The birth index (BI) is
a compound index describing a sire’s total direct additive
genetic effect on calving ease by combining DSBF, DSBL,
DCEF, DCEL, DCSF and DCSL. Likewise the calving
index (CI) is a compound index describing the maternal
additive genetic effect on calving ease by combining the
equivalent maternal STBV. The sub-traits are combined
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using an economically weighted average (for economic
weights, see Pedersen et al.[9]).
The analyses were done for three datasets. The refer-

ence dataset (REF) was the data of the bulls analyzed
by Sahana et al. [6]. A set of 2,039 new bulls with
phenotypes and markers types not included in the pre-
vious study of Sahana et al. [6] was used for validation
of association (VAL). The third set was combined data
of 4,258 bulls (COMB). The numbers of phenotypes
available for analyses for each trait for all the three
datasets are presented in Table 1.

SNP Chip and Genotyping
We used the BovineSNP50 Beadchip (Illumina, Inc., San
Digeo, CA, USA) to genotype 4,258 animals (for details
on SNP genotyping, see Sahana et al. [6]). This assay
includes 54,001 markers with a median interval of 37 kb
between SNPs. SNPs with a minor allelic frequency
(MAF) of less than 5%, or with call rates less than 95%
were excluded. Likewise, individuals with call rates less
than 85%, or average GC scores of less than 0.65 were
excluded. The minimal accepted GC score for individual
typings was 0.60. After editing, the final marker set
included 38,545 SNPs on 29 bovine autosomes (BTA).
The number of SNPs included for analysis varied between
2,502 on BTA1 and 724 on BTA28. The SNP positions
within a chromosome were based on the University of
Maryland assembly UMD3.1 (http://www.cbcb.umd.edu/
research/bos_taurus_assembly.shtml). For comparison of

physical locations of the markers from previously reported
studies, markers were mapped to the University of Mary-
land assembly UMD3.1, which enables direct comparison.

Statistical Methods for Association Analysis
The Analyses were done using the following linear
model

yi ¼ μþ bxi þ si þ ei

where yi is the estimated breeding value of individual i
for the trait, μ is a shared fixed effect, xi is a count in in-
dividual i of one of the two alleles (with an arbitrary la-
beling of alleles), b is the fixed allele substitution effect,
si is the fixed effect of the sire of individual i and ei is a
random residual of individual i assumed to a normal dis-
tribution with mean zero and unknown variance. Testing
was done by a Wald test with a null hypothesis of H0:
b = 0. The analyses were done in software R (http://www.
r-project.org).

Identifying and validating significant SNP markers
The significant thresholds (i.e. p-value) chosen for iden-
tifying significant association is important for the out-
come. We used two different approaches for identify
significant SNP, one for the discovery of QTL and an-
other for validating discovered associations. For QTL
discovery in COMB dataset, significance thresholds were
determined using a stringent threshold using Bonferroni
multiple testing correction; genome-wide significance
thresholds were obtained by dividing the nominal signifi-
cance threshold of 0.05 by the total numbers of SNP
(38,545) included in the analysis. The p-value after
Bonferroni multiple testing corrections was 1.297e-06
(i.e. –log10(p-value) = 5.89).
If a stringent threshold is used in validation studies

then few validated association will be recorded while too
low threshold will results in many false positive associa-
tions. Therefore, we used chromosome-wise significant
threshold in the reference population (REF). While a
threshold of P <0.05 was used for the validation popula-
tion (VAL) following Kemper et al. [10].
The false discovery rate (FDR) is the ratio of the

expected significant associations to the actual number of
significant associations. FDR was calculated following
Benjamini and Hochberg [11] as FDR=mP/S, where m
is the number of markers tested, P is the significance
threshold (p-value) and S is the number of markers with
significant associations.

Demarking the QTL Region
Normally, multiple SNPs in the vicinity of a QTL are
expected to yield significant results in a SNP-by-SNP
analysis. This is because sets of SNPs that are physically

Table 1 Number of sire phenotypes available for analyses
for calving traits for three datasets

Trait# REF VAL COMB

BI 2219 2039 4258

CI 2219 1348 3567

DCEF 1367 1629 2996

DCEL 2214 2007 4221

DSBF 1505 1698 3203

DSBL 2214 2009 4223

DCSF 1155 1110 2265

DCSL 2034 1525 3559

MCEF 2207 1266 3473

MCEL 2114 973 3087

MSBF 2210 1268 3478

MSBL 2129 981 3110

MCEF 2029 943 2972

MCEL 1916 702 2618

The reference dataset (REF) was previously analyzed; the validation population
(VAL) is the new record accumulated and the combined (COMB) is all the
records available (i.e. REF + VAL).
#Prefixes: D = direct effect; M=maternal effect. Calving traits: BI = birth index;
SB = stillbirth; CE = calving ease; CS = calf survival; CI = calving index. Suffixes:
F = first lactation; L = later lactation.
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located near the causal factor will tend to be in linkage
disequilibrium; this effect declines with genetic distance
and also depends on MAFs. The software ChromoScan
[12] was used to identify the chromosomal region har-
boring the QTL. Using a compound Poisson process, the
scan statistical methodology in ChromoScan takes ac-
count of the complex distribution of genome variation
in the identification of chromosomal regions with sig-
nificant clusters of SNP-trait associations. The interval
which harbors the most significantly associated SNP was
chosen as the putative QTL interval.

Results
Follow-up study
The number of genome-wide significant SNPs for three
datasets, full data (COMB), reference dataset (REF) and
validation set (VAL) are presented in Table 2. Analyzing
COMB which had a sample size twice that of the other
two subsets detected far more significant associations
than analyzing the two smaller datasets individually
when genome-wide multiple testing correction was
done. The number of significant SNPs in REF was about
four times higher compared to VAL despite both having
similar sample sizes for some traits. For example, DCSL
had highest number of significant SNPs for all the three
datasets (Table 2). DCEL also had relatively more
phenotypic records than many of the other traits ana-
lyzed here (Table 1). The distributions of birth-years of
individuals in three datasets are presented in Figure 1.

All the animals included in the REF dataset were born in
or before the year 2004, while 36% of the animal in the
VAL dataset were born after the year 2004.

Validation of SNP associations
In the REF data set 469 unique significant SNP were
found at chromosome wide significant threshold of
which 321 could be confirmed in the VAL dataset at
P < 0.05. The FDR was 7.3% in the validation population.
This suggests that there will be about 296 (i.e. 321 vali-
dated SNP x 7.3% FDR= 23.4 false positive SNP) real
SNP with validated association.

Mapping of QTL affecting calving traits using the
combined dataset
A total of 424 SNP-trait combinations on 22 chromo-
somes showed genome-wide significant association in-
volving 284 unique SNPs in the COMB data analyses.
Out of these total 424 combinations, 220 combinations
were for the direct calving traits and 121 were for mater-
nal calving traits. The remaining associations involved
the two indices (BI and CI). There were 37 and 46
genome-wide significant associated SNPs for BI and CI.
About half of the SNPs showing significant association
were associated with only one calving trait, while the
remaining half showed associations with multiple traits
(Figure 2). We observed genome-wide significant asso-
ciations for all the 14 traits analyzed in this study. The
highest number was 123 SNPs showing association with
DCSL followed by MSBF (58), CI (46), MCEF (38) and
BI (37). The chromosomes with large numbers of signifi-
cant SNP-trait associations were BTA18 (89) followed by
BTA13 (50), BTA9 (45), BTA19 (37), BTA3 (35) and
BTA1 (28). No SNPs on seven chromosomes (BTA2, 14,
16, 24, 27, 28 and 29) showed genome-wide significant
association with any of the 14 calving traits. One SNP
(SS86324977) on BTA18 was significant for 7 traits and
was the most significant SNP (lowest p-value) for all
these 7 traits. This SNP is located in an intron of the si-
alic acid binding Ig-like lectin-5(SIGLEC5) gene, and has
been earlier identified to affect many calving traits [13].
Additional file 1 Table S1 presents the QTL regions

demarked where most significant SNP was located
where ChromoScan gave a significant interval based on
the p-values of the markers in that interval. There were
a total of 91 QTL listed in the Additional file 1 Table S1.
The QTL regions were also plotted in Figure 3. The
QTL intervals ranged from 0.36 to 5.94 Mbp.

Discussion
Follow-up study
Here we have compared two strategies of how to analyze
a follow-up GWAS study in cattle when new data is
accumulated. We found that studying the VAL dataset

Table 2 Number of SNP-trait combinations showed
genome-wide significant association for three datasets

Trait# COMB REF VAL

BI 37 11 3

CI 46 7 0

DCEF 11 5 1

DCEL 54 14 6

DSBF 1 1 0

DSBL 7 2 2

DCSF 24 3 1

DCSL 123 29 9

MCEF 38 11 0

MCEL 2 0 0

MSBF 58 3 1

MSBL 4 5 0

MCSF 16 9 0

MCSL 3 1 1

Total 424(284) 101(73) 24(18)

Figures in parenthesis are number of unique SNPs showing association with
one or more traits.
#Prefixes: D = direct effect; M=maternal effect. Calving traits: BI = birth index;
SB = stillbirth; CE = calving ease; CS = calf survival; CI = calving index. Suffixes:
F = first lactation; L = later lactation.
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as independent clearly under-performs and missed to
detect most of the QTL if multiple testing criteria are
applied for significant threshold. The power of this ap-
proach was only 6% compared to analyzing COMB.

There were several reasons for such low power. As we
used a very stringent level of significance, many of the
p-values in VAL and REF did not reach the threshold.
For example, the numbers of genome-wide significant
SNP-trait associations detected for the trait DCSL were
123, 29 and 9 for COMB, REF and VAL datasets respect-
ively (Table 2). One reason for difference in power for
three datasets was the difference in sample sizes. The
three datasets had the same number of SNPs tested but
had different sample sizes (3559 for COMB; 2034 for
REF and 1525 for VAL). It was expected that at the nom-
inal p-value of 0.05 after multiple testing correction, the
COMB dataset (with the largest sample size) will not
have higher type-I error rate than the two sub datasets.
Therefore, the additional QTL identified by COMB are
likely to be true ones and not false positives.
One of the critical factors that influence the power of

detection of a QTL is how much of the phenotypic
variance is explained by a QTL. The higher the QTL
heritability, the chance of detecting the QTL increases.
We observed marked difference in power in the two
subsets of data (REF and VAL) even though they had
nearly the same number of records for some traits e.g.
BI (Table 1 and 2). However, this observation may be
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explained by differences in individuals in the REF and
VAL datasets. First, the phenotypes used here were
breeding values of bulls which were estimated from
their daughters’ performance. The bulls in REF were
born in or before the year 2004 while 36% of the bulls
in the VAL were born after 2004 and therefore the
STBVs for the sire in REF dataset had presumably more
accurate breeding values because these were based on a
higher number of daughters compared to the ‘younger’
bulls. The higher the accuracy of the breeding value the
closer it is to the genotypic value of an individual. An-
other reason could be the family structure of the REF
and VAL datasets. The REF population was from an
earlier within-family linkage study for QTL mapping
[14]. Therefore, in the REF we expect to have larger
half sib families. For the QTL segregating in those large
grandsire families, one will expect that these have rela-
tively higher power to be detected due to within family
linkage information. In the VAL, there may be a higher
number of QTL segregating but with less power to be
detected due to smaller family sizes.

Comparison to the previously reported QTL studies
Many QTL studies on birth related traits in cattle have
been performed using linkage analyses with microsatel-
lite markers, which make direct comparisons of the
results even more difficult due to the large confidence
intervals for QTL positions. However, even though pre-
cise QTL location cannot be compared, QTL detected in
the vicinity on the same chromosomal position in other
populations strengthen the result of QTL being real. Dir-
ect comparison between data obtained in this study and
those from other previous linkage-based studies is hin-
dered by the fact that locations in the linkage map given
in centiMorgan (cM), do not necessarily reflect the same
physical location on the genome derived from different
assemblies. Therefore, the physical locations of the
reported markers from previous studies were mapped to
the University of Maryland assembly UMD3.1, which
enables direct comparison. In the discussion, we focus
on the nine chromosomes on which QTL were detected
for more than one trait. This discussion is in reference
to the results from the COMB dataset which had higher

Figure 3 The QTL regions affecting calving traits in Nordic Holstein population from the analyses combined dataset. A Direct calving
traits; B Maternal Calving traits.
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power to detect QTL compare to the other two subsets
(REF and VAL). However, we have also discussed if we
could validate those previously reported QTL in our val-
idation analysis. It should be noted that the conclusions
of Thomasen et al. [14] were based on analyses of part
of the population constituting the REF dataset. Their
marker data were microsatellites types, but part of the
phenotypic information overlaps the phenotypic infor-
mation used in the current study.
The most significant QTL across all chromosomes was

located on BTA18. It was associated with seven different
calving traits. This QTL was detected previously in Danish
Holstein [14], German Holstein [15] and in Finnish Ayr-
shire cattle [16]. The most significant SNP, SS86324977, is
located in an intron of the sialic acid binding Ig-like lectin-
5 gene, was previously identified as affecting many calving
traits [13]. In this study 36 unique SNPs could be con-
firmed in the VAL dataset compared to the REF reflecting
different calving traits on chromosome 18 (Table 3).
On BTA1, QTL were detected for BI, CI, DCSL, and

DCEL. QTL regions for DCSL and DCEL overlapped.
Supportive evidence for these QTL was not found in the
literature. Fifteen significant SNPs from REF were con-
firmed in the VAL dataset for different traits. Confirmed
SNPs were found most pronounced in the same regions
as DCSL and DCEL in the COMB dataset.
On BTA3, QTL were detected for CI, DCSC, MCEF,

MSBF, and MCSF. QTL regions for MCEF and CI over-
lapped in chromosomal locations. Thomasen et al. [14]
identified a QTL for direct stillbirth in the Danish Hol-
stein cattle population, in the vicinity of the QTL
detected for CI in this study. CI represents the maternal
effect of calving traits and does not include direct still-
birth in the calculation. Therefore, this QTL might have
effect on both direct and maternal calving traits. In the
confirmation 31 SNPs were confirmed, the most con-
firmed SNPs were found in the regions of MCEF and CI
in the COMB dataset.
A total of six QTL were identified on BTA10. The

QTL for CI and MCEF as well as for BI and DCEF
showed overlap, whereas the QTL for DCSF and DCSL
did not show overlap to any of the other QTL detected
on this chromosome. A QTL for maternal calving diffi-
culty was detected in a previous study in the Danish
Holstein cattle by Thomasen et al. [14], but at different
chromosomal location. Seidenspinner et al. [17] detected
a QTL in the German Holstein population for maternal
dystocia at a different location than observed in this
study. Ten SNPs were confirmed in the REF and VAL
dataset, primarily in the region of DCSF and DCSL but
also in the region of DCEF.
On BTA13, QTL for BI, CI, DCEL, DSBL, DCSF,

DCSL, and MSBF were detected in this study. A QTL
for calving difficulties was detected in Swedish Holstein

cattle on the same chromosome [18] but at a different
location compared to our result. In the German Holstein
population a QTL for direct dystocia was detected [17].
Confirmation was observed for 17 SNPs. The confirm-
ation was mostly pronounced in the region of DCEL,
DSBL, DCSF and DCSL. The list of the genes in the re-
gion (55,613,243bp-60,300,299bp) from http://www.
ensembl.org/biomart/ database is presented in Add-
itional file 2 Table S2. However, further studies are
needed to point out any obvious candidate gene.

Table 3 Chromosome-wise number of significant SNPs in
reference population (REF) and the confirmed SNP in the
validation population (VAL)

chromosome 1Unique
significant
SNPs in REF
dataset

2Confirmed
in VAL
dataset

3Number of confirmed
SNPs within boundary
of QTL in COMB
dataset

1 22 15 7

2 3 2 -

3 41 31 6

4 20 8 3

5 7 5 2

6 52 22 5

7 8 5 1

8 8 5 2

9 27 19 9

10 19 10 4

11 8 5 2

12 12 6 4

13 34 17 10

14 4 2 -

15 25 15 2

16 9 6 -

17 6 4 -

18 99 36 19

19 62 39 15

20 27 9 5

21 5 1 -

22 1 1 -

23 39 20 4

24 3 1 -

25 60 28 9

26 11 6 3

28 11 2 -

29 3 - -
1Number of unique SNPs in the REF dataset those were significant
chromosome wide level.
2Confirmed in the VAL dataset at P < 0.05.
3Any of the confirmed SNPs that fell in the boundaries of QTL defined for the
COMB dataset of any trait presented in Table 4.
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On BTA19, four QTL were detected for CI, DCSL,
MCEF, and MSBF. The QTL regions for CI and MSBF
show overlap. MSBF is included in the calving index;
thereby the QTL effect on CI might be mediated
through stillbirth. A QTL was detected for direct calf
size in the Danish Holstein population on BTA19 cover-
ing a large confidence interval [14] and the QTL for
MSBF detected in this study was within this confidence
interval. In the German Holstein cattle population QTL
for direct and maternal dystocia had been found [17].
These QTL did not show overlap with the QTL detected
in the present study. A QTL for maternal dystocia was
detected by Seidenspinner et al. [17] in the vicinity of
the QTL for DCEF detected in our study. Thirty-six
SNP associations on this chromosome from the REF
could be validated in the VAL population. The majority
of the validated SNPs were in the region of MCEF,
MSBF and CI.
On BTA20, four QTL were detected, one for each of

CI, DCSL, MCEF and MSBL. The QTL for CI and MCEF
show overlap. In a previous study using the Danish Hol-
stein cattle a QTL for direct calving size was detected
[14]. This QTL did not overlap with the QTL detected in

our study. Also, in Norwegian Red cattle a QTL was
detected for direct stillbirth [19], however this QTL did
not overlap with any of the QTL detected on BTA20 in
our study. Nine SNPs were confirmed between the REF
and the VAL dataset. The most confirmed SNPs were
found in the region of CI and MCEF.
One QTL each was detected for CI and MCEF,

whereas for MSBF two QTL were detected on BTA23.
The QTL for CI, MCEF, and MSBF showed overlap in
the region 11589692bp-14063300bp. Within this region
22 genes (http://www.ensembl.org/biomart) have been
annotated but again there is a need for further studies
to point out an obvious candidate gene (Additional file
3 Table S3). The second QTL for MSBF was located at
the other end of the chromosome. In the German Hol-
stein cattle population a QTL was detected on BTA23
for maternal and direct stillbirth as well as maternal
and direct dystocia [17]. These QTL were not in the
vicinity of the QTL detected in the present study. We
could confirm 20 SNPs on this chromosome, the most
confirmed SNPs were found in the region of CI, MCEF
and MSBF.
In total six QTL were detected on BTA25, one each for

BI, CI, DCEF, DCEL, DCSL, and MCEF. The QTL
regions overlapped between CI and MCEF, between
DCEL and DCSL, and between BI and DCEF. In the Da-
nish Holstein population two QTL had been detected
previously for direct calving size and direct calving diffi-
culty within the same marker brackets on BTA25 [14].
Though these QTL did not overlap with any of the QTL
detected in this study, they were in the vicinity of QTL
detected for DCEL and DCSL. A QTL for maternal dys-
tocia was detected in the German Holstein cattle [17],
but at the other end of the chromosome. We could con-
firm 28 SNPs spanning over all the regions for the QTL
discovered in the combined dataset.

Conclusion
The relative merit of analyzing a combined datasets in
association study to analyzing only new accumulated
data in dairy cattle population was evaluated. The ana-
lyses of the VAL population as an independent new data-
set clearly under-performs and failed to detect most of
the QTL detected in the previous study if stringent mul-
tiple testing correction is applied. The larger combined
datasets analyses showed higher power.
The follow-up study for GWAS will depend on the

aim of the study. If the aim is to discover novel QTL,
analyses of the COMB dataset is recommended, while in
case of identification of the causal mutation underlying a
QTL, validation of the discovered SNPs are necessary to
avoid following a false positive.
We also identified several novel QTL affecting the

calving performance in dairy cattle.

Table 4 QTL regions defined form the analysis of the
combined dataset (COMB). The positions are as per
UMD3.1

chromosome Position (Bp) Traits#

Lower
Boundary

Upper
boundary

1 138993085 140524195 DCEL,DCSL

3 83093150 85629524 MCSF

4 44952454 47737653 DCSL

6 108284991 109951981 CI,DCEL,MCEF

8 86613020 88464533 CI,MCEF

9 92300111 96298532 MSBF

9 37914265 39339429 MCSL

11 18221603 19125116 DCEL

13 16953393 17383654 CI

13 55613243 60468287 DCEL,DSBL,DCSF,DCSL

15 77169139 81574949 BI,DCEF,MSBF

18 56642741 62221442 BI,DCEF,DCEL,DSBF,
DSBL,DCSF, DCSL

18 13839646 15225943 DCEL,DCSL

20 17946080 18537789 DCSL

20 26602523 27928617 MCEF

23 12027791 14063300 CI,MCEF,MSBF

25 27454679 30187316 DCEL,DCSL,

26 14934474 15604631 DCSL
#Prefixes: D = direct effect; M=maternal effect. Calving traits: BI = birth index;
SB = stillbirth; CE = calving ease; CS = calf survival; CI = calving index. Suffixes:
F = first lactation; L = later lactation.
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