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I Abstract 

In dairy cattle farming, intensive selection for milk yield has led to a decline in female 

fertility in the last decades, due to unfavourable genetic correlations between milk yield 

and female fertility. Phenotypes included in current genetic evaluations of fertility are 

interval and binary traits, calculated from insemination and previous calving date 

records and deduced from insemination success, respectively. For improved selection, 

the development of novel phenotypes that describe the physiology of reproduction 

more precisely would be beneficial. A potential novel phenotype is multiple births. 

Especially in dairy cattle, multiple birth events are undesirable due to negative impacts 

on a cow’s performance and potential health issues of the dam and the calves.  

In the first part of the thesis, I investigated the genetic background of multiple birth 

events in population studies for the four main Swiss dairy cattle breeds. For this 

purpose, I designed a breeding value estimation for this novel phenotype in 

Switzerland. By applying genome-wide association studies (GWAS) on the estimated 

breeding values, quantitative trait loci (QTL) for multiple births were detected in the 

three different Swiss dairy cattle populations Holstein, Brown Swiss and Original 

Braunvieh on chromosomes 11, 15 and 11, respectively. In all populations I identified 

candidate causal variants affecting the expression of the genes LHCGR, FSHR, ID2, 

PRDM11 and SYT13 by using linkage disequilibrium analysis for fine-mapping.  

In the second part of the thesis, I tested alternative methods to identify associated 

genomic regions, which do not require a complex pipeline of specialised software-tools 

and massive computing resources. Preliminary work for using machine learning tools 

in the analysis of binary traits was provided. Thereby, I used the Least Absolute 

Shrinkage and Selection Operator (Lasso), support vector machine and random forest 

algorithms for identifying QTL in a case/control approach. The machine learning 

approaches were validated as promising and efficient alternatives to classical 

methods. Their application led to the identification of genomic regions showing 

suggestive associations for multiple births in Holstein cattle. 

In future, the machine learning tools random forest, Lasso and support vector machine 

can offer a low input alternative for GWASs while the availability of data for traits of 

interest are increasing. The identification of QTL for multiple births improves the 

understanding of the genetic architecture that underlies our trait of interest and female 

fertility in general. By developing the breeding value prediction, we set the foundation 
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for implementing our knowledge in the breeding strategies to avoid multiple births in 

future. Considering this novel phenotype of female fertility will improve the 

sustainability of dairy cattle farming. 
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1 Introduction  

Worldwide there were around 1.53 billion cattle (Bos taurus and Bos indicus) in the 

year 2020 [1]. The domestication of cattle was roughly 10,000 years ago [2]. To this 

day ruminants and especially cattle play an important role in mountain farming, as they 

can easily digest rough plants in arduously accessible areas. Thereby, feed can be 

efficiently used that cannot be used for human diets. Especially in Switzerland with a 

high amount of mountain area, cattle play an important role.  

 

1.1 Swiss cattle population 

In Switzerland, there are currently 1.5 million cattle, of which 380,000 go to alpine 

pastures during the summer months [3]. The number of animals has stagnated since 

2020, after a decline in the last decade. Nevertheless, the most important populations, 

beside crossings, are Brown Swiss and Holstein cattle - two international dairy breeds. 

In the dairy sector there are currently 530,000 cows registered, excluding rearing 

heifers and calves [3]. The most important dairy cattle breeds in Switzerland are 

Holstein, Brown Swiss, Swiss Fleckvieh (originating from the crossing of Holstein x 

Simmental cattle), Simmental and Original Braunvieh (the founder breed of the modern 

Brown Swiss population) (Table 1 and Figure 1). In the last 10 years one can observe 

a clear decrease of Brown Swiss cattle and a slight increase of Holstein animals, while 

the numbers in the dual-purpose breeds Simmental and Original Braunvieh remain 

stable [3]. The observation of the Swiss Fleckvieh population is more difficult, as they 

have only been declared a breed of their own, and had their own herdbook, since 2014.   

 

Table 1: Population size of the main Swiss dairy cattle breeds. 

Breed Purpose Swiss population1 Animals in herdbook2 

Holstein3 dairy 407,260 250,674 

Brown Swiss dairy 253,590 157,361  

Swiss Fleckvieh dual-purpose 138,930 64,749 

Simmental dual-purpose 94,118 23,096 

Original Braunvieh dual-purpose 48,647 13,654 

1 Cut-off date 30th September 2022 [3]  

2 Cut-off date 30th November 2021 [4–6] 

3 Includes Holstein and Red Holstein  
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A  B C  

D E  

Figure 1: Pictures of cows representing the five most important dairy cattle breeds in 

Switzerland: (A) Holstein [7], (B) Brown Swiss [8], (C) Swiss Fleckvieh [7], (D) Simmental [7], 

(E) Original Braunvieh [8]. 

 

1.2 Cattle breeding 

Although herd books exist since more than 100 years, the real breeding success 

started in the 1980s when the first breeding value (BV) estimation became available. 

By applying quantitative genetic approaches, it was possible to compare the animals 

statistically regarding their own performance [9]. This led to a tremendous increase in 

performance of highly heritable traits, such as production traits. Especially in traditional 

breeding schemes, the focus laid on production traits, such as milk yield, milk 

composition, daily gain and slaughter weight (Figure 2A) [10]. In modern breeding 

programs the focus changed towards health and fertility traits. In general, the number 

and extent of recorded phenotypes are increasing population-wide, allowing for better 

predictions. A second phase of large progress in cattle breeding was the development 

of genomic selection (GS), which is based on single nucleotide polymorphism (SNP) 

data [11, 12]. While the theoretical background has been known since 2010 [11], SNP 

genotyping arrays for livestock have been available since 2008 and the formation of a 

reference population was necessary for the implementation of GS. This explains the 

time lag to the introduction of GS in 2012 in Swiss cattle breeding. Another major step 
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in cattle breeding was the availability of whole genome sequencing (WGS) data. Since 

2011, next-generation sequencing technology has made it possible to obtain 

information about an individual's entire genome in increasingly cost-effective and time-

saving ways [13].  

 

 

Figure 2: Schematic representation of (A) relative emphasis of traits included in an average 

selection index over time and (B) proportion of estimated selection response for various trait 

categories over time (summing to 100%) (from [10]). 

 

1.3 Reproduction and female fertility 

In dairy farming, high fertility contributes to herd profitability by achieving more efficient 

production and maintaining short calving intervals, as well as fewer inseminations and 

lower veterinary treatment costs. Intensive selection for milk yield in dairy cattle has 

led to a decline in female fertility, due to unfavourable genetic correlations between 
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milk yield and female fertility [10, 13]. Also, a study in Swiss Simmental cattle showed 

that female fertility and milk yield have antagonistic genetic correlations [14]. Improved 

management practices, the implementation of female fertility traits in the selection 

scheme and GS have contributed to reversing negative trends in dairy cow fertility. The 

emphasis on fertility traits in the selection scheme has increased since the 1990s 

(Figure 2A) [10]. Figure 2B shows that with the inclusion of these low heritable traits in 

breeding programs, the negative correlations could be counteracted, but further 

progress is still required.  

In recent years, a number of studies have identified recessive alleles segregating in 

modern cattle populations, including embryonic recessive lethal alleles [e.g. 15–18]. 

One consequence of the existence of recessive lethal alleles is their impact on female 

fertility, as females carrying recessive lethal alleles, for e.g. will lose embryos that are 

homozygous for one of these alleles. In addition, female fertility traits tend to suffer 

from inbreeding depression [19].  

While we are interested in female fertility traits with a special focus on the occurrence 

of multiple births, male fertility should also be addressed. The Animal Genomics group 

at ETH in Zurich analysed semen quality measurements and identified variants 

associated with male fertility traits in the genes QRICH2, WDR19 and SPATA16 on 

chromosomes 19, 6, and 1, respectively [20–22].  

Phenotypes included in current genetic evaluations of fertility are largely interval and 

binary traits calculated from inseminations and previous calving records. In 

Switzerland, BVs for the following female fertility traits are calculated: 

• Days to first service 

• Interval between first and last insemination heifers  

• Interval between first and last insemination cows  

• Non-return rate heifers (after 56 days) 

• Non-return rate cows (after 56 days) 

Additional traits such as calving, health, variation in body condition, and longevity traits 

will also increase genetic improvement of fertility in future. For improved selection it is 

important to develop novel phenotypes, which describe the physiology of reproduction 

more closely and reduce the potential bias of management on observations. 
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1.4 Multiple births  

A potential novel phenotype based on more physiological processes is multiple births. 

Cattle are usually monoparous, so that a pregnancy usually leads to the birth of a single 

calf; however, multiple births occur at a rate of 1.02 to 9.6% depending on the 

population of interest [23–25]. Most multiple births result from multiple ovulations, when 

several ovulatory follicles mature simultaneously. Therefore, only around 5 to 10% of 

bovine twins are monozygotic [26, 27].  

Especially for dairy cattle, twin and multiple birth events are undesirable due to their 

negative impacts on health and performance [28–30]. Multiple births lead to decreased 

cow performance due to longer calving intervals and lower conception rates. In 

addition, the twin calves show a reduced survival rate and are weaker. Furthermore, 

during birth, the risk for dystocia, abortions and stillbirths is increased. Similarly, 

increased occurrences of retained placentas, metabolic disorders, displaced 

abomasum and ketosis for the dam are observed [28–30]. Previous studies using low 

marker density or microsatellites showed evidence for quantitative trait loci (QTL) for 

twin births in North American Holsteins [31–33].  

Interestingly, the frequency of twin deliveries varies among human populations. 

Already in 1909 Weinberg [34] suggested that hereditary twinning is transmitted 

through the female line only. Natural multiple pregnancies in women leading to 

dizygotic twins, is heritable and varies between racial groups, suggesting a genetic 

predisposition (OMIM 276400). A genome-wide association study (GWAS) performed 

in mothers of spontaneous dizygotic twins identified significant association to the 

genes FSHB and SMAD3 [35]. These QTL were confirmed, in addition to the detection 

of association, with variants close to the PIAS1 and SKOR1 genes in a GWAS 

comparing multiples as cases against singletons as controls [36]. 

Selection for improved fertility using traditional traits benefits from implementation of 

new phenotypes such as selection against multiple birth events, as these phenotypes 

describe the physiology of reproduction more closely. The genetic variability of fertility 

traits, e.g. multiple birth events, proves that it is possible to use these traits in breeding 

programs and achieve improvement over time. This fact and their high economic 

importance, point out high relevance of fertility traits in the selection scheme for Swiss 

cattle. Thereby, genetic improvement of reproductive efficiency using novel 
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phenotypes can be achieved, which is required for long-term sustainability of the dairy 

cattle populations. 

 

1.5 Methods for genetic analyses 

1.5.1 Classic genetic approaches 

The large-scale availability of high throughput SNP array genotyping data from 

thousands of cattle generated for the purpose of genomic evaluation in Swiss cattle 

populations enables the investigation of genetic associations using genomic and 

phenotypic information. GWAS has become a useful tool to reveal the genetic 

architecture for complex traits [37]. For several traits of female fertility, e.g. non-return 

rate at 56 days and interval from first to last insemination, QTL were found in the Brown 

Swiss cattle population [38]. These GWAS for additive effects are commonly 

performed on pseudo-phenotypes based on de-regressed BVs as response variables. 

Recently, the accumulation of cows with available phenotypes and genotypes has 

enabled an increase in the reliability of the estimated BVs.  

There are different GWAS methods available, such as the single SNP regression or 

the window-based Bayes B approach. The single SNP regression tests the association 

of every single SNP with the response variable under consideration of the genomic 

relationship matrix [39]. This single marker association analysis has to be corrected for 

multiple testing, e.g. by Bonferroni correction, due to repeated testing [40]. Important 

for the interpretation is that the associated SNP does not necessarily have to be the 

causative one, but could be linked to the causative marker in the associated region. 

Because fitting one genotype at a time can easily lead to biased results due to 

population stratification and linkage disequilibrium (LD) [41], we also used the 

approach to fit subsets of multiple markers simultaneously. This reduced the issue of 

bias and led to the window-based analysis. We applied the window-based GWAS 

approach based on a Bayes B algorithm. Window-based association analyses were 

conducted using a window size of 1 mega base (MB).  

Haplotype regression are useful to identify associated haplotypes, which are suitable 

for subsequent fine-mapping of detected QTL by GWAS. Therefore, using SNP-

derived haplotypes allows for association testing within known QTL regions in the 

populations of interest. 



 

 7 

Next-generation sequencing enables us to unravel the whole genomic DNA of an 

individual in a cost- and time-efficient way. Mining of population-based WGS data in 

associated genomic regions has identified causative variants for both monogenic 

Mendelian as well as polygenic traits [15]. Especially the availability of massive WGS 

data provided by the 1000 Bull Genomes Project (Run 9 includes 5,116 animals) 

enables to distinguish between common and rare variants [42].  

Linkage disequilibrium (LD) analysis was applied to the WGS data to identify candidate 

causal variants [43]. LD is the correlation between nearby variants, acknowledging the 

fact that neighbouring SNP on the same chromosome are more frequently inherited 

together [44]. The co-segregation of loci can be estimated as an LD score [43]. We did 

not estimate linkage between two SNP, as the association of the best-associated 

haplotype was predicted. Therefore, the LD between the best associated haplotype 

from the previous regression analysis with variants from WGS data was calculated.  

The workflow used for this work with the classic genetic approaches is shown in Figure 

3. 
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Figure 3: Workflow for the classic genetic approaches applied in this thesis. 
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1.5.2 Machine learning approaches 

The classic approaches to identify associated genomic regions are complex and 

require massive computing resources because they use pseudo-phenotypes based on 

de-regressed estimated BVs as response variables in the statistical model [45]. The 

preparation procedure to obtain these pseudo-phenotypes requires a complex pipeline 

of specialised software-tools, not all of which are publicly available. Hence, there is a 

considerable need for a simpler process that allows for the identification of genomic 

regions associated with a trait of interest. An alternative could be machine learning 

approaches, which can be applied directly to raw phenotypes. The workflow used for 

this work with machine learning methods is shown in Figure 4. 

 

 

Figure 4: Workflow for the machine learning approaches applied in this thesis. 

 

Support vector machine (SVM) classifies data consisting of different groups by 

separating hyperplanes [46, 47] (Figure 5). These separating hyperplanes are defined 

by explanatory variables, such as SNP genotypes. Therefore, SVM can be used to 

analyse data which is divided into two groups as cases and controls. SVM is used in 

multiple fields, as for example in human medicine to detect SNPs associated with the 

risk for type 2 diabetes and to predict genotype-based health status [48]. Although 

SVM can be used for high-dimensional data, it is important to first identify the subset 

of relevant explanatory variables to avoid the introduction of noise through irrelevant 
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variables. A high level of noise reduces the quality of separation of the data based on 

the estimated hyperplane and increases the risk of overfitting. Overfitting impairs the 

classification.  

 
 

 

Figure 5: Principle of support vector machine (SVM). There are two classes of observations, 

shown in blue and in purple. The maximal margin hyperplane is shown as a solid line. The 

margin is the distance from the solid line to either of the dashed lines. The two blue points and 

the purple point that lie on the dashed lines are the support vectors, and the distance from 

those points to the hyperplane is indicated by arrows. The purple and blue grid indicates the 

decision rule made by a classifier based on this separating hyperplane (from [47]). 

 

The variable selection prior to SVM can be performed with the Least Absolute 

Shrinkage and Selection Operator (Lasso) algorithm. Lasso performs variable 

selection in a linear model by using a constraint on the norm of the absolute values of 

the coefficients, where in our analysis the coefficients are the SNPs [49]. Lasso 

regularises the coefficient estimates, shrinks them towards zero and consequently 

reduces their variance significantly [47]. Only SNPs with a non-zero coefficient are 

regarded as relevant candidate positions for being associated to a given phenotype of 

interest. Hence, the variable selection procedure imposed by Lasso is used to detect 
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SNP which are relevant for a phenotype of interest. The remaining SNP can be used 

to identify QTL. The variable selection is then validated by the SVM classification.  

Random forest (RF) is an alternative one-step approach. This machine learning 

method uses regression trees and bootstrapping where at every tree node a variable 

selection will be made [50] (Figure 6). The method uses hundreds to thousands of 

trees, with each tree started with a bootstrap sample of the entire dataset. 

Bootstrapping represents the repeated sampling and combining of the manyfold of 

variables. At each node of each tree, a random subset of variables is selected and 

used as candidate variables to find the best split. As a result, one gets a permutation 

importance score for each predictor variable which measures the difference in 

prediction accuracy before and after permuting values of the variable over all trees 

[51]. RF is already known for application on the analysis of genomic data, e.g. variable 

selection and genetic association detection as well as prediction and classification of 

human diseases [52]. 

 

 

Figure 6: Illustration of random forest trees (from [53]). 

 

All these machine learning tools can be applied directly to raw phenotypes. I have used 

these methods in a case/control design regarding cows having multiple births records.  
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2 Hypothesis and aim 

The general hypothesis of this thesis was that multiple birth events are heritable. 

Furthermore, the genetic architecture of multiple births will be investigated based on 

different types of association studies. 

The aims of this study are to estimate BVs for multiple birth events in Swiss cattle 

populations, to detect QTL with additive effects using GWAS and to unravel causative 

genomic variants using WGS data.   

The analyses were carried out for the four major Swiss dairy cattle populations:  

• Holstein 

• Brown Swiss 

• Original Braunvieh  

• Simmental 

 

Furthermore, novel machine learning algorithms were applied to validate alternative 

approaches and to identify QTL directly by using raw phenotypes. 

 

Finally, the goal was to explore the possibilities of including the phenotype multiple 

birth as female fertility trait in the breeding programme to improve animal health and 

welfare.   
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4 Discussion and outlook 

During the work on this thesis, I investigated the genetic background of multiple birth 

events and designed a BV estimation for this novel phenotype in Switzerland. By 

applying GWAS, a QTL for multiple births was detected in each of the three different 

Swiss dairy cattle populations Holstein, Brown Swiss and Original Braunvieh on 

chromosome 11, 15 and 11, respectively (Table 2). Alltogheter, I identified candidate 

causal variants affecting the expression of the genes FSHR, LHCGR, ID2, PRDM11 

and SYT13. Furthermore, preliminary work was presented for using the machine 

learning tools Lasso, SVM and RF for identifying QTL on raw phenotypes, such as the 

binary trait multiple birth events.  

 

Table 2: The identified quantitative trait loci and the associated candidate variants from 

population analyses for multiple births in Swiss dairy cattle. 

Population Chr 
QTL 

(Mb) 

Candidate 

variant1 
Variant ID 

Impact of 

variant 

Associated 

genes 

AF 

(%) 
Ref 

Holstein 11 31 - 32 31,089,325C>G rs386084479 intergenic 
LHCGR, 

FSHR 
28.6 [54] 

Brown 

Swiss 
15 75 - 76 

75,213,046T>C rs382040594 intron PRDM11 14.2 

[55] 

75,297,912C>T rs380985793 3′ UTR SYT13 14.2 

75,399,114G>T rs521527753 intergenic SYT13 14.2 

75,402,900G>A rs721175231 intergenic SYT13 14.0 

75,405,408T>G rs42930921 intergenic SYT13 14.2 

Original 

Braunvieh 
11 88 - 89 88,791,842 A>T rs109730673 intergenic ID2 34.3 [55] 

Chr = chromosome, QTL = quantitative trait loci, Mb = mega base, ID = identification, AF = allele frequency, Ref = 

reference, UTR = untranslated region 

1 Based on the reference sequence ARS-UCD1.2 

 

As one can observe in Table 2, the identified QTL for multiple births were detected in 

different genome regions for each breed. Consequently, the candidate variants were 

annotated to different genes. Furthermore, also suggestive associations, identified 

through the population analysis, showed no overlap across the populations [54, 55]. 

Consequently, one sees clear breed specific genetic associations for multiple births. 
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Even though the associated regions varied between the breeds, the proposed 

candidate variants segregate in various international cattle breeds [54, 55]. Therefore, 

we assume that ancient variants are associated with multiple birth events, which were 

developed before the separation of modern cattle breeds.   

Our identified QTL and candidate variants are novel and relate to the female 

reproductive cycle. The QTL on chromosome 11 and the associated genes LHCGR 

and FSHR in Holstein were confirmed by a study using north-American Holstein data 

[56]. As reported, most of the twins are dizygotic [26, 27] and the impact of the female 

fertility on the occurence of multiple ovulations is high. The effect of the sire on multiple 

births is low. This is reflected in our results, where solely significant QTL were detected 

for the maternal trait of multiple births and none for the direct trait, which shows the 

effect of the dam on the trait [54, 55]. Furthermore, the genes LHCGR and FSHR 

encode receptors of three essential hormones for female reproduction: luteinizing 

hormone (LH), choriogonadotropin, and follicle stimulating hormone (FSH), which 

shows that both genes are important regulators of the female reproduction cycle. In 

Brown Swiss, the identified QTL and candidate variants on chromosome 15 are 

associated with the genes PRDM11 and STY13. Neither gene is known to have a direct 

effect on reproduction, but other members of their protein family influence the germ 

cell specification or the release of FSH in female mice and consequently the oestrus 

cycle and ovulation [57, 58]. The QTL on chromosome 11 in Original Braunvieh is 

associated with the gene ID2, which is expressed at different levels during the oestrus 

cycle in the ovarian tissue in mice and may play a role in negatively regulating cell 

differentiation [59]. Consequently, all QTL are associated with female reproduction.  

All identified candidate causal variants are either intergenic, intronic or UTR 

(untranslated region) variants, and therefore could have a regulatory effect on the 

associated genes. Unfortunately, the precise effects of the variants are not predictable 

yet. Recently, there have been efforts for animal genomes to understand and estimate 

the effects of regulatory variants in detail [60]; however, further progress is needed in 

the future. To truly prove the hypothesised causality, gene expression data for cows 

carrying the different genotypes of the identified marker would be necessary and 

recommendable. Within the scope of this thesis, we were not able to collect this data 

due to limited resources. A possible approach to collect expression data would be to 

identify animals carrying the different genotypes of the candidate variants,  
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superovulate these females, sample follicles, oocytes, ovary and granulosa cells of the 

animals and measure the expression level of the different genes. A possible statistical 

method to test causality is the Mendelian randomization analysis [61, 62]. In this 

analysis, the genetic variants (candidate causal variants) are used as instrumental 

variables to unravel a possible relationship between intermediate phenotypes, such as 

gene expression levels, and the trait of interest.  

In addition, the GWAS approach, which is underpinned by a Bayes B algorithm, and 

each of the machine learning methods Lasso and RF provided suggestive QTL for the 

trait of multiple birth events. The potentially associated regions detected by machine 

learning approaches are linked to some candidate genes, e.g. such as ADCYAP1, 

PAQR8 and IGF2. These encode for a progestin receptor or are known to affect follicle 

development and oocyte maturation [63–65]. These are promising findings that can 

improve our understanding of the genetic architecture of the polygenic trait of multiple 

birth and need to be confirmed in future analyses.  

Comparing the population analysis based on de-regressed proofs in linear mixed 

models and the case-control design with machine learning algorithms, the identification 

of QTL using linear mixed models leads to clearer results. The used pseudo-

phenotypes resulted from the de-regression according to Garrick et al. (2009) [66] of 

estimated BV for multiple births. Thereby, the BVs are already corrected for the fixed 

effects parity of the dam, season and use of sexed semen and the random herd-year 

effect. Accordingly, the dataset used for the GWAS studies is more appropriate, as it 

is corrected for a manyfold of environmental effects and provides a better base to 

estimate the genetic effects affecting the trait of interest. This could lead to a better 

dataset to decipher the genetic causes and to identify QTL.  

For more accurate results, better phenotype recordings are needed and more intense 

genotyping of female breeding animals. This could increase the possibilities for the use 

of raw phenotypes and the detection of significant results for multiple births. Efforts to 

obtain more genotyped cows are ongoing, especially with regards to genomic 

selection. As the risk for giving birth to twins and multiples increases with age and 

parity of the dam [67] and the genotyped cows are getting older, we can expect more 

available data in the future, especially in terms of cases. This will increase the power 

of the case-control analyses using raw phenotypes, such as proposed by our study 
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using the machine learning tools RF, Lasso and SVM and hopefully to the identification 

of QTL in the next few years. 

In general, data quality and quantity are crucial for identifying significant associations. 

We observed this during our analysis for the Simmental breed: We were not able to 

find associated genome regions, as the power of the analysis was too low, because 

the amount of genotyped animals in this dual-purpose Swiss breed is very limited. In 

addition, the breeders of Simmental animals are not genotyping individuals proactively, 

as they attach more importance to the traditional breeding program with progeny 

testing. Especially in local and small breeds, a high proportion of the population has to 

be genotyped, in order to perform statistically sound genetic association analyses [68], 

especially for low heritable traits. Regarding the available phenotyping data, it would 

be beneficial to have additional information. Potential confounding with the observed 

phenotypes can be caused by the lack of information regarding veterinary and 

hormonal treatments prior to inseminations. Hence, these environmental effects 

cannot be included in the model of BV estimation and not be measured. The key factor 

to solve this issue is a closer cooperation between veterinarians, farmers and breeding 

organisations. Efforts to improve health data collections are being continuously 

increased, but not completed yet.  

Multiple birth events are a binary trait which can cause challenges regarding the choice 

of statistical evaluation. Especially for linear models, which assume a normal 

distribution of the response variable as default. Regarding the BV estimation, an 

overestimation of the genetic variances of binary traits cannot be denied. When we 

compare our results and predictions of genetic variances for the Swiss population, they 

obviously do not differ compared to previous estimations [25, 67, 69]. Therefore, it was 

decided that the effect of the binary trait in our analyses can be neglected. 

Nevertheless, for future studies the use of alternative models, such as a generalised 

linear mixed model or a threshold model, could be interesting for our trait of interest 

[25, 70].  

Comparing the two variable selection approaches from the machine learning tools, RF 

selects more strictly than Lasso in the example of the binary traits. While RF identifies 

a small fraction of known QTL, Lasso shows a higher rate of false positive results. 

Therefore, if we want to use the combined Lasso/SVM approach, we need to 

implement a type-1-error-control as shown in another application of Lasso [71]. For 
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future work on the trait of multiple births and other projects, the machine learning 

methods need to be further developed.  

Multiple births are heritable, but on a low level. In the studies presented, a heritability 

ranging from 3% to 4% was estimated, depending on the cattle population. Due to this 

low heritability, the detection of QTL is challenging compared with highly heritable 

traits. The decoding of the genetic architecture of polygenic traits is also discerning, as 

many associations with small effects have to be uncovered. It is particularly challenging 

when not all environmental effects are registered and included in the model, as given 

in our case and mentioned above. This would explain the fact that we were able to 

explain only a small fraction of the genetic variance with our tools. The significantly 

associated QTL identified in our GWAS analyses explain about 4 - 16% of the genetic 

variance in the respective breed [54, 55]. An international dataset of phenotypes that 

is as accurate as possible, could lead to higher power of the analyses and detection of 

a larger proportion of associated genomic regions, especially in the global Holstein 

breed. Nevertheless, this paragraph shows clearly the limitations of this work, due to 

the complexity of the phenotype and the associated data quality issues.  

In the presented studies, the autosomal chromosomes were analysed. The X-

chromosome was not considered due to technical difficulties. Firstly, we used the 

genotyping data from the routine genomic BVs estimation, which does not include the 

sex chromosomes. Secondly, for the GWAS studies, BVs for sires were also predicted 

and used as response variables. The inclusion of the X-chromosome would have 

needed serious adjustment on the algorithms used for the analyses, as the X-

chromosome is haploid in the males and diploid in the females. The consequence is a 

lack of knowledge regarding the contribution of the X-chromosome to our trait of 

interest. For male fertility traits a contribution was previously shown [72, 73]. Regarding 

female fertility a former study detected an effect on prolongation of the pregnancy of 

the gene FOXP3 on the X-chromosome [74], but no effect on ovulation is reported yet.  

As reported for the QTL and the associated haplotype on chromosome 11 in Holsteins 

[54], the genomic regions have an effect on multiple births; however, also influence 

female fertility in general. Due to the fact that most multiple birth events occur due to 

multiple ovulations, the whole reproduction cycle is influenced by these candidate 

regions. Especially when essential hormones and their expression are involved as in 

the main QTL for LHCGR/FSHR [54]. Especially regarding the potential 
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implementation in a breeding scheme more thorough analyses should be conducted. 

For example, impacts of the candidate variants/haplotypes or genetic correlations on 

other phenotypes could be investigated.  

In comparison to other species, in cattle breeding we have extensive phenotyping and 

genotyping data available from large half-sib families. Therefore, cattle can serve as a 

model organism for other livestock species and humans. In addition, compared to 

humans, the availability of data is simplified because data protection guidelines are 

less strict. The potential of model organisms can be demonstrated by the QTL region 

identified in the Holstein breed carrying the candidate genes FSHR and LHCGR. The 

same QTL was found in a study of the Flemish and Dutch human population, identifying 

evidence for an association of the homologous region on human chromosome 2 with 

the occurrence of spontaneous dizygotic twins [75]. 

In conclusion, the presented thesis summarizes the comprehensive studies on the 

female fertility trait multiple births in the Swiss dairy breeds Holstein, Brown Swiss and 

Original Braunvieh. Therein the polygenic trait was analysed with different linear mixed 

models and led to the identification of QTL and associated candidate causative 

variants. Additionally, I showed the potential of new machine learning tools for the 

identification of associations between genomic regions and phenotype records in 

cattle. In future, the machine learning tools RF, Lasso and SVM can offer a low input 

alternative for genomic association studies. The detection of QTL for multiple birth 

events improves our understanding of the genetic architecture underlying this female 

fertility trait. By developing the BV estimation, we set the foundation for an 

implementation of our knowledge in a breeding program. Considering this novel 

phenotype will allow for breeding against multiple births in future and improve the 

sustainability of dairy cattle farming.  
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