UNIVERSITY OF LJUBLJANA
BIOTECHNICAL FACULTY

Marija SPEHAR

GENOMIC EVALUATION AND ASSOCIATION STUDIES OF
CORRELATED TRAITS IN DAIRY AND DUAL PURPOSE
CATTLE BREEDS

DOCTORAL DISSERTATION

GENOMSKO VREDNOTENJE IN ASOCIACIJSKE STUDIJE
KORELIRANIH LASTNOSTI PRI GOVEDU MLECNIH IN
KOMBINIRANIH PASEM

DOKTORSKA DISERTACIJA

Ljubljana, 2015



Spehar M. Genomic evaluation and association ... correlated traits in dairy and dual ... cattle.
Doctoral Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2015 II

On the basis of the Statute of the University of Ljubljana and according to the decisions of
the Senate of the Biotechnical Faculty and the University Senate dating 11th of Febuary
2014, it has been confirmed that the candidate fulfils all the conditions for acquiring a PhD
in Doctorate Postgraduate Study of Biotechnical Sciences, Animal Science. Assist. prof.
Gregor Gorjanc PhD has been appointed as candidate’s supervisor and prof. Ino Curik PhD

as CO-Supervisor.

Commission on doctoral dissertation assessment and defense:

Chairman: Prof. Dr. Peter DOVC

University of Ljubljana, Biotechnical Faculty, Department of Animal Science
Member:  Assist. Prof. Dr. Klemen POTOCNIK

University of Ljubljana, Biotechnical Faculty, Department of Animal Science
Member:  Prof. Dr. Johann SOELKNER

University of Natural Resources and Life Sciences, Vienna

Date of dissertation defense: 24.03.2015

I, the undersigned doctoral candidate declare that this doctoral dissertation is a result of my
own research work and that the electronic and printed versions are identical. I am hereby
non-paidly, non-exclusively, and spatially and timelessly unlimitedly transferring to
University the right to store this authorial work in electronic version and to reproduce it,
and the right to enable it publicly accessible on the web pages of Digital Library of
Biotechnical faculty.

Marija SPEHAR



Spehar M. Genomic evaluation and association ... correlated traits in dairy and dual ... cattle.
Doctoral Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2015 III

Na podlagi Statuta Univerze v Ljubljani ter po sklepu Senata Biotehniske fakultete in
sklepa Komisije za doktorski $tudij Univerze v Ljubljani z dne 11. 2. 2014 je bilo potrjeno,
da kandidatka izpolnjuje pogoje za opravljanje doktorata znanosti na Interdisciplinarnem
doktorskem S$tudijskem programu Bioznanosti, znanstveno podro¢je Znanost o zivalih. Za

mentorja je bil imenovan doc. dr. Gregor Gorjanc ter za somentorja prof. dr. Ino Curik.

Komisija za oceno in zagovor:

Predsednik:  Prof. dr. Peter DOVC

Univerza v Ljubljani, Biotehniska fakulteta, Oddelek za zootehniko
Clan: Doc. dr. Klemen POTOCNIK

Univerza v Ljubljani, Biotehniska fakulteta, Oddelek za zootehniko
Clan: Prof. dr. Johann SOELKNER

Universitét fiir Bodenkultur, Wien
Datum zagovora: 24.03.2015

Podpisana izjavljam, da je disertacija rezultat lastnega raziskovalnega dela. Izjavljam, da je
elektronski izvod identi¢en tiskanemu. Na univerzo neodplacno, neizklju¢no, prostorsko in
¢asovno neomejeno prenasam pravici shranitve avtorskega dela v elektronski obliki in
reproduciranja ter pravico omogocanja javnega dostopa do avtorskega dela na svetovnem
spletu preko Digitalne knjiznice BiotehniSke fakultete.

Marija SPEHAR



Spehar M. Genomic evaluation and association ... correlated traits in dairy and dual ... cattle.
Doctoral Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2015 v

KEY WORDS DOCUMENTATION

DN Dd

DC

UDC 636.2:575(043.3)=111

CX cattle/genomic selection/GWAS

CC

AGRIS L10/5214

AU SPEHAR, Marija
AA GORIJANC, Gregor (supervisor)/CURIK, Ino (co-supervisor)

PP
PB

PY
TI

DT

SI-1000 Ljubljana, Jamnikarjeva 101

University of Ljubljana, Biotechnical Faculty, Interdisciplinary Doctoral Programme in
Biosciences, scientific field Animal Sciences

2015

GENOMIC EVALUATION AND ASSOCIATION STUDIES OF CORRELATED
TRAITS IN DAIRY AND DUAL PURPOSE CATTLE

Doctoral Dissertation

NO XX, 122 p., 14 tab., 24 fig., 11 ann., 202 ref.

LA
AL
AB

en

en/sl

Selection of domestic animals is commonly based on phenotypic and pedigree information that
are used to estimate breeding value (EBV). Development of techniques of molecular genetics
and inclusion of thousands of single-nucleotide polymorphisms (SNPs) as an additional
information into the system of genetic evaluation leads to so called genomic selection. The
advantage of this approach in cattle selection is that breeding values can be evaluated at the
birth, which can lead up to 100% greater genetic gain per year. In the first part of this thesis, the
accuracy of progeny and genomic evaluations of Slovenian BSW bulls was evaluated utilizing
all the available data. The accuracy of evaluations was assessed using univariate national
evaluation, international DGV, and bivariate national evaluation incorporating international
DGV as a correlated trait. Results indicate that integration of DGV from a large consortium into
the national evaluation as a correlated trait enabled combination of all the available data and
avoiding the need to publish several estimates of breeding values per animal. Bivariate
approach is an important for bulls with a small number of daughters per tested bull. The issue
of double counting was neglected due to small number of Slovenian BSW bulls used for the
development of DGV equation in a consortium. In the second part, SNP marker panels were
used in genome wide association studies (GWAS) to determine associations between SNPs and
dairy traits (milk, fat, and protein yield) in Slovenian BSW bulls. The Bonferroni correction
resulted in 52 significant SNPs using single SNP analysis. Correction for population
stratification based on admixture components was shown to have great impact on the analysis
and then no significant associations among SNPs and dairy traits have been detected. Results
from GWAS will facilitate the understanding of the genetic architecture of complex traits and
could be used to improve breeding programmes. In the last part, GWAS was performed in order
to characterize genomic regions with associations having different magnitude and direction of
effect on dairy (milk and fat yield) and beef traits (net daily gain and carcass quality) in dual
purpose populations (German Fleckvieh and Italian Pezzata Rossa) providing the possibility to
dissect genetic correlations between traits. Genome partitioning of genetic covariance between
dairy and beef traits showed that estimated allele substitution effects from GWAS could be
used as an input for the estimation of contribution partition of genetic covariances. The genetic
architecture of the covariation contribution is mostly polygenic with the presence of a number
of genes with large effects. The presented approach will provide additional knowledge to
enhance understanding of genetic basis of covariation and will contribute to the identification
of genes and pathways associated with dairy and beef traits in dual purpose populations.
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Selekcija domacih Zivali obicajno temelji na fenotipskih podatkih in poreklu, ki se uporabljajo
za oceno plemenskih vrednosti (EBV). Razvoj tehnik molekularne genetike in vkljucitev vec
tiso¢ SNP oznacevalcev kot vir dodatne informacije v sistem ocenjevanja plemenskih vrednosti
vodi do t.i. genomske selekcije. Prednost tega nacina pri selekciji goveda je moznost ocene
plemenskih vrednosti Ze ob rojstvu, kar lahko poveca letni genetski napredek tudi za 100%. V
prvem delu disertacije je bila ocenjena to¢nost progenega in genomskega vrednotenja bikov
rjave pasme v Sloveniji z uporabo vseh razpolozljivih podatkov. Toc¢nost vrednotenja je bila
narejena z enolastnostnim nacionalnim vrednotenjem, mednarodnimi direktnimi genomskimi
vrednostmi (DGV) in dvolastnostnim nacionalnim vrednotenjem, ki je vkljucevalo mednarodno
DGYV kot korelirano lastnost. Rezultati kazejo, da je vklju¢evanje DGV iz velikega konzorcija v
nacionalno vrednotenje kot korelirano lastnost, omogocilo kombinacijo vseh razpolozljivih
podatkov, kar izkljucuje potrebo po objavi ve¢ plemenskih vrednosti za zival. Dvolastnostni
nacin je pomemben za bike, z majhnim Stevilom héera na testiranega bika. Prispevek dvojnega
Stetja podatkov je bil zanemarljiv zaradi majhnega Stevila rjavih bikov, ki so sodelovali pri
razvoju DGV enacbe v konzorciju. V drugem delu so bili SNP oznacevalci vkljuceni v
genomske asociacijske Studije (GWAS) za dolocanje povezav med SNP-i in lastnostmi
mlecnosti (koli¢ina mleka, masCobe in beljakovin) pri slovenskih rjavih bikih. Bonferroni
korekcija je zaznala 52 znacilnih SNP oznacevalcev, na osnovi posameznih analiz na vsakem
oznacCevalcu. Korekcija na razdeljenost populacije na podpopulacije na podlagi rezultatov
admixture programa je imela pomemben vpiv na analizo v kateri ni bilo znacilnih povezav med
SNP oznacevalci in lastnostmi mle¢nosti. Rezultati GWAS bodo olajsali razumevanje genetske
strukture kompleksnih lastnosti in se uporabijo za izboljSanje rejskih programov. V zadnjem
delu je bila GWAS narejena za karakterizacijo genomskih regij s povezavami med lastnostmi
mlecnosti (koli¢ina mleka in mascobe) in mesnatosti (dnevni neto prirast in klavna kakovost) z
razli¢no jakostjo in smerjo pri kombiniranih pasmah (nemska in italijanska lisasta pasma), kar
zagotavlja moznost razclenitve genetskih korelacij med lastnostmi. Porazdelitev genetskih
kovarianc na ravni genoma med lastnostmi mle¢nosti in mesnatosti je pokazala, da lahko vpliv
zamenjave alelov iz GWAS uporabimo za oceno porazdelitve prispevka genetskih kovarianc.
Genetska arhitektura prispevka kovariacije je v glavnem poligena s prisotnostjo Stevilnih genov
z velikimi vplivi. Opisani na¢in bo zagotovil nova znanja za boljSe razumevanje genetskega
ozadja kovaricij, kar bo pripomoglo k identifikaciji genov in poti, ki so povezane z lastnostmi
mlecnosti in mesnatosti pri kombiniranih pasmah govedi.
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Cell
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GLOSSARY

Different forms of a gene, which produce variations in a
genetically inherited trait

Putting sequenced fragments of DNA into their correct
chromosomal positions

A chromosome not involved in sex determination. The
diploid bovine genome consists of 60 chromosomes: 29
pairs of autosomes (BTA), and 1 pair of sex chromosomes
(the X and Y chromosomes)

One of the molecules that form DNA and RNA molecules
Two nitrogenous bases (adenine and thymine or guanine
and cytosine) held together by weak bonds. Two strands of
DNA are held together in the shape of a double helix by
the bonds between base pairs

The science of managing and analysing biological data
using advanced computing techniques. Especially is
important in analysing genomic and transciptomics
research data

A gene located in a chromosome region suspected of being
involved in a disease

Compares cases (that is, a selected group of individuals:
for example, those diagnosed with a disorder) with
controls (that is, a comparison group of individuals: for
example, those who are not diagnosed with the disorder).
Genome-wide association case—control studies test
whether genetic marker allele frequencies differ between
cases and controls

Basic unit of any living organism that carries on the
biochemical processes of life

Complex DNA chain that contains genetic information.
Chromosomes occur as paired sets throughout the genome
Unit of measure of recombination frequency. One cM is
equal to 1% chance that a marker at one genetic locus will
be separated from a marker at a second locus due to
crossing-over in a single generation

Traits controlled by a combination of many genes and
environmental factors

The breaking during meiosis of one maternal and one
paternal chromosome, the exchange of corresponding
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sections of DNA, and the re-joining of the chromosomes.
This process can result in an exchange of alleles between

chromosomes
Deoxyribonucleic acid The molecule that encodes genetic information. DNA is a
(DNA) double-stranded molecule held together by weak bonds

between base pairs of nucleotides. The four nucleotides in
DNA contain the bases stranded molecule held together by
weak bonds between base pairs of nucleotides. The four
nucleotides in DNA contain the bases: adenine (A),
guanine (G), cytosine (C), and thymine (T)

DNA marker A DNA sequence that exists in two or more forms that can
be used to genotype individual organisms

Estimated breeding value An estimate of the additive genetic merit for a particular
trait that an individual will pass on to its descendant’s

Fine mapping Extensively genotyping or sequencing a region of the

genome that was identified in genome-wide association
studies to identify the causal variant

Gene The fundamental physical and functional unit of heredity.
A gene is an ordered sequence of nucleotides located in a
particular position on a particular chromosome that
encodes a specific functional product (i.e., a protein or
RNA molecule)

Gene locus (pl. loci) Gene's position on a chromosome or other chromosome
marker; also, the DNA at that position. The use of locus is
sometimes restricted to mean expressed DNA regions

Gene mapping Determination of the relative positions of gene s on a DNA
molecule (chromosome or plasmid) and of the distance, in
linkage units or physical units, between them

Genetic architecture Genetic model (the number of single-nucleotide
polymorphisms, effect sizes, allele frequency, etc.)
underlying a phenotypic trait

Genomic breeding value An estimate of an animal’s genetic merit, including
genomic information
Genetic improvement Deliberate genetic change in a population of domestic

animals or plants brought about by human control of their
selection and breeding that makes them more suitable for
the purpose for which they are kept

Genetic marker Gene or DNA sequence at a known location on a
chromosome that can be used to identify individuals or
species. A genetic marker may be a short or long DNA
sequence. Common types of genetic markers are RFLPs
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Genetic polymorphism
Gene pool
Genome

Genomics

Genome mapping

Genomic selection
Genome-wide association
studies (GWAS)
Genome-wide-significant

Genotype
Genotype imputation

Haplotype

Hardy-Weinberg equilibrium
(HWE)

Heritability

Heterozygote

Homozygote
Linkage analysis

(Restriction Fragment Length Polymorphism), SSLPs
(Simple Sequence Length Polymorphism), SNPs (Single
Nucleotide Polymorphism), and SSRs (Simple Sequence
Repeat DNA marker). Genetic markers play a role in
genetic engineering because they allow breeders to locate
and utilize genes of interest for genetic gains

Differences between DNA sequences

All the variations of genes in a species

All the genetic material in the chromosomes of a particular
organism; its size is generally given as its total number of
base pairs

The discipline of genetics that encompasses gene mapping,
gene sequencing, and determining gene function
Determining a set of landmarks or genetic markers — genes
or short DNA sequences — in the genome that will enable
researchers to find new genes. A genome map is one -
dimensional-a straight line with landmarks that stand for
genes or DNA sequences. They guide a researcher toward
a gene that is suspected to be involved in some process that
is of interest

Selection of animals for breeding based on estimated
breeding values calculated from the joint effects of genetic
markers covering the whole genome

Studies in which hundreds of thousands (or millions) of
genetic markers
phenotypic trait
A term describing the statistical significance threshold that
accounts for multiple testing in GWAS

The genetic make-up of a cell or organism

Inference of missing genotypes or untyped single-
nucleotide polymorphisms using statistical techniques

The particular combination of alleles on the same
chromosome typically inherited together

Holds at a locus when the two alleles within an individual

are tested for association with a

are statistically independent

The proportion of phenotypic variance attributed to genetic
differences among individuals in a population

The presence of different alleles at one or more loci on
homologous chromosomes

An organism that has two identical alleles of a gene
Genotyping using a collection of genetic markers across
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the genome, and examining how those genetic markers
segregate with the disease across multiple families

Kilobase (kb) A unit of length for DNA fragments equal to 1000
nucleotides

Linkage disequilibrium (LD) The absence of linkage equilibrium so that the allele at one
locus is correlated with the allele at another locus

Locus (pl. loci) The position on a chromosome of a gene or other
chromosome marker; also, the DNA at that position. The
use of locus is sometimes restricted to mean expressed

DNA regions

Marker-assisted selection Use of genetic/DNA markers to guide in choosing specific

(MAS) plants or lines with targeted traits for new variety
development

Megabase (Mb) Unit of length for DNA fragments equal to 1 million
nucleotides and roughly equal to 1 ¢cM (centimorgan)

Minor allele frequency The frequency of the less frequent allele in a two-allele
polymorphism

Multivariate analyses The simultaneous inclusion of two or more phenotypes in
one analysis when testing the association with a genetic
variant

Nucleotide Subunit of DNA or RNA consisting of a nitrogenous base

(adenine, guanine, thymine, or cytosine in DNA; adenine,
guanine, uracil, or cytosine in RNA), a phosphate
molecule, and a sugar molecule (deoxyribose in DNA and
ribose in RNA). Thousands of nucleotides are linked to

form a DNA or RNA molecule

Phenotype The observable or measurable characteristics of an
individual

Pleiotropy A gene or genetic variant that affects more than one
phenotypic trait

Polygenic Controlled by many genes

Population genetics The study of wvariation in genes among a group of
individuals

Population stratification Also termed population heterogeneity or confounding by

ethnicity. Population stratification refers to a situation
where subgroups of individuals are on average more
related to each other than to other members of the wider
population.

Qualitative trait Traits that are easily classified into distinct phenotypic
categories. These phenotypes are under the genetic control
of only one or a few genes with little or no environmental



Spehar M. Genomic evaluation and association ... correlated traits in dairy and dual ... cattle.
Doctoral Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2015 XX

Quantitative trait

Quantitative trait

Quantitative trait locus

(QTL)

Segregation

SNPs

Univariate analysis

modification to obscure the genetic effects

Refers to phenotypes or characteristics of an organism that
vary in degree and can be attributed to multi-gene effects
(as opposed to single or a few genes) and their
environment. These traits do not fit into discrete
phenotypic classes, but instead form a continuum of
phenotypes that blend to form a continuous variability

A measurable trait that depends on the cumulative action
of many genes and the environment, and that can vary
among individuals over a given range to produce a
continuous distribution of phenotypes

Describes a chromosomal region containing one or more
genes involved in the expression of a polygenic trait. QTL
are identified by the association between a set of genetic
markers

The normal biological process whereby the two pieces of a
chromosome pair are separated during meiosis and
randomly distributed to the germ cells

Single base pair positions in DNA. This is the most
common form of DNA variation, alterations to a single
base. Most SNPs are associated with DNA variation and
are used as genetic markers

Test of association between one phenotype and a genetic
variant
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1 GENERAL INTRODUCTION

Genome research in farm animals differs from those in humans. The identification of
single disease loci is less important since animals with inherited disorders are pulled from
breeding. Most of economically important traits in livestock have a quantitative
expression. These traits are influenced by many genes of predominantly small effect and
environment which results in continuous variation of phenotypes (Falconer and Mackay,
1996). A chromosomal region that contains one or more genes involved in the expression
of a quantitative trait is called quantitative trait locus (QTL) (Fischer et al., 2003). The
presence of QTL is detected by mapping studies that shows differences in phenotypic
expression between individuals having different QTL alleles (Anderson, 2001). The
purpose of QTL mapping in farm animals is to apply the genomic information in practical
breeding programmes in order to enhance selection programs (Anderson, 2001; Dekkers
and Hospital, 2002) and to understand the genetic architecture of the economicaly
important traits.

1.1  IMPROVEMENT OF GENETIC EVALUATIONS USING MOLECULAR
INFORMATION

Genetic improvement of quantitative traits is commonly based on phenotypic and pedigree
information that are used to estimate additive genetic effect of all the genes of an
individual or the so called estimated breeding value (EBV). Statistically the estimation is
carried out using the mixed model methodology formulated by Henderson (1984). In dairy
cattle, phenotypic data are collected through various recording schemes (milk and fertility
recording, type classification, etc.) on daughters of progeny tested bulls. The latter are four
to six years old when the first crop of data on their daughters is collected. At that time the
accuracy of bull EBV is 0.90 or more. Without progeny testing which is a source of
phenotypic information that pertains to bulls, the accuracy of EBV using only pedigree
information (i.e., average parental breeding values) is around 0.60 (e.g., Schefers and
Weigel, 2012).

1.1.1 Mapping genomic regions underlying quantitative traits

Considerable technological developments and discoveries in the field of molecular genetics
during 1990’s allowed the identification of genomic regions with QTL for economically
important traits. These findings were the result of linkage map developments and
genotyping based on molecular markers (Kappes et al., 1997). Improvements in animal
breeding programmes through the use of molecular markers linked to QTL to predict the
performance of animals is called marker assisted selection (MAS). The inclusion of
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molecular information in traditional selection schemes through MAS became a valuable
tool in selecting traits of interest (Meuwissen and Goddard, 1996; Spelman and Garrick,
1997). According to traditional MAS, relatively small number of genetic markers was
included in genetic evaluation (Fernando and Grossman, 1989). At that time considerable
effort has been put in to the construction of genetic maps containing 746 (Barendse et al.,
1997) and 1250 microsatellite markers (Kappes et al., 1997) distributed across the whole
genome. Genetic markers such as restriction fragment length polymorphisms (RFLP),
variable number tandem repeats (VNTR), microsatellites and single nucleotide
polymorphisms (SNPs) were commonly used in these studies to track the inheritance of
specific regions of chromosomes. Even though MAS has improved the efficiency of
breeding programs (Dekkers, 2004), its implementation has been very limited (Boichard et
al., 2010). Only a limited number of genes have been identified. The confidence interval of
the marker location was large and was impossible to test for two linked QTL emphasizing
the need for rendering the fine-mapping (Visscher and Goddard, 2004; Boichard et al.,
2003). Therefore an alternative approach has to be applied to utilize the information from a
large number of molecular markers.

1.1.2 High-throughput genotyping

Sequencing the genome (bovine or human or rice) simply means the determination of the
linear order of four bases in the genome: adenosine (A), thymidine (T), guanine (G) and
cytosine (C). The cattle genome sequencing and assembly was completed in 2009 (The
Bovine Genome Sequencing and Analysis Consortium, 2009). The DNA of the whole
genome shotgun sequences belong to the Hereford cow Dominette and her sire Domino.
The sequencing was assembled by the Baylor College of Medicine Human Genome
Sequencing Center (HGSC, 2104). The genome assembly went through several
improvements, from assemblies Btau 1.0, Btau 3.1 to Btau 4.2 in 2009. The sequences
were also assembled by the Center for Bioinformatics and Computational Biology at
University of Maryland and generated an alternate assembly UMD2 (Zimin et al., 2009).
Since then, both the Btau and UMD assemblies have been upgraded to the current versions,
Btau 4.6.1 and UMD3.1. The total length of the cattle genome is approximately 2.8 bilion
base pairs (bp) DNA (Zimin et. al., 2009).

For the purposes of genetic studies, single nucleotide polymorphisms (SNPs, pronounced
'snips') are typically used as markers of a genomic region. Each SNP represents a
difference in a nucleotide. For example, a SNP may replace the nucleotide cytosine (C)
with the nucleotide thymine (T) in a certain stretch of DNA. SNPs are located at
approximately 700 base pairs in the Bos faurus and every 300 base pairs in Bos indicus
genome (The Bovine HapMap Consortium, 2009). There are nearly four million SNPs in
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the Bos taurus genome which were identified during sequencing (Seidel, 2010). The
genome sequence assembly from the Hereford cow and sequences sampled from six
additional breeds were used to interrogate 37,470 SNPs in 497 animals from 19
geographically and biologically diverse breeds (The Bovine HapMap Consortium, 2009).
This set was the basis for further expansion of SNP discoveries. Van Tassel et al. (2008)
added an additional 23,357 SNPs to the bovine collection, studying 66 animals from dairy
breed (Holstein), and six beef breeds (Angus, Red Angus, Gelbvieh, Hereford, Limousin,
and Simmental). The availability of thousands of SNPs has led to the development of SNP
chips capable for assaying large number of SNPs simultaneously.

Two most common SNP chip for cattle are coming from Illumina (Illumina Inc., San
Diego, CA, USA) and Affymetrix (Santa Clara, CA). These two competing technologies
have been recently reviewed (Distefano and Taverna, 2011) and offer different approaches
to measure SNP variation. For example, the Affymetrix platform prints short DNA
sequences as a spot on the chip that recognizes a specific SNP allele. Alleles (i.e.
nucleotides) are detected by differential hybridization of the sample DNA. Illumina on the
other hand uses a bead-based technology with slightly longer DNA sequences to detect
alleles. The Illumina chips are more expensive to make but provide better specificity. The
most used SNP chip contains approximately 54,000 SNPs and is called the Bovine50K
SNP chip (Illumina. Inc., 2011). The densest is so called BovineHD beadchip (Illumina.
Inc., 2010) with more than 700,000 SNPs that covers the entire bovine genome. The high-
density chip enables to capture genetic effects at a better resolution and might result in
substantially higher accuracies of genomic breeding values (Pausch, 2013).

The availability of affordable high-density panels of thousands of SNPs has led to the
abundant use of this information in livestock breeding programs. This is commonly
referred to as genome-wide or genomic selection (Meuwissen et al., 2001). Genomic
selection is based on the inference of breeding values based on the sum of SNP association
effects with phenotype across the whole genome (Meuwissen et al., 2001; Solberg et al.,
2008). Statistically the SNP association effect is a regression coefficient of phenotype on
SNP genotype, while genetically the SNP association effect is an average allele
substitution effect of a particular SNP. Both representations describe the additive genetic
effect of a SNP association between phenotypic values and genomic region of a SNP. The
sum of all SNP associations represents an estimate of total additive genetic (breeding)
value of an individual. In dairy cattle this estimate is often called direct genomic value
(DGV) and is based solely on genotypic information of an individual animal and
population based SNP associations.
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For the implementation of genomic selection, phenotyped and genotyped reference
population is needed to estimate the SNP associations and assemble them in the prediction
equation of a DGV which is in turn used to estimate DGV for non-phenotyped individuals
(Meuwissen et al., 2001; Goddard and Hayes, 2007). Different types of breeding value
estimates (EBV from pedigree prediction or progeny test and DGV from genomic
information) can be blended in one value often called genomically enhanced breeding
value (GEBV) using various approaches (VanRaden 2008; Kachman, 2008; Aguilar et al.,
2010). The accuracy of genomic evaluation mainly depends on the number of genotyped
and phenotyped individuals in the reference population (Goddard, 2009; Schefers and
Weigel, 2012). Use of genomic data generally provides less information than phenotypic
data from a progeny test and consequently lower accuracy of EBV. However, the
advantage of using genomic data is to increase the accuracy of EBV of young or non-
phenotyped animals from about 0.60 (parent average) to 0.80 (Hayes et al., 2009a). Even
though these accuracies are lower than with progeny test the early use of young bulls in
artificial insemination shortens generation interval considerably and therefore increases
genetic gain per unit of time (Schaeffer, 2006).

The highest gains of using genomic selection could be expected in populations with large a
number of genotyped and phenotyped animals, especially progeny tested bulls. An
example of such large reference population is the European consortium in Holstein breed
(EuroGenomics) which in the year 2011 included more than 17,000 progeny tested bulls
from France, Germany, Netherlands and Scandinavian countries (Denmark, Sweden, and
Finland) (Liu et al., 2011). Since then the number of progeny tested bulls increased by
inclusion of Spain and Poland and new routinely tested bulls. The links between these
populations are created by extensive world-wide use of semen of several popular bull
families in Holstein breed. Additionally, all the data can be easily interchanged, due to the
international across country evaluation performed by the Interbull in Sweden. Similar
development of a large international reference population had been done in the Brown
Swiss breed, where the reference population is consisted of almost 8,000 bulls from 7
countries (Austria, France, Germany, Italy, Slovenia, Switzerland, and the United States of
America) via the Intergenomics project operated by the Interbull (Zumbach et al., 2010;
Jorjani et al., 2012). The need for large reference populations has therefore steered a lot of
international cooperation, which is essential for introduction of genomic selection in small
populations.

Reference populations in beef cattle are usually much smaller than in dairy cattle due to
more disconnected (sub)populations in one or several countries. In these populations SNP
prediction equations could be developed on experimental populations of reasonable size
and later used to compute the DGV of other animals in whole national population. In such
cases DGVs can be blended with the national EBV from pedigree and/or phenotype
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inference via the use of bivariate analysis (MacNeil et al., 2010; Johnston et al., 2010;
Johnston et al., 2012). Mintysaari and Strandén (2010) proposed to use the same approach
to blend genomic and conventional EBV. However, this approach can lead to a potential
double counting of information, which could be avoided by using method of Vandenplas
and Gengler (2012).

1.2 QUANTITATIVE TRAIT LOCI MAPPING METHODOLOGIES

Detection of QTL relies on linkage disequilibrium (LD) between the genetic markers and
QTL. The existence of LD implies that small segments of chromosomes exists in the
current population and are descended from the same common ancestor. Therefore,
chromosome segments which are identical by descent will not carry only the identical
marker haplotypes but also will carry identical QTL alleles. In the case when two animals
carry chromosomes which are identical by descent then their phenotypes will be correlated
(Hayes et al., 2005).

Two main approaches are used in dissecting genetic loci or genes: linkage and association
analysis. A key difference between linkage and association mapping is in the precision
with which they map the location of quantitative trait loci (QTLs).

1.2.1 Linkage analysis

This statistical method tests for the co-segregation of linked alleles (i.e. alleles that are
inherited together) within family members. It is most effective in identifying rare alleles
with large effect sizes (Concannon et al., 2009). It is based on Mendelian inheritance and
uses affected relatives to identify regions on chromosomes that are shared more frequently
than expected by chance. The main idea is that markers which are found in vicinity on the
QTL have a tendency to be inherited together when passed on to offspring. Thus, if some
disease is often passed to offspring along with specific markers, then it can be concluded
that the gene which is responsible for the disease are located close on the chromosome to
these markers.

Linkage studies are performed when the pedigree of related individuals is known and
phenotype is present in some of the family members. Since linkage analysis uses
recombination events only within the recorded pedigree the confidence interval for the
position of the QTL is typically large (Darvasi et al., 1993). Two most common mapping
designs proposed by Weller et al. (1990), the daughter design (DD) and granddaughter
design (GDD) were used for detection of QTL in dairy cattle. QTL mapping studies
resulted in identification only a few genes. For example in Holstein population, a QTL for
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milk yield and fat content was detected on chromosome 14 (Coppieters et al., 1998; Looft
et al., 2001; Thomsen et al., 2000). Further studies revealed the underlying gene DGAT1 in
Dutch and New Zealand Holstein populations (Grisart et al., 2002) as well as in German
Fleckvieh population (Winter et al., 2002). A Myostatin gene responsible for double
muscling was mapped in beef cattle (Charlier et al., 1995). There are several disadvantages
of linkage studies. A large number of families with several affected generations have to be
identified. Linkage analysis usually mapped the QTLs to a large interval of 20
centimorgans (cM) or more (Meuwissen et al., 2001) which made it difficult to identify the
underlying mutation and to use the marker information in animal breeding programmes.
This kind of studies is less helpful for complex traits, such as all economically important
traits (Pearson and Manolio, 2008).

1.2.2 Association analysis

It is based on association between marker alleles and trait of interest (or disease).
Association is statistical term about the co-occurrence of alleles and phenotypes. The
method is suitable for common alleles with modest and small effect sizes (Concannon et
al., 2009). Allelic association is occured when there is a significant change in the
frequency of a marker allele for a disease or trait (phenotype) compared to the control
population. This method tests for association of genetic markers (typically SNPs) with the
trait of interest in population-based (case/control or quantitative trait model) or family-
based sample in the form of parent-offspring trios (transmission disequilibrium test). Case-
control study compares two groups of individuals: cases (individuals with disease) and
controls (individuals without disease). The assumption is higher prevalence of
susceptibility alleles for disease or trait of interest in cases than in control group.
Susceptibility alleles could be detected through direct comparison of allele frequency
between cases and controls (McCarthy et al., 2008). Family-based design approach
examines the transmission of alleles from heterozygous parents to affected offspring that is
observed more frequently than expected by chance (Smith and Newton-Chech, 2009).

1.2.3 Genome-wide association studies (GWAS)

Development of SNP marker panels opened the possibility to perform genome-wide
association studies (GWAS) to hunt for associations between phenotypic values and
genomic regions in order to prioritize regions for further gene or regulatory element
discovery (Hirschhorn and Daly, 2005). From 2005, GWAS took the complete dominance
in association studies. In GWAS, association analysis is used to detect association of
common variants (allelic variants present in more than 5% of the population) with the
modest to large effects (Manolio et al., 2009) and to identify chromosome regions that
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harbour the genes or regulatory elements related to the traits of interest (e.g., Goddard and
Hayes, 2009; Bush and Moore, 2012; Eggen, 2012; Montaldo et al., 2012).

These studies were first used for the analysis of human disease data in order to reveal the
genetic architecture of diseases (e.g., Hirschhorn and Daly, 2005; Massey and Parkes,
2007). Results were encouraging and lead to the identification of genomic regions
associated with Crohn’s disease (Barrett et al. 2008), diabetes (Frayling, 2007), cancer
(Easton and Eeles, 2008), etc. Association studies in the field of livestock species are used
to understand the genetic control of economically important traits such as milk (e.g.,
Grisart et al., 2002; Pryce et al., 2010; Mai et al., 2010), meat (e.g., Bolormaa et al., 2011),
and health (e.g., Murdoch et al., 2011). Such knowledge can be used to enhance biological
understanding as well as to enhance the methods of genomic selection. The use of genome-
wide data enhances such hunting simply due to greater resolution of genome. For example
in dairy cattle, significant associations using genome-wide data were detected for milk
yield on BTA8, BTA9, BTA10, BTA11, BTA 13, BTA2S5, and BTA29 (Hayes et al.,
2009b; Bolormaa et al., 2010). Milk fat and protein content was associated with SNPs on
BTAS, BTA6, BTA11, BTA14, BTA19, and BTA26 (Pryce et al., 2010; Schopen et al.,
2011).

Beside catlle, GWA studies were also performed in other domestic animals including pigs,
sheep, chickens, and dogs. GWAS in filed of pig was performed using commercial
[Mlumina PorcineSNP60 BeadChip and revealed significant associations for androstenone
(Duijvesteijn et al., 2010) on chromosomes 1 and 6 and for skatole (Ramos et al., 2011) on
chromosome 6. Grindflek et al. (2011) found that 28 chromosome was related to boar taint
in commercial Landrace and Duroc. Illumina OvineSNP50 BeadChip and GWAS
methodology was used to identify significant SNPs associated with growth and meat
production traits (birth weight, weaning weight, 6-month weight, eye muscle area, fat
thickness, preweaning gain, post-weaning gain, daily weight gain, height at withers, chest
girth, and shin circumference) and to explore and forecast the major candidate genes in
sheep (Zhang et al., 2013). In the study, 36 significant SNPs were identified for seven
traits, and 10 of them reached genome-wise significance level for post-weaning gain. In
Spanish Churra sheep, Garcia-Gomez et al. (2012) performed GWAS for milk production
traits and reported significant association for fat and protein content located on
chromosome 3 (OAR3). GWAS in chichen was based on use Illumina ChickenSNP60
BeadChip. Studies were focused on chicken body weight. Gu et al. (2011) reported
significant SNPs in a region of the chicken chromosome 4. GWAS about chicken growth
was reported by Xie et al (2012) where significant SNPs and genes were detected for 18
traits mostly on chicken chromosome 1. In layer chickens the egg production and quality
traits are important traits. GWAS on chicken egg production and quality traits using two
populations including White Leghorn and Brown-Egg Dwarf Layers revealed significant
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SNPs associated with egg production and quality traits (Liu et al., 2011). In dogs, GWAS
was reported for canine atopic dermatitis (cAD; Wood et al., 2009) using the Illumina
Canine SNP20 array showing that GWAS could be useful tool for identify genetic risk
factors for cAD. GWAS for Arrhythmogenic right ventricular cardiomyopathy (ARVC)
was carried out by Meurs et al. (2010) using the canine 50k SNP array in adult Boxer dogs
and identified several regions significantly associated with ARVC expecially on
chromosome 17. Genetic variants associated with intervertebral disc calcification in
Dachshunds were identified by Mogensen et al. (2011). They reported signifficant
association in a region of chromosome 12.

1.2.3.1 Linkage disequilibrium

GWAS can be successfully implemented due to the existing linkage disequilibrium (LD)
between dense markers and QTL for the trait of interest (Hayes et al., 2009a; de Roos et
al., 2008). LD is a property of SNPs on a contiguous stretch of genomic sequence that
describes the degree to which an allele of one SNP is inherited or correlated with an allele
of another SNP within a population (Bush et al., 2012). The term LD was formed by
population geneticists in order to mathematically describe changes in genetic variation
within a population over time. It is related to the concept of chromosomal linkage, where
two markers on a chromosome remain physically joined on a chromosome through
generations of a family. Recombination events within a family from generation to
generation breaks chromosomal segments. This effect is magnified through generations,
and in a population of fixed size undergoing random mating, repeated random
recombination will break part segments of contiguous chromosome until all alleles in the
population are independent. The rate of LD decay is dependent on the population size, the
number of founding chromosomes in the population, and the number of generations for
which the population has existed (Bush et al., 2012).

Many measures of LD have been proposed (Devlin and Risch, 1995) and all are related to
the difference between the observed frequency of co-occurrence for two alleles (i.e. a two-
marker haplotype) and the frequency expected if the two markers are independent. The two
most commonly used measures of linkage disequilibrium are D’ and 1. D’ is a population
genetics measure that is related to recombination events between markers and is scaled
between 0 and 1. A D’ value of 0 indicates complete linkage equilibrium, which implies
frequent recombination between the two markers and statistical independence under
principles of Hardy-Weinberg equilibrium. A D’ of 1 indicates complete LD, indicating no
recombination between the two markers within the population. For the purposes of genetic
analysis, LD is generally reported in terms of r* which is statistical measure of correlation.
High r* values indicate that two SNPs carry similar information. Therefore, only one of the
two SNPs needs to be genotyped to capture the allelic variation. There are dependencies
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between these two statistics: r° is sensitive to the allele frequencies of the tow markers, and
can only be high in regions of high D’.

1.2.3.2 Principles of GWAS

The basic design of a GWAS in livestock species is that a sample of animals are recorded
for a trait of interest and assayed for a genome-wide panel of markers to detect statistical
associations between the trait and any of the markers (Goddard and Hayes, 2009). Data
from a GWAS are analysed by testing the significance of one SNP at a time using a linear
model Single-SNP and multiple-SNP (multipoint-SNP) analyses are common approaches
of SNP-based analyses.

Single-SNP analysis is a series of single-locus statistic tests, examining each SNP
independently for association to the phenotype. Quantitative traits are generally analyzed
using generalized linear model (GLM) approach that includes fixed effects (sex, age,
cohort or group to which the animal belongs), the polygenic breeding value of each animal
(due to all other genes affecting the trait), and the effect of a SNP. Only the additive effect
of the SNP is tested by coding the SNP genotype as 0 for one homozygote, 1 for the
heterozygote, and 2 for the other homozygote. One of the most important covariates
considered in genetic analysis is a population structure (or admixure) which mostly
consists of a mixure of breeds in the sample of animals used in analysis. The correction for
population structure can be done by including breed in the statistical model used for
analysis. However, cattle is bred in half-sibling families. Relationships among the animals
in the sample cause LD between loci even if they are unlinked. For instance, if the sire of a
family carries rare alleles at two unlinked loci, his offspring will be more likely than other
animals to carry both rare alleles. This problem can be solved by including a polygenic
term in the statistical model with the appropriate numerator relationship matrix. It is also
possible to estimate the relationship matrix from the markers instead of from the pedigree,
then to fit this matrix directly or its principal components (Patterson et al., 2006). The
assumption here is that the principal components will capture population stratification as
these are likely to be the main axes of variation in the genomic relationship matrix. Pausch
et al. (2011) applied this approach to a GWAS in Fleckvieh cattle for calving ease and
growth traits. Although the inclusion of a polygenic term in the statistical model eliminates
associations between a QTL and markers that are not linked to it, it does not eliminate
associations between QTL and linked markers. If there are relationships among the animals
used for the GWAS, the associations discovered represent a mixture of associations caused
by LD and associations caused by linkage.
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When testing for a statistically significant difference between means, each SNP is tested
separately and a p-value is generated for each SNP. If the p-value is set to 0.05, there is a
5% error margin for each single SNP to pass the test. There are several strategies to adjust
the p-values: Bonferroni adjustment, false discovery rate, and permutation testing.
Bonferroni correction is the simplest approach to correct for multiple testing. This
approach adjusts the a value from a = 0.05 to a =(0.05/k) where k is the number of
statistical tests conducted. For a typical GWAS wusing 500,000 SNPs, statistical
significance of a SNP association would be set at 10”. This correction is the most
conservative, and assumes that each association test of the 500,000 is independent of all
other tests. An alternative approach is to compute the false discovery rate (FDR)
(Benjamini and Hochberg, 1995). The false discovery rate is an estimate of the proportion
of significant results or SNPs (o= 0.05) that are declared significant but acctually they are
false positives. If the FDR is 0.05, it means that only 5% of the significant SNPs are false
discoveries. Permutation testing is another approach for establishing significance in
GWAS. The idea of permutation tests was first described by Fisher (1935), with the
assumption that all possible permutations would be enumerated. A key concept of this
approach is the idea that the distribution of an estimator or test statistic can be estimated by
an empirical re-sampling distribution. In the multiple testing much more precision is
needed. A useful strategy is to start with 1,000 permutations and continue to larger
numbers only if p is small enough to be interesting.

An alternative to the single SNP analysis is to fit all SNPs simultaneously and treating
them as random effects. The main obstacle for using multiple regression appears because
the number of predictors is greater than the number of observations (Tibshirani, 1996;
Logsdon et al., 2012). Since p >> n standard maximum likelihood estimation cannot be
performed. Regularisation based on penalized maximum likelihood method was considered
in order to avoid model overfitting. Therefore, variable selection implemented by
penalized linear regression could identify predictors (or SNPs) with nonzero effects.
Variable selection approaches with continuous penalties include ridge regression (Hoerl
and Kennard, 1970), lasso (Tibshirani, 1996), and elastic net (Zou and Hastie, 2005).
Ridge regression is known to shrink the coefficients of correlated predictors towards each
other, allowing them to borrow strength from each other. Ridge regression shrinks
coefficients with smaller variances more than it does coefficients with larger variances.
Under the assumption that less variable predictors are less associated with the outcome,
then ridge shrinkage is more pronounced for unimportant than for important predictors.
The lasso tends to pick only one or a few of highly correlated variables included in the
model and shrinks the rest to 0. Elastic net is a linear combination of the L1 penalty and L2
penalty. It was designed as a form of the lasso that would be more stable when used on
data sets characterized by highly correlated variables (Zou and Hastie, 2005).
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1.2.3.3 Limitations of GWAS

One of the most pronounced limitations of GWAS is that selected SNPs capture only a
fraction of total genomic variance, so called ‘missing heritability’ phenomenon (Mabher,
2008; Manolio et al., 2009). For example, human height is highly heritable trait (80 to
90%). Using a single SNP analysis over 30,000 people more than 40 loci were found to be
associated with the height. Only 5% of the height’s heritability is explained by the genetic
variaton at those 40 loci. Analyzing all SNPs jointly for their influence on height, 45% of
the height’s heritability is explained by SNPs. It is not clear why the common variants fail
to explain the majority of the genetic heritability of most human diseases. One possible
explanation to the missing heritability could be some interaction between different gene
(epistasis). These interactions could be hard to detect when analyzing one SNP at the time,
as the marginal effect of a single SNP will be small. Another explanation is that part of the
increased risk can be explained by many rare variants, which are present among less than 1
% of the population. This suggests that there could be heterogeneity, where different
genetic profiles can cause diseases that are diagnostically the same (Manolio et al., 2009).
Furthermore, GWA studies are focused on common variation only, and many associated
variants are not causal (Manolio et al., 2009). Results need replication in independent
samples in different population. In association studies potential causes of inconsistent
results are due to population stratification, genetic heterogeneity, random error such as
false positive or false negative results, and study design problems (Silverman and Palmer,
2000; Cardon and Bell, 2001).

Despite the limitations outlined above, GWAS has proven itself well-suited to the
identification of common SNP-based variants with modest to large effects on phenotype.
The studies give possibility to define the molecular mechanisms of the disease or
phenotypic expression through functional analysis of a gene and its associated variants.

1.3 ADDITIONAL KNOWLEDGE FOR BREEDING PROGRAMS

One of the practical problems in breeding programs is selection on multiple traits with
variable genetic correlations between traits. In particular the limitation is posed by
(strongly) negative genetic correlations limiting the space for improvement in the future.
Such unfavourable correlations can be due to closely linked genes or pleiotropy.
Combination of linked genes with unfavourable (opposite) effects can arise due to
selection for a certain trait proliferating also the remaining genes in the same genomic
regions. In some cases this can also lead to unfavourable genetic changes in other traits,
due to unfavourable genetic correlations. Another explanation for this phenomenon can be
due to pleiotropy. Pleiotropic genes are genes influencing more than one trait. Increasing
the frequency of such genes via selection will result in the same unfavourable genetic
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changes in other traits. Classical example of antagonistic traits in dairy cattle is milk yield
and fertility. For example in Norwegian Red cattle Olsen et al. (2011) reported QTL on
BTAI12 having opposite effect on non-return rate and milk traits. Another example with
antagonistic effect has been reported for calving ease and postnatal growth traits where two
QTLs were identified on BTA14 and BTA21 in the German Simmental breed (Pausch et
al.,, 2011). Due to polygenic architecture for economically important traits there can be
genomic regions with favourable, unfavourable, and no genetic correlations that all jointly
result in a global genetic correlation between traits. Genome-wide data provides an
opportunity to dissect the genome in such regions to facilitate further gene discovery as
well as to enhance breeding. Most studies were focused on milk production and fertility
traits in dairy cattle. However, these aspects have not yet been studied in dual purpose
breeds, where the antagonism is not only present between milk production and fertility, but
also between milk and beef production.

1.4 HYPOTHESES

On the basis of the issues described above, the present thesis will investigate the following
scientific problems.

1.4.1 Implementation of genomic evaluation in small populations

Implementation of genomic evaluation in small populations is challenging due to the
requirement of large numbers of genotyped and phenotyped animals to build reference
population of sufficient size. Alternative to own reference population is to use reference
population combined from populations from several countries and to integrate this
information into national evaluations. Hypotheses for this part are:

e Integration of direct genomic values based on a combined reference population
from several countries provides significantly more accurate estimates of breeding
values for routine national genomic evaluation than parent average prediction.

e Appropriate statistical methods can correct for the double counting of national data
in the process of integration international information (MACE EBV, DGV, and
GEBV) based on a combined reference population into national genomic
evaluation.

1.4.2 Genome-wide association studies for dairy traits in Brown-Swiss breed

e Address the aspects of the GWAS for implementation of genomic selection for
dairy traits: milk yield (MY), fat yield (FY), and protein yield (PY) in Slovenian
Brown Swiss breed based on single SNP analysis and to SNP association signals
across the whole genome.
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1.4.3 Decomposition of genetic correlations due to linkage or pleiotropy using

genomic data

e Genome-wide association can be used to characterize genomic regions with
associations having different magnitude and direction of effect on different traits
providing the possibility to dissect genetic correlations between traits.

e Genetic correlations between dairy and beef traits can be mapped combining single
trait genome-wide association studies.

e Multivariate modelling can be used to map genetic correlations between dairy and
beef traits at the whole genome, on chromosomal, and (sub)chromosomal levels,
and to identify the candidate genes affecting these traits.
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2 SCIENTIFIC WORKS

2.1 ACCURACY OF GENOMIC PREDICTION FOR MILK PRODUCTION TRAITS
WITH DIFFERENT APPROACHES IN A SMALL POPULATION OF
SLOVENIAN BROWN BULLS

2.1.1 Introduction

Genetic improvement of quantitative traits in dairy cattle is commonly based on
phenotypic and pedigree information that are used to infer (estimate) breeding values
(EBV). The process of providing reliable breeding values based on polygenic model is
time consuming. Phenotypic data in dairy cattle are collected through various recording
schemes (milk and fertility recording, type classification, etc.) on daughters of progeny
tested bulls. The later are four to six years old when the accuracy of their EBV is 0.90 or
more. Before progeny testing, the accuracy of EBV (parent average) is around 0.60 (e.g.,
Schefers and Weigel, 2012).

In recent years, the availability of affordable high-density panels of single-nucleotide
polymorphisms (SNP) has led to abundant use of this information in selection decisions
commonly called genome-wide or genomic selection (Meuwissen et al., 2001). Genomic
selection is based on the inference of breeding value based on the sum of SNP or
haplotypes effects across whole genome (Meuwissen et al., 2001; Solberg et al., 2008).
Due to the direct use of marker data obtained marker based breeding value is often called
direct genomic value (DGV). For the implementation of genomic selection, phenotyped
and genotyped reference population is used to derive the prediction equation of DGV. This
equation is then used to estimate DGV for non-phenotyped individuals (Meuwissen et al.,
2001; Goddard and Hayes, 2007). Both types of breeding values (EBV and DGV) can be
blended in one value - genomically enhanced breeding value (GEBV) using various
approaches (VanRaden 2008; Kachman, 2008; Aguilar et al., 2010). The advantage of
using genome-wide data is to increase the accuracy of EBV from about 0.60 to 0.80 for
young or non-phenotyped animals (Hayes et al., 2009). VanRaden et al. (2009) reported
the accuracies of GBV equal to 0.70 averaged across traits in Holstein-Friesian dairy cattle
in USA. If the accuracy of GEBV is high enough, early use of young bulls in artificial
insemination will shorten generation interval and increase genetic gain per unit of time
(Schaeffer, 2006).

The highest increase in accuracy can be expected in populations with a large number of
genotyped and phenotyped animals (Goddard, 2009). When populations are small
prediction equations for EBV using SNP data can be developed on the experimental
populations of reasonable size and later blended with the national evaluation system as



Spehar M. Genomic evaluation and association ... correlated traits in dairy and dual ... cattle.
Doctoral Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2015 15

proposed in beef cattle populations (MacNeil et al.,, 2010; Johnston et al., 2012). An
alternative is to develop prediction equations on a larger combined international data as in
Brown breed, where an international reference population had been setup with almost
8,000 bulls from Austria, France, Germany, Italy, Slovenia, Switzerland, and the United
States of America via the InterGenomics consortium (Jorjani et al., 2012). Within the
scope of the InterGenomics consortium specific prediction equations for each country are
developed based on all available SNP data and multiple across country evaluation (MACE)
EBV on a country’s specific scale (Jorjani et al., 2012). Each bull has therefore several
evaluations at the national level (parent average for young bulls and progeny test EBV for
proven bulls) and at the international level (SNP genotype based EBV called direct
genomic value (DGV) and a blended genomically enhanced breeding value of DGV and
parent average EBV for young bulls and progeny test MACE EBV for proven bulls). All
these evaluations complicate the publication of results and inhibit the use of all the
available data.

The objective of this study was to evaluate the accuracy of progeny and genomic
evaluations in a small population of Slovenian Brown bulls utilizing all the available data.
Specifically, the accuracy of evaluations was assessed using: univariate national evaluation
based on phenotype and pedigree data, international DGV, and bivariate national
evaluation incorporating international DGV as a correlated trait.

2.1.2 Material and methods
2.1.2.1 Phenotype and genotype data

Phenotypic data in the analysis consisted of 1,342,134 test-day records for milk, fat, and
protein yields from 56,670 cows recorded between years 1997 and 2011 and used in the
routine national genetic evaluation. The total number of animals in the pedigree was
79,573. The cows were progeny of 736 bulls. Among these, 184 bulls born between 1990
and 2007 were genotyped with the Illumina BovineSNP50K BeadChip® (version 1,
54Kv1) comprising of 54,001 SNP markers. These bulls were of predominantly Slovenian
origin with nine bulls originating from other countries (Austria and Germany), but were
imported to Slovenia as live animals and used only in Slovenia. In addition, international
direct genomic value (DGV) was available from the InterGenomics consortium for the
analysed traits (Jorjani et al., 2012). This information was considered for 399 bulls that had
daughters in the national data, namely for 184 Slovenian and 215 foreign bulls.

Preliminary edits of national SNP data were carried as follows. SNPs were considered if a
call rate was higher than 90% by SNP and 80% by bull. All together, 6,889 SNPs did not
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meet these criteria and were therefore excluded. SNPs with minor allele frequencies lower
than 0.05 were also excluded (13,340 cases). The departure from the Hardy-Weinberg
equilibrium at a threshold of P < 0.0001 was the next edit with 7,490 SNPs failing this
criterion. Finally, SNPs that could not be mapped or that were on the X chromosome were
excluded, leaving a final set of 34,450 SNP for 184 bulls. Missing genotypes were imputed
using the gpig program (Strandén, 2010), which implements the imputation method based
on linear best unbiased prediction (Gengler et al., 2007).

2.1.2.2 Evaluation methods

Based on the available data the following approaches were used for the evaluation of
EBVs. The first approach was univariate repeatability test-day model (U) based on the
national phenotypic and pedigree data:

y=Xb+Z,a+Z.c+Z,p+e .. (D)

where y is a vector of phenotypic observations, b is a vector of parameters for fixed
effects, a~N(0,Ac?) is a vector of parameters for breeding values with pedigree
relationship matrix A, c~N(0,I16?2) is a vector of parameters for herd effect, p~N (0, I ag)
is a vector of parameters for permanent environment effect, and e~N (0, I62) is a vector of
residuals, while X, Z,, Z, and Z,, are incidence matrices linking y and b, a, ¢, and p.

The second approach was based on the bivariate model (B) combining the U approach and
DGV as a correlated trait into a national estimate (Kachman, 2008; Mintysaari and
Strandén, 2010):

y _ )(y 0 b Zzay 0
[dgv] = [ 0 ng,,] [u] + [ 0 z
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where DGV is incorporated via covariance Oay,a440"

2
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Estimation of required (co)variance components was performed with the residual
maximum likelihood method. Conditional on these estimates, breeding values were
evaluated. All computations were performed with VCE (Kovac et al., 2002). In addition to
the U and B approach, we have used the international DGV as a direct predictor of a
national proof.
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2.1.2.3 Validation of evaluations

For the purpose of validation, the complete data was divided into training and validation
subset by removing daughter phenotypes in the validation subset (Table 1). Training subset
was comprised of 701 bulls born before the year 2004. Validation subset was comprised of
35 genotyped bulls born in the years between 2004 and 2007. Evaluations using the U and
B approaches and different data sets were named: U; — the U approach using the training
subset, U, — the U approach using the complete data set; B — the B approach using the
training subset, and B, — the B approach using the complete data set. EBVs evaluated with
a certain approach (e.g., U;) were always obtained for all bulls and were denoted
accordingly (e.g., EBVyy).

Table 1: Description of data sets used in evaluation
Tabela 1: Opis setov podatkov uporabljenih za izvrednotenje

Origin of bulls with direct genomic value

Data set No. of bulls Birth year - -
Slovenian Foreign
Complete 736 1990 - 2007 184 215
Training 701 1990 - 2003 149 215
Validation 35 2004 - 2007 35 /

Validation of predictions was assessed via theoretical and empirical accuracies separately
for proven and validation bulls and separately for different evaluations (EBVy,;, EBVy,,
EBVg,, EBV3g,). Theoretical accuracy was evaluated from the variance of prediction errors
and additive genetic variance in base generation, while empirical correlations were
computed as a correlation between EBVs from different evaluations.

2.1.3 Results and discussion

Heritability estimates were 0.28 for milk, 0.21 for fat, and 0.25 for protein yield and were
the same for both the U and the B approach (Table 2). In the B approach, heritabilities for
DGV were equal to 1.00 (after rounding) since DGV is in principle a fully heritable trait
with a complete penetrance due to the same SNP equation being used for all animals.
Genetic correlation between the phenotype based EBV and DGV was 0.86 for milk, 0.80
for fat, and 0.79 for protein yield.

These results suggest that DGV is a useful early predictor. Applications of such a bivariate
approach are not present in the literature for dairy traits. For beef populations, lower
genetic correlations between phenotypic based EBV and DGV are found. The average of
reported values was 0.48 in Angus (Saatchi et al., 2011), 0.50 in Simmental (Saatchi et al.,
2012), and 0.55 in Limousine breed (Saatchi et al., 2012). These correlations are lower
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than in our case which can be attributed to several factors. Training set used for the
development of DGV equation was larger in the InterGenomics consortium. In addition,
dairy populations tend to have a smaller effective population size with stronger linkage
disequilibrium leading to tighter linkage between SNP markers and potential QTLs
(Goddard, 2009).

Part of the data used for the development of DGV equation was also used in this study,
which leads to double counting of data in the presented analysis. One of the possibilities to
avoid double counting of shared data at both the national and international levels is based
on Bayesian methods. Quaas and Zang (2006) and Legarra et al. (2007) proposed two
different Bayesian procedures where external or international information (EBV and
associated accuracies) were integrated into the internal or national evaluation as prior
information. Improvements of these methods were given by Vandenplas and Gengler
(2012) in order to take into account the double counting among related external animals. In
this case, the use of different sources of information was performed via the modification of
a prior distribution for the additive genetic effect. In this way, correction for double
counting can be applied directly opening opportunity to improve current analyses
(Vandenplas and Gengler, 2012).

In the current study, the number of such bulls used for the development of DGV equation
was small compared to the total number of bulls in the InterGenomics consortium leading
to the negligible amount of double counting. Méntysaari and Strandén (2010) proposed a
method for the correction of double counting for the B approach and found that required
corrections tend to be small. Therefore, the issue of double counting was neglected in this
analysis.
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Table 2: Estimates of (co)variance component ratios and correlations (+ standard errors) for breeding values based on the national phenotype information (hzy), breeding
values based on the direct genomic value (hzdgv), herd (c), permanent environment (p) effects, and residual (e) using two approaches and complete data set
Tabela 2: Ocene delezev komponent (ko)varianc in korelacij (+ standardnih napak) za plemenske vrednosti na osnovi nacionalnih fenotipskih informacij (hzy), plemenske

vrednosti na osnovi direktnih genomskih vrednosti (hzdgv), &redo (), vpliv stalnega okolja (p) in ostanek (e) z uporabo dveh pristopov in popolnega seta podatkov

Item Trait Milk yield Fat yield Protein yield
Applroach1 U, B, U, B, U, B,
h; 0.28 +0.003 0.28 +0.003 0.21 +0.001 0.21 +0.002 0.25 +0.003 0.25+0.003
he / 1.00 = 0.000 / 1.00 = 0.000 / 1.00  0.000
c2 0.22 +0.005 0.23 +0.005 0.21 +0.001 0.21 % 0.005 0.28 + 0.005 0.28 + 0.006
p7 0.18 +0.002 0.18 +0.002 0.15+0.001 0.15+0.001 0.15 +0.002 0.15+0.001
e2 0.32+0.002 0.32 +0.002 0.43 +0.001 0.43 +0.003 0.32 +0.003 0.32+0.003
Cor(ay, aggy) / 0.86 + 0.030 / 0.80 +0.030 / 0.79 +0.003
Cor(ey, eqgy) / 0.00 = 0.000 / 0.00 £ 0.000 / 0.00 = 0.000

'U. — phenotypic and pedigree data used in the national genetic evaluation; B, — bivariate analysis based on national genetic evaluation (U,) and DGV for all genotyped
bulls in the national pedigree
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The average theoretical accuracy of proven bulls was 0.98 for all milk traits using the Uc
approach and the inclusion of DGV via the Be approach did not lead to the significant
increase in the accuracy (Table 3). This can be attributed to the sizeable number of
daughters per bull (231 on average). However, for a small number of bulls with a low
number of daughters, a significant increase in accuracies was observed. The average
theoretical accuracy of parent average information for bulls in the validation set (U;) was
0.58 for milk and protein yield, and 0.52 for fat yield (Table 3). The inclusion of DGV in
the By analysis led to an increase in the accuracy up to 0.89. Further increases in the
theoretical accuracy were achieved using both, the U. and B, analyses, when these
validation bulls were progeny tested.

Table 3: Average theoretical accuracies (minimum and maximum) for milk traits using different approach
and data for a group of proven and validation bulls

Tabela 3: Povprecne teoreti¢ne natanénosti (najmanj$e in najvecje) za lastnosti mle¢nosti z uporabo razli¢nih
pristopov in podatkov za skupino progeno testiranih in mladih bikov

Bulls No. of daughters  Data set Accuracy
Milk yield Fat yield Protein yield
Proven 231 (40 - 1067) U, 0.98 (0.52 - 0.99) 0.98 (0.43 - 0.99) 0.98 (0.51 - 0.99)
(n=149) B. 0.99 (0.87 - 0.99) 0.98 (0.84 - 0.99) 0.99 (0.83 - 0.99)
U 0.58 (0.30 - 0.68) 0.52 (0.38 - 0.64) 0.58 (0.29 - 0.68)
Validation S7(1- 213) By 0.89 (0.86 - 0.91) 0.86 (0.82 - 0.88) 0.85 (0.81 - 0.88)
(n=35) U, 0.92 (0.62 - 0.99) 0.90 (0.56 - 0.99) 0.91 (0.61 - 0.99)
B. 0.96 (0.89 - 0.99) 0.95 (0.86 - 0.99) 0.95 (0.85 - 0.99)

'U. — phenotypic and pedigree data used in the national genetic evaluation on complete data set; B, —
bivariate analysis based on Uc and DGV for all genotyped bulls in the national pedigree on complete data set;
U, — phenotypic and pedigree data used in the national genetic evaluation on training subset; B, — bivariate
analysis based on Ut and DGV for all genotyped bulls in the national pedigree on training subset

In line with the theoretical accuracies in proven bulls there were also empirical correlations
between EBVs from different approaches (Figure 1). For proven bulls high correlations
were observed between the national phenotype based evaluation (EBVy,) and genomic
prediction using DGV (0.98) for milk yield. With the B approach correlations were similar.
Results for fat and protein yield were similar to those of milk yield (Figure 2 and Figure 3).
Since proven bulls had a sufficient number of daughters, blending of DGV with phenotype
evaluation did not change their EBV significantly.

Empirical correlations in a set of validation bulls were lower. Correlation between parent
average (EBVy,) and progeny evaluation (EBVy,.) was 0.49 in milk yield (Figure 1).
Using DGV as a sole predictor had better correlation (0.56) with progeny evaluation than
pedigree prediction via parent average. Inclusion of DGV in the B approach led to a small
increase in correlation between the progeny evaluation and prediction via the genomically
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enhanced B; approach (cor(EBVy., EBVp)=0.61). Such a low correlation can be
attributed to the low number of daughters per bull in the validation set, decreasing the
correlation between these two evaluations due to the initial low accuracy of the U,
evaluation (Table 2). Finally, when combining both progeny and DGV data correlation
between the EBVy,. and EBVp, was 0.92. Similar trends in empirical correlations in the
validation set of bulls were observed also for fat and protein yield, with higher values for

fat yield and lower values for protein yield (Figure 2 and Figure 3).

Proven bulls

Validation bulls

EBVy,, EBVg,

Training

I Validation

EBVy., EBVg,
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EBVy., EBVg,
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Figure 1: Empirical correlations between EBVs from different approaches and dataset for proven and
validation bulls for milk yield
Slika 1: Empiric¢ne korelacije med ocenjenimi plemenskimi vrednostmi iz razli¢nih pristopov in setov

podatkov za progeno testirane in mlade bike za koli¢ino mleka
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Figure 2: Empirical correlations between EBVs from different approaches and dataset for proven and
validation bulls for fat yield

Slika 2: Empiri¢ne korelacije med ocenjenimi plemenskimi vrednostmi iz razli¢nih pristopov in setov

podatkov za progeno testirane in mlade bike za koli¢ino mascobe
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Figure 3: Empirical correlations between EBVs from different approaches and dataset for proven and
validation bulls for protein yield

Slika 3: Empiri¢ne korelacije med ocenjenimi plemenskimi vrednostmi iz razli¢nih pristopov in setov
podatkov za progeno testirane in mlade bike za koli¢ino beljakovin

Empirical correlations show the benefit of combining all the available information via the
B approach in the analysed population characterized by a small population size and a small
number of daughters per tested bull. The availability of genomic information from a larger
consortium provided the opportunity to implement genomic prediction in this population
even though the size of own reference population is not sufficiently large. This paves the
way of integrating the external genomic information into other small populations of dairy
cattle with the national evaluation system. Additional benefit of the B approach is the
unified system integrating all the available data in a single EBV instead of reporting
several EBV from different data sources for the same animal.

2.1.4 Conclusion

Different approaches of integrating genomic information into a national evaluation system
for small population of BSW breed were evaluated in comparison to the conventional
evaluation based on phenotype and pedigree data. Results indicate that integration of DGV
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from a large consortium into the national evaluation as a correlated trait enabled
combination of all the available data. In addition, this approach provides a way to
automatically blend all the results in a single value avoiding the need to publish several
estimates of breeding values per animal.
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2.2 AN INTEGRATION OF EXTERNAL INFORMATION FOR BROWN SWISS
BULLS INTO THE SLOVENIAN GENETIC EVALUATION FOR MILK YIELD

2.2.1 Introduction

The decision which animals should be selected as parents for the next generation is based
on the inferred (estimated) breeding value (EBV) of individual animals. Phenotypic data
collected through various recording schemes (milk and fertility recording, type
classification, etc.) and pedigree information are used to infer EBV in so called
'conventional' genetic evaluation. From early 1980s, exchange of frozen bulls’ semen
became widespread and the same bulls have been used extensively in many countries.
However, genetic evaluation is based only on internal phenotypic data since external data
used to select foreign bulls are not available on the national level. In such case genetic
evaluation could be biased and less accurate (Bonaiti and Boichard, 1995). In order to
compare the EBV of bulls evaluated in different countries, the international genetic
evaluation was performed at Interbull. The evaluation is performed using a Multiple
Across Country Evaluation method (MACE, Schaeffer, 1994) where EBVs of bulls from
different countries were treated as different traits. Each country participating at Interbull
received international EBV for bulls with greater accuracy of estimates calculated on
population scale.

Genomic selection is based on the inference of EBV based on the sum of SNP markers
across whole genome (Meuwissen et al., 2001; Solberg et al., 2008). Marker based BV is
often called direct genomic value (DGV) since it is estimated from the direct use of marker
data. Both types of BV (EBV and DGV) can be blended in genomically enhanced breeding
value (GEBV) using various approaches (VanRaden, 2008; Kachman, 2008; Aguilar et al.,
2010). The highest gain with genomic selection could be expected in the populations with
large number of genotyped animals, especially progeny tested bulls. In BSW breed,
reference population consisted of almost 8,000 genotyped bulls from seven countries
(Austria, France, Germany, Italy, Slovenia, Switzerland, and the United States) via
Intergenomics project operated at the Interbull (Jorjani et al., 2012). Within the scope of
the InterGenomics consortium specific prediction equations for each country are developed
based on all available SNP data and multiple across country evaluation (MACE) EBV on a
country’s specific scale (Jorjani et al., 2012). The part of the data used for calculation of
MACE EBV and for development of DGV equation comes from Slovenian population
(191 bulls) leading to potential bias or double counting of information. Since EBV of an
animal takes into account information from its own records and from records of all
relatives (parents and progeny), double counting of contributions can be due to own
records and contributions due to relationships (Misztal and Wiggans, 1988; VanRaden,
2001).
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One of the possibilities to avoid double counting of shared data at both, internal (national)
and external (international) levels are based on Bayesian methods. Vandenplas and
Gengler (2012) pointed that Bayesian approach means that a prior distribution of EBV is
changed to what is known from an external source of information. Quaas and Zang (2006)
and Legarra et al. (2007) proposed two different Bayesian procedures where external
information (EBV and associated accuracies) were integrated into the internal evaluation
as prior information. Improvements of these methods were given by Vandenplas and
Gengler (2012) and Vandenplas et al. (2014) in order to take into account the double
counting among related external animals. The integration of the external information (EBV
or GEBV and associated reliabilities) into internal evaluation leads to improved ranking
and more reliable EBV for animals with external evaluation which is more similar to the
ranking of a hypothetical joint evaluation of internal and external animals (Vandenplas and
Gengler, 2012).

The objective of this study was to apply Bayesian approach developed by Vandenplas et al.
(2014) to integrate and blend several external sources of information (MACE EBV and
GEBV) into an internal genetic evaluation for BSW breed in Slovenia. In order to achieve
the objective, aforementioned approach was applied to avoid double counting of
contributions due to records and due to relationships generated by the integration of several
sources of information.

2.2.2 Material and methods

Two datasets, named internal and external, were used in the analysis. Internal dataset was
referred to phenotypic data and pedigree information. Phenotypic data consisted of
1,286,699 test-day records for daily milk yield from 56,383 cows recorded between years
2000 and 2014. The total number of animals in the pedigree was 82,739. Internal
information included EBVs and associated reliabilities (EBVs, RELg) for daily milk yield
from the routine national genetic evaluation (EVALsg) in April 2014 (Poto¢nik, 1999)
provided by Biotechnical Faculty, Animal Science Department. A total of 82,739 animals
were associated with the available EBVs.

The statistical model used in the internal national evaluation system is a univariate
repeatability test-day model:

y=Xb+Z,a+Z.c+Z,p+e .. (4)

where yis a vector of phenotypic observations for daily milk yield, bis a vector of
unknown parameters for fixed effects, a ~ N(0, Ac?) is a vector of unknown parameters
for additive genetic effect (breeding values) with covariance matrix equal to a pedigree
based numerator relationship matrix (A), ¢ ~ N(0, I6?2) is a vector of unknown parameters
for herd effect, p~ N(0, Iaﬁ) is a vector of unknown parameters for permanent
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environment effect, and e ~ N(0, I62) is a vector of residuals, while X, Z,,Z,, and Z p» Are
incidence matrices linking y and b, a, ¢, and p.

External dataset was related to information obtained from the international genetic
evaluations via Interbull. For that purpose, EBVyace and RELyace from the MACE
evaluation (EVALmace) as well as EBVgegy and RELgggy from Intergenomics project
(EVALgggy) were parts of external data for 5,760 bulls. Internal and external information
were further harmonized between the Slovenian and Interbull evaluations (MACE and
GEBYV) by adjusting scales and mean differences towards the original expression of the
daily milk yield in the Slovenian national genetic evaluations (EVALs).

In order to take double counting into account, N sources of external information have been
intergrated into the internal evaluation E,. External animals associated with the i* source
of external information have EBVg; summarized by the vector of external EBV g, 4,), and
by prediction error (co)variance matrix D, (y,).-

The following set of multi-trait mixed model equations (5) proposed by Vandenplas et al.
(2014) were used to integrate several sources of external information into the internal
evaluation:

[Xgo REoleo Xgo REoleo ] —
N ﬁEO
lzgoRgOlXEo Z; Rz'Zp + Ggl + Z(Dg} — G,;})J Ug,
i=1

X Rz Y
0 “Eo Y Eo .. (5
Ei)

[Z’EOREJyEO +XL(Dzlu

where X and Zg  are incidence matrices relating records in yg to the vector of fixed
effects BEO and the vector of random additive genetic effects U, . Ggl.l is the inverse of the
internal additive genetic (co)variance matrix associated with the internal genetic evaluation
E, that includes all internal and external animals and Rgol is the inverse of the residual
(co)variance matrix.

Prediction error (co)variance matrix Dy is approximated by D! = Gz + Ag, where A,
is a block diagonal variance matrix with one block per animal (Quaas and Zhang, 2006;
Vandenplas et al., 2012) and Ay, ~Zy Rz Zp,.

Each block diagonal variance matrix Ag; is equal to AEi(DRa 1AEL.(].) for j®" animal (j =
1,2,...), where the matrix R, is a matrix of residual (co)variance among traits. The j*
matrix Ag, - is a diagonal matrix with elements \/m for k" trait (k = 1,2, ...).
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R;jy 1s the effective number of records i.e. records equivalents, for the j th animal for the

kt" trait associated with the i** source (Vandenplas et al., 2012; Vandenplas et al., 2013)
and express the contributions due to relationships and/or due to records considered for the
evaluation of an animal. It is equal to 0 for internal animals, because all contributions are
only due to the relationships among external and internal animals (Vandenplas et al.,
2014).

1_h12c " REL;ji

—= for the jt" animal for the k" trait associated
hj 1-RELjj

For external animals, RE; ; =

with the i*" source, where hZ is the heritability of the k" trait when double counting of
contributions due to relationships among external animals is not taken into account
(Misztal and Wiggans, 1988). If double-counting of contributions due to relationships
among external animals is taken into account, RE;j, only expresses the amount of
contributions due to records and can be estimated through a two-step algorithm
(Vandenplas et al., 2012; Vandenplas et al., 2014). In the first step external animals
associated with only contributions due to relationships were determined (Vandenplas et al.,
2014). In the second step the amount of contributions due to records (expressed as RE) for
external animals associated with contributions due to relationships and own records were
estimated.

A set of multi-trait mixed model equations (6) proposed by Vandenplas et al. (2014) that
integrate several sources of external information and take double-counting of contributions
due to records between external and internal information into account, can be written as
follows:

X}, R X, X}, R Zg, _
Zy RplZg, + Gp + [E EO]—
Z, ReiXs, 3L (D5 - 651) - X, (Dt — 6| e
[ XEOREOIVEO
2, Relys, +35M (D) zéil(nrﬁﬁb-i)] -

where G, is the genetic (co)variance matrix for all animals for the internal information

included into ith source of external information,
01 [G 00y G ro, \Tyia

~ 1;(AY 1;(AY A; (4%4;) “LAD | . . . .

Ug, l/\ ) l)l= ian - ) i ] is the vector of internal EBV associated with
uli(Ai) u,l.(Ai)

the it" source of external information that includes internal information and D,_l.1 is the
inverse of the prediction error (co)variance matrix associated with ;.

Blending several sources of external information by avoiding double counting of
contributions due to records is based on the equation that can be written as follows:
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N N
(24 Y002 - 62) - Y 07 - 679 )
i=1 i=1
= ?I=1(DEi1 - ﬁEi) - ng=1(DI_i1 - ﬁli) (7

Slovenian and international (MACE EBV or GEBYV) information were blended using
equation (7) for the following four cases: with or without consideration of double counting
of contributions due to relationships and with or without consideration of double counting
of contributions due to records. Double counting of contributions due to relationships was
possible since all animals associated with Slovenian and/or international information was
related. Double counting of contributions due to records was also possible because
international information (MACE EBV or GEBV) for 5,760 bulls included contribution
provided by the internal genetic evaluation (EVALg).

To test the importance of double counting, the following evaluations were considered:

1) Slovenian BLUP (EVALs, EBVs, RELy),

2) Slovenian BLUP and MACE information were blended without considering double
counting of contributions due to records and due to relationships (EVALxpc, EBVape,
RELxpc),

3) Slovenian BLUP and MACE information were blended by considering only double
counting of contributions due to records (EVALpcr, EBVpcr, RELpcr),

4) Slovenian BLUP and MACE information were blended by only considering double-
counting of contributions due to relationships among all animals (EVALpcp, EBVpcp,
RELpcp),

5) Slovenian BLUP and MACE information were blended by considering both double
counting of contributions due to records and relationships among all animals (EVALpcrp,
EBVpcre, RELpcrp).

EVALwMmace was used as the reference evaluation for bulls evaluated through EVALpace.

To test the importance of double counting based on EVALGgpy, evaluation was performed
for the following cases:

1) National BLUP and GEBV information were blended without considering double
counting of contributions due to records and due to relationships (EVALxoNpe, EBVaeNpe,
RELngNDC),

2) National BLUP and GEBV information were blended by considering only double
counting of contributions due to records (EVALNGpcr, EBVNGDer, RELNGDCR),

3) National BLUP and GEBV information were blended by considering only double
counting of contributions due to relationships among all animals (EVALnGpcp, EBVNGDCP,
RELNGDCP) and,
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4) National BLUP and GEBV information were blended by considering both double
counting of contributions due to records and relationships among all animals
(EVALNGbcrr, EBVNGDCerP, RELNGDCRP).

EVALggsy was considered as the reference evaluation for bulls evaluated through
EVALGegy.

All evaluated cases are presented in Table 4. Reliabilities for evaluations from EVALNpc
to EVALxGpepr Were computed using the equation REL = 1 — PEV /a; where g is the
genetic variance for the corresponding trait and PEV is the prediction error variance
obtained from the diagonal element of the inverted left hand- side of the equation (7).

Table 4: Bayesian evaluations for testing the importance of double-counting issues
Tabela 4: Bayesovska vrednotenja za testiranje pomembnosti dvojnega Stetja

. . Double-counting accounted
Bayesian evaluations

Records Relationships
EVALnpc
EVALpcr X
EVALpcp X
EVALpcre X X
EVALxgnpe
EVALncper X
EVALygper X
EVALwcpcre X X

As already mentioned EVALuace Was considered as the reference evaluation for bulls
evaluated through EVALyace. Comparisons were performed between EVALyace and
EVALS, EVALNDC, EVALDCR, EVALDCP, and EVALDCRP. Furthermore, EVALGEBV was
considered as the reference evaluation for bulls evaluated through EVALggsy and was
compared with Bayesian evaluations from EVALngnpe to EVALNGpere. All comparisons
were performed based on:

a) Spearman’s rank correlation coefficients (r) of EBVyacg or EBVgegy with
corresponding evaluations,

b) MSE of evaluations (i.e. mean squared errors expressed as a percentage of average MSE
of EBVS or EBVNGNDC),

c) regression coefficients (a),

d) R? of the regressions of EVALyace or EVALGegy on the four other evaluations,
e) REtOt, and

f) average REL for the corresponding evaluations.
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Comparisons were performed for two groups of bulls: internally used and internally unused
bulls. Internally used bulls were associated with either Slovenian and MACE information
(400 bulls) or Slovenian and GEBV information (320 bulls) and had daughters with
records in the Slovenian internal dataset. A group of internally unused bulls included bulls
that have either Slovenian and MACE information (5,360 bulls) or Slovenian and GEBV
information (5,344 bulls) but had no daughters with records in the Slovenian internal
dataset. All computations were performed using the BLUPF90 program (Misztal et al.,
2002) modified to implement the equations (5), (6), and (7). SAS software (SAS Institute,
2011) was used for comparison among evaluations.

2.2.3 Results and discussion

Blending information (Slovenian BLUP and MACE) without considering double counting
of contributions due to records and due to relationships (EVALNpc) was considered as well
as double counting of contributions due to records (EVALpcr), and double counting of
contributions due to relationships among all animals (EVALpcp) to study their influences
on prediction of EVALwyacg for internally used bulls (Table 5). Internally used bulls
associated with Slovenian and MACE information (400 bulls) had on average 112.5
internal daughters with records. The average RELg was 0.87 while the average RELyace
was 0.90.

Results for r, MSE, a, and R? for prediction of EBVyacg by evaluations from EVALg to
EVALpcgrp are shown in Table 5 for daily milk yield. Blending of Slovenian and MACE
information by taking double counting of contributions due to records and due to
relationships into account (i.e. EVALpcrp) led to a ranking that was more similar to the
MACE ranking (r = 0.99) than to the internal ranking (i.e. EVALg; r = 0.86), despite the
fact that internally used bulls had a large number of daughters with records in the Slovenia.
Rank correlations between EBVyace and EBVg increased by 0.13 points to achieve a rank
correlation between EBVyace and EBvpcrp that was 0.99 (Table 5). The MSE, a, and R?
showed that accuracy of predictions of EBVyace by EBVs or by EBVpcrp increased when
external information was integrated. Integration of MACE information also increased the
average REL by 0.03 points compared to RELg (Table 5). Also, the average RELpcgp for
the 400 bulls was 0.06 points higher than the average RELymacg (Table 5). The difference
in average REL, as well as the differences between EBVyace and EBV g based on MSE,
a, and R” can be explained by the fact that MACE did not include all information available
for animals in the Slovenia. According to Interbull requirements, EBVg of bulls was
included into MACE if it had at least ten daughters with records within ten herds at the
internal level.



Spehar M. Genomic evaluation and association ... correlated traits in dairy and dual ... cattle.
Doctoral Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2015 32

Table 5: Parameters obtained between EVALyacr and evaluations based on National BLUP and MACE EBV
(EVALs EVALNpc, EVALpcr, EVALpcp, EVALpcrp) for 400 internally used bulls

Tabela 5: Parametri ocenjeni med EVALyacg in vrednotenja ki izhajajo iz nacionalnega BLUP in MACE
EBV (EVALs, EVAL\pc, EVALpcr, EVALpcp, EVALpcrp) za 400 bikov v interni uporabi

Genetic evaluations ! MSE? a’ R?* RE, REL®

EVALg 0.86 100.00 0.88+0.03 0.73 / 0.87+0.20
EVALxpc 0.99 8.21 0.97+0.01 0.98 26.31 0.95+£0.06
EVALpcr 0.99 5.50 0.99+0.01 0.98 2.21 0.94+0.06
EVALpcp 0.98 11.28 0.96+0.01 0.97 24.87 0.9440.06
EVALpcrp 0.99 8.51 0.99+0.01 0.98 2.56 0.93+0.07

11‘ = rank Correlation betWeen EVALMACE and EVAqu EVALNDC’ EVALDCR‘ EVALDCP or EVALDCRI’; ZMSE
= mean squared error expressed as a percentage of the average internal mean squared error; *a = regression
coefficient + standard error; ‘R* = coefficient of determination of the regression of MACE EBV on EBV
estimated by EVALs EVALxpc, EVALpcr, EVALpcp or EVALpcre; 5REtot = total amount of record
equivalents; *REL = average reliability + SD

Parameters r, a, and R? associated with EVALNpc, EVALpcr and EVALpcp for the 400
bulls were similar to the r, a, and R? of EVALpcrp, although a slight advantage was
observed for EVALpcre. Therefore, the four blending evaluations led to similar rankings as
MACE for the 400 internally used bulls (i.e. rank correlations equal to 0.99 on average).
The result indicate that EVALpcrp, i.6. a Bayesian evaluation that blended internal and
external information and avoided most double counting of contributions due to records and

due to relationships, was successful in integrating MACE information for internally used
bulls.

Double counting could be also observed based on REy (Table 5). With regard to double
counting of contributions due to relationship for the 400 internally used bulls, RE that was
free of contributions due to records (i.e. RE that included only contributions due to
relationship) for EBVyace was equal to 1.44. These amounts of RE free of contributions
due to relationships represented 94.5% of the RE that contributed to MACE information.
While double counting of contributions due to relationship was present for EVALp (i.e.
the blending evaluation that considered only double counting of contributions due to
records), the contributions due to relationship were small and their double counting had
little effect on the prediction of EBVyack for the internally used bulls. RE that was free of
contributions due to records (i.e. RE that included only contributions due to relationship)
for EBVpace was 2.21. If double counting of contributions due to relationships was
considered only, RE associated with EVALpc, was 24.87, while RE associated with
EVALper was 2.56. Thus, 22.31 RE were considered twice (i.e. records were double
counted) by EVALDCRP.

Double counting of contributions due to records (EVALpcr) affected the prediction of
EBVmace for internally used bulls slightly according to all parameters. EVALpcr had
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small advantage compared to EVALpcp based on r, MSE, and R” for analysed trait.
Furthermore, EVALpcr was more reliable based on MSE than EVALpcrp, but parameter a
indicated that EVALpcr was less reliable compared to EVALpcrp. These evaluations also
showed that EBVacg for the 400 internally used bulls were slightly better predicted when
contributions due to records (EBVpcr) were considered. Based on these results, it can be
stated that double counting of contributions due to relationships and due to records had
little effect on EBV for internally used bulls.

The Bayesian analysis was also performed for Holstein breed in Walloon region in
Belgium (Vandenplas et al., 2014). Their results indicate that evaluations which blended
internal and external information and avoided double counting of contributions due to
records and due to relationships was successful in integrating MACE information and had
little effect on EBV for internally used bulls. For Walloon internally used bulls, the
average national REL (RELy) was slightly lower, from 0.74 to 0.76 as well as the average
RELwmack (0.88) than is current study. Similar rankings of internally used bulls were gained
based on four evaluations as in Slovenian example. Rank correlations also increased (by
0.104 points) from EBVyace to EVALpcre. Results for r, MSE, a, and R? showed that
accuracy of EBVuace prediction increased when external information was integrated by
four evaluations. No preference was observed between EVALpcr and EVApcp based on T,
MSE, a, and R?. Indeed, r and R? were similar for these two evaluations, while EVALpcr
was more reliable based on MSE, but parameter a indicated that EVALpcp was more
reliable. Different approach was proposed by VanRaden and Tooker (2012) althouh they
found similar correlations between EBVyacg and combined EBV for bulls with only
external daughters for yield traits (between 0.991 and 0.994). Their strategy included
compution of external deregressed proofs (DRP) from EBVyacr and inclusion of one extra
record based on these DRP, weighted by the associated daughter equivalents (DE) for the
bull. Internal contributions in MACE information for bulls with internal and external
daughters were considered by subtracting the number of internal DE from the total and by
using internal EBV to compute external DRP. However, the main advantage of the
approach used in the current study was to avoid a pre-processing deregression step or
computation of external EBV (Vandenplas et al., 2014).

Of the internally used bulls, 320 had Slovenian and GEBV information and internal
daughters with records. Results for r, MSE, a, and R? for prediction of EBVggpy by
evaluations from EVALngnpc to EVALNGperp are shown in Table 6 for daily milk yield.
Blending of national BLUP and GEBV information by taking into account double counting
of contributions due to records and contributions due to relationships (i.e. EVALNGDcrp)
lead to the same ranking (r = 0.99) as observed for other evaluations based on national
BLUP and GEBV (Table 6). Parameters r, a, and R? associated with EVALncNDC,
EVALnGpcr and EVALngpep for the 320 internally used bulls were similar to the r, a, and
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R? of EVALxcpcre. Therefore, the four blending evaluations led to similar rankings as
GEBY for the 320 internally used bulls (i.e. rank correlations equal to 0.99 on average).

Table 6: Parameters obtained between EVALgrgy and evaluations based National BLUP and GEBV
(EVALnenpe, EVALNGpep, EVALnGper, EVALnGpere) for 320 internally used bulls

Tabela 6: Parametri ocenjeni med EVALGgggy in vrednotenja ki izhajajo iz nacionalnega BLUP in GEBV
EBV (EVALnenpe, EVALnGpep, EVALngper, EVALngpere) za 320 bikov v interni uporabi

Genetic evaluations r! MSE? a’ R?** RE,. REL®

EVALxgnDC 0.99 2.29 1.00+£0.01 0.99 60.57 0.98+0.02
EVALncper 0.99 1.23 1.00+£0.01 0.99 35.71 0.97+0.02
EVALngper 0.99 2.58 1.00+£0.01 0.99 59.03 0.98+0.02
EVALxGDcrp 0.99 1.28 1.00£0.01 0.99 31.88 0.97+0.02

't = rank correlation between EVALgggy and EVALygnne, EVALnaper, EVALygpep, 0f EVALnGperp; “MSE
= mean squared error expressed as a percentage of the average internal mean squared error; *a = regression
coefficient + standard error; “R* = coefficient of determination of the regression of GEBV on EBV estimated
by EVALnenpe, EVALnGper, EVALNGper 0 EVALnGperr; °RE, = total amount of record equivalents; SREL
= average reliability + SD

Double counting of contributions due to relationship for the 320 internally used sires based
on RE; (Table 6) showed that RE free of contributions due to records (i.e. RE that
included only contributions due to relationship) for EBVgegy was equal to 1.54. These
amounts of RE free of contributions due to relationships represented 97.5% of the RE that
contributed to GEBV information. While double counting of contributions due to
relationship was present for EVALNGgpcer (i.€. the blending evaluation that considered only
double counting of contributions due to records), the contributions due to relationship were
small and their double counting had little effect on the prediction of EBVgggy for the
internally used bulls. RE that was free of contributions due to records (i.e. RE that included
only contributions due to relationship) for EBVgesy was 35.71. If double counting of
contributions due to relationships was considered only, RE associated with EVALNGpcp
was 59.03, while RE, associated with EVALngpcpr Was 31.88. Thus, 27.15 RE were
considered twice (i.e. records were double counted) by EVALNGpcre-

These evaluations showed that EBVgggy for the 320 internally used bulls were slightly
better predicted when contributions due to records (EBVngpcr) were considered. Double
counting of contributions due to records (EVALngpcr) affected the prediction of EBVggpy
for internally used bulls slightly since EVALnGpcr had small advantage compared to
EVALxcpcep based on MSE for analysed trait. Furthermore, EVALNgpcr Was more reliable
based on REL than EVALngpcre. Based on these results, it can be stated that double
counting of contributions due to relationships and due to records had little effect on
EBVgggy for internally used bulls.
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Group of internally unused bulls that had only external daughters with records included
5,360 bulls with Slovenian and MACE information. The average RELg of these bulls was
0.17 (Table 7) and the average RELyace was 0.72. Integration of MACE information
increased the average RELg by 0.58 points, resulting in average RELpcgrp equal to 0.72.
Since they had only external daughters, Slovenian contributions only included
contributions due to relationships and no contributions due to records. The nearly correct
estimation of contributions due to relationships led to same average RELyacg and average
RELDSRP (Table 7)

Table 7: Parameters obtained between EVALyacg and evaluations based on National BLUP and MACE EBV
(EVALs EVALNpc, EVALpcr, EVALpcp, EVALpcrp) for 5,360 internally unused bulls

Tabela 7: Parametri ocenjeni med EVALyacg in vrednotenja ki izhajajo iz nacionalnega BLUP in MACE
EBV (EVALs, EVALxpc, EVALpcr, EVALpcp, EVALpcrp) za 5,360 bikov ki niso v interni uporabi

Genetic evaluations r! MSE? a’ R** RE, REL®

EVALg 0.51 100.00 0.94+0.02 0.26 / 0.17+0.09
EVAL\pc 0.99 0.09 1.00+0.00 0.99 3.15 0.75+0.05
EVALpcr 0.99 0.06 1.00+0.00 0.99 3.15 0.75+0.05
EVALpcp 0.99 0.17 0.99+0.01 0.99 2.51 0.72+0.05
EVALpcrp 0.99 0.12 1.00+0.00 0.99 2.51 0.72+0.05

't = rank correlation between EVALyacg and EVALgs EVALxpc, EVALpcr, EVALpcp or EVALpcre; MSE
= mean squared error expressed as a percentage of the average internal mean squared error; ‘a = regression
coefficient + standard error; ‘R? = coefficient of determination of the regression of MACE EBV on EBV
estimated by EVALs EVALxpc, EVALpck, EVALpcp or EVALpcre; RE,, = total amount of record
equivalents; *REL = average reliability + SD

Results for r, MSE, a, and R? for prediction of EBVyace by EVALNpe and EVALpc are
shown in Table 7 for the 5,360 bulls for milk yield. Blending of Slovenian and MACE
information led to similar rankings of these bulls for all blending evaluations (EVALNpc,
EVALpcr, EVALpcp, and EVALpcrp). Rank correlations between EBVyiace and EBV for
the four blending evaluations increased from 0.26 to 0.99. These rank correlations
indicated that the blending method was also successful for bulls with only external
information. These results were confirmed by a decrease of MSE and by regression
coefficients (a) close or equal to 1.0, with a R* equal to 0.99 for all blending evaluations
(Table 7). Because double counting can be only attributed to contributions due to
relationships for these bulls, EVALNpc and EVALpcr had almost the same values for
parameters. Small difference was observed only for MSE between these two groups of
evaluations. This was also observed for EVALpcp and EVALpcrp (Table 7).

As already mentioned double counting is only based on contributions due to relationships
(EBVpcp) and no contributions due to records. This could be also observed based on REq
(Table 7). With regard to double counting of contributions due to relationship for the 5,360
internally unused bulls, RE that was free of contributions due to records (EVALpcg, i.e.
RE that included only contributions due to relationship) for EBVyace was very small and
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equal to 0.64. These two evaluations showed that EBVyace were slightly better predicted
when contributions due to relationships (EBVpcp) were considered. However, all these
results showed that contributions due to relationships had little effect on the prediction of
EBVmace. In Holstein breed in Walloon region in Belgium, Vandenplas et al. (2014) also
showed that contributions due to relationships had little effect on the prediction of
EBVwmace for internally unused bulls. For the mentioned data set, EVALNpc and EVALpcr
had similar values for analysed parameters (r, MSE, a, and R?). Therefore, ranking of these
bulls was similar among evaluations.

Among internally unused bulls that had only external daughters with records, 5,344 of
them had Slovenian and GEBV information. Results for r, MSE, a, and R? for prediction of
EBVgepy by evaluations from EVALngnpe to EVALNGperp are shown in Table 8 for milk
yield. Blending of national BLUP and GEBV information by taking double counting of
contributions due to records and due to relationships into account (i.e. EVALnGpcrp) lead
to the same ranking (r = 0.99) and indicated that the blending method was also successful
for bulls with external genomic information. The four blending evaluations led to similar
rankings as GEBV for the 5,344 internally unused bulls (i.e. rank correlations equal to 0.99
on average). These results were also confirmed by the almost same values of parameters r,
a, and R? for EVALxgnpe and EVALnGper (Table 8) because double counting can be only
attributed to contributions due to relationships.

Table 8: Parameters obtained between EVALgggyv and evaluations based either on National BLUP and GEBV
(EVALnenpe, EVALnGper, EVALNGpep, EVALNGpere) for 5,344 internally unused bulls

Tabela 8: Parametri ocenjeni med EVALGgggy in vrednotenja ki izhajajo iz nacionalnega BLUP in GEBV
(EVALnonpe, EVALnGper, EVALnGper, EVALnGpere) za 5,344 bikov ki niso v interni uporabi

Genetic evaluations r! MSE? a’ R** RE, REL®

EVALxgnDC 0.99 0.01 1.00+0.00 0.99 11.61 0.91+0.03
EVAL\Gpcr 0.99 0.01 1.00+0.01 0.99 11.09 0.91+0.03
EVALxgper 0.99 0.01 1.00+£0.01 0.99 11.09 0.91+£0.03
EVALxperp 0.99 0.01 1.00£0.01 0.99 10.75 0.91+£0.03

lI' = rank correlation between EVALGEBV and EVALNGNDC, EVALNGDCR, EVALNGDCP, or EVALNGDCRP; 21\/ISE
= mean squared error expressed as a percentage of the average internal mean squared error; *a = regression
coefficient + standard error; “R* = coefficient of determination of the regression of GEBV on EBV estimated
by EVALNGNDC, EVALNGDCR, EVALNGDCP or EVALNGDCPR; SREtm = total amount of record equivalents; 6I{EL
= average reliability £ SD

Double counting based on REy (Table 8) showed that RE that was free of contributions
due to records (EVALpcg, 1.e. RE that included only contributions due to relationship) for
EBVgesy was equal to 0.52 and represented 95.5% of the RE that contributed to GEBV
information. If double counting of contributions due to relationships was considered only,
RE,,; associated with EVALnGpcep was 11.09, while RE,; associated with EVALNGpcpr Was
10.75. Thus, only 0.34 RE were considered twice (i.e. records were double counted) by
EVALNGpcrp. Since double counting was contributed only by contributions due to
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relationship, EVALxcpe and ngperp had little effect on the prediction of EBVgegy. These
evaluations showed that double counting of contributions due to relationships and due to
records had little effect on GEBV for internally unused bulls.

2.2.4 Conclusion

The proposed Bayesian method blended and integrated several sources of external
information (MACE EBV and GEBYV) into an internal genetic evaluation for BSW bulls in
Slovenia. The results showed that the method was able to avoid double counting of
contributions due to records and due to relationships. Therefore, double counting of
contributions due to relationships and due to records had little effect on MACE EBV and
GEBYV for internally used and unused bulls. Furthermore, because all available external
sources of information were correctly integrated, relatives of external animals benefited
and received more reliable EBV.
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2.3 GENOME-WIDE ASSOCIATION STUDY FOR DAIRY TRAITS IN
SLOVENIAN BROWN SWISS BREED

2.3.1 Introduction

In dairy cattle production, all economically important traits are influenced by many genes
that appear as continuous variation (Falconer and Mackey, 1996). The identification of
genomic regions with quantitative trait loci (QTL) for economically important traits was
result of linkage maps development containing polymorphic genetic markers (Kappes et
al., 1997). The inclusion of molecular information in traditional selection scheme using
marker assisted selection (MAS) became a voluble tool in selecting traits of interest
(Meuwissen and Goddard, 1996; Spelman and Garrick, 1997). The availability of dense
maps thousands of single-nucleotide polymorphisms (SNPs) made feasible use of this
information in selection decisions, commonly called genome-wide or genomic selection
(Meuwissen et al., 2001). These SNPs can be used to derive direct genomic values (DGV)
via the estimation of SNP effects across the whole genome (Meuwissen et al., 2001;
Solberg et al., 2008). Genomic selection allows achieving an extra genetic gain compared
to the traditional EBV, due to the higher accuracy of EBV for young non-phenotyped
animals (Hayes et al., 2009a). Furthermore, the ability to reduce the generation interval due
to an earlier estimation of the genetic merit is another advantage of using genomic
selection (Schaeffer, 2006).

Development of SNP marker panels also enabled genome wide association studies
(GWAS) with a purpose to determine associations between DNA polymorphisms and
phenotypes (Hirschhorn and Daly, 2005). In the GWAS studies, association analysis was
used to identify chromosome regions that harbour the genes or regulatory elements related
to the traits of interest (e.g., Goddard and Hayes, 2009; Bush and Moore, 2012; Eggen,
2012; Montaldo et al., 2012). The first use of GWAS was in the analysis of human diseases
in order to reveal the genetic basis of disease (Massey et al., 2007). These studies gave
encouraging results in identification of genomic locations associated with Crohn’s disease
(Barrett et al., 2008), diabetes (Frayling, 2007) and cancer (Easton and Eeles, 2008).
GWAS was extended to the field of livestock species (like cattle) to discover superior
variants of all genes contributing to the phenotype of economically important milk
(Bolormaa et al., 2010; Pryce et al., 2010; Mai et al., 2010), meat (Bolormaa et al., 2011)
and health traits (Murdoch et al., 2011). The results from GWAS could be used to identify
markers that will improve the accuracy of EBV for these traits and to increase the rate of
genetic improvement (Meuwissen et al. 2001).

Methods used in GWAS are based on assumption that SNPs have the feasibility of QTL
detection and mapping using historical population linkage disequilibrium (LD), which
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requires that a SNP allele have to be in LD with the QTL allele across the entire
population. The pattern of LD observed in a population depends on the history of the
population, especially the history of its effective population size (Ne) (Hayes et al., 2003),
domestication, breed formation and selection influencing their recent histories (Kemper et
al., 2012). For example, N, for Bos taurus was >50,000 prior to domestication, from 1,000
to 2,000 after domestication, and declined to about 100 in recent times in many breeds due
to intensive artificial insemination and assortative mating scheme in milk production
(Goddard and Hayes, 2012). Therefore, GWAS can be successfully implemented in dairy
cattle, due to the existing LD between high dense markers and QTL for the trait of interest
(Hayes et al., 2009a; de Roos et al., 2008).

The Brown Swiss (BSW) breed is a cosmopolitan breed selected for dairy characteristics
and ability to produce in less favoured areas mostly in Alpine regions of Austria, Germany,
Italy, Switzerland, and Slovenia. Original Brown breed (Braunvieh) from Switzerland was
exported to the United States in 1869 (Yoder and Lush, 1937), and after strong selection of
this breed, previously classified as a dual-purpose breed, it was established as a dairy type
and received a name Brown Swiss breed. Development of Slovenian BSW breed started at
the beginning of 20™ century when Original Brown breed bulls were imported from
Austria and Switzerland with the manner to improve cows of local grey cattle. Lately also
breeding heifers were imported. From the 1960s, the American BSW breeding bulls were
used for improving cows of Brown breed in order to increase milk production (Fercej et
al., 1980). Bulls with 50% of American BSW genotype were imported from neighbouring
countries. Moreover, five bulls with 100% American BSW genotype were also used for
insemination. From 1976 to 1980 bulls were no longer imported but have been bred in
Slovenia. The breed is mainly spread in the western part of Alpine area, as well as southern
and northern part of Slovenia with harsh environmental conditions. According to the
annual report (Sadar et al., 2013), 6.95% of all active cattle (or 31,087 heads) belong to the
BSW breed. It is the second most important breed for milk production (Sadar et al., 2013).
The average production is 5,554 kg of milk in the standard lactation with 4.06% of fat and
3.39% of protein content.

A potential challenge in GWAS is the presence of population stratification (family
substructure) that can result in false-positive or negative associations and may lead to
confounding results (Devlin and Roeder, 1995; Pritchard et al., 2000). In dairy cattle,
population stratification could be result of genetic selection that caused allele frequency
changes (Sonstegard et al., 2010) and artificial insemination which increased the presence
of related animals in a randomly selected samples and the presence of large half-sib
families (Ma et al., 2012). In order to take into account population stratification linear
models have been suggested as a method of choice to reduce false-positive or negative
associations (Kang et al., 2008).
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The objective of this study was to address the aspects of the GWAS for implementation of
genomic selection for dairy traits: milk yield (MY), fat yield (FY), and protein yield (PY)
in BSW. Single SNP analysis was performed to detect significant associations among
SNPs and dairy traits across the genome using two models: 1) linear regression model
considering one marker at a time, and 2) admixture components were included in the 1)
model for accounting the population stratification.

2.3.2 Material and methods
2.3.2.1 Animals and phenotypic data

Phenotypic, pedigree, and genotypic data were obtained for 191 BSW bulls born between
the years 1990 and 2007 provided by the by the Slovenian Agricultural Institute
(phenotypic and pedigree data) and Biotechnical Faculty, Animal Science Department
(genotypic data). Phenotypes considered were milk yield (MY), fat yield (FY), and protein
yield (PY). These phenotypes were obtained from the routine national genetic evaluations
(Potocnik, 1999) and were available in the form of estimated breeding values (EBVs) with
the corresponding reliabilities for the BSW bulls. Altogether, daughter yield deviations
(DYDs) of 182 progeny tested and genotyped BSW bulls born between 1990 and 2007
were included in the analysis (Table 9). These bulls predominantly originated from
Slovenia. The exceptions were nine bulls imported to Slovenia as live animals from
Austria and Germany. These bulls were used only in Slovenia.

Table 9: Descriptive statistics of the phenotypic values (estimated breeding values - EBVs) for dairy traits
with the corresponding reliabilities (R?) in the Brown Swiss breed

Tabela 9: Opisna statistika fenotipskih vrednosti (ocenjene plemenske vrednosti - OPV) za lastnosti
mle¢nosti z ustreznimi zanesljivostmi (R?) pri rjavi pasmi

Trait  Bulls Mean2 Std i Minimuzn Maximuzm
DYD R (%) DYD R (%) DYD R (%) DYD R (%)
MY 182 0.32 94 0.76 4 -1.75 56 2.51 99
FY 182 0.01 93 0.03 4 -0.07 52 0.09 99
PY 182 0.01 93 0.03 5 -0.07 55 0.07 99

2.3.2.2 Marker genotypes and quality control

The DNA was extracted from the semen samples and 191 BSW bulls were genotyped with
the Illumina BovineSNP50K BeadChip® (version 1, 54Kvl) comprising of 54,001 SNP
markers. Genotypes of the bulls were scored as 0 (BB), 1 (AB) and 2 (AA). Several quality
controls of genotypic data were applied to investigate the SNPs integrity and usefulness.
These controls included genotyping call rate (CR) by SNP and animal, minor allele
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frequency (MAF), departure from Hardy—Weinberg equilibrium (HWE), and parent—
progeny conflicts (PPC). The number of SNPs per chromosome was also checked.

The CR was the first step in data quality checking. CR is the proportion of genotypes that
are successfully identified. It is calculated across all SNPs in the DNA sample of
genotyped bulls. Allele frequency was calculated for each SNP to detect MAF as the next
criterion in data filtering. It is related to allele with the lowest frequency in the particular
locus. Many of the genotyped SNPs could be monomorphic, i.e. they do not have two
genotype variants but just one. The filter criterion is related to sample size and varies from
1 to 5%. The general statement of the HWE 1is that the genotype and allele frequencies in a
large, randomly mating population with no selection, mutation or migration remain
constant over generations (Falconer and Mackay, 1996). Deviation from the HWE has
been widely used for detecting genotype errors (Hosking et al. 2004). However, besides
genotype error, HWE could also be caused by selection, inbreeding, assortative mating,
and stratification/admixture. Deviation from HWE was tested for every SNP using the chi-
square statistic with two degrees of freedom (8).

2 = n (observed frequency —expected frequencyi)2 (8)
Xe = i=1 expected frequency;

The SNP genotypes for each bull were compared with the SNP genotypes of its sire (12
pairs) to determine the number of opposite homozygous genotypes between the parent and
progeny (e.g., AA vs. BB). The mean of PPC was low (<0.0001%) and below the threshold
(<200 discrepancies) set for the data exclusion. The number of SNP markers or bulls
excluded due to quality control is shown in Table 10.

Table 10: The number of SNP markers or bulls excluded due to quality control criteria
Tabela 10: Stevilo oznagevalcev SNP ali bikov izkljugenih zaradi kontrole kakovosti

Criteria No of SNPs
Call rate > 90% by SNP marker 5,975
Call rate > 80% by bull 8
Minor allele frequency < 5% 10,619
Departure from the HWE (P < 10°) 538
Unmapped and Chr X SNP 2,419
In the further analysis 34,450

The SAS statistical package (SAS Institute, 2011) was used to make edits leaving a final
set of 34,450 SNPs placed on 29 Bos taurus autosomes (BTA) for 182 bulls that are
progeny tested. After the quality control any missing genotypes were imputed using the
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gpig program (Strandén, 2010) using the linear approximation method (Gengler et al.,
2007).

2.3.2.3 Statistical analyses

Two types of analyses were conducted to detect SNP association signals. Initially, a single
trait genome-wide association study was performed to estimate genome-wide associations
between phenotypes and SNPs for each of the dairy traits. Then, admixture analysis was
performed on the data to adjust for the effect of population stratification. Admixture
software (Alexander et al., 2009), was used to determine the proportion of genotypes
originated from different clusters in the population (K). Bulls in BSW data set were
divided in four clusters coming from different ancestral populations. Separation was
determined using admixture cross-validation procedure, which gives standard error of the
cross validation estimate.

GWAS between phenotypes and SNP markers for each dairy trait were estimated using the
following univariate linear mixed model (9) to estimate association for one marker at a
time:

y=Xb+e ..(9)

where y is a vector of phenotype values (DYDs), b is the vector that holds the intercept
and allele substitution effect for the SNP marker of interest, while X is the incidence
matrix linking y respectively with b, and e~N(0,Ic?) is a vector of residuals. Then,
admixture components adjusting for population stratification were included in the model as
covariates. R software package (R Development Core Team, 2011) was used to test
associations between SNPs and dairy traits.

In the GWAS, significance threshold was calculated using Bonferroni correction for
multiple testing. Correction based on p-value of 0.05 resulted in Bonferroni threshold of
1.45x10°. SNPs with the smaller p-values than the Bonferroni threshold are considered as
significant. The results of GWAS were plotted using Manhattan plot based on the obtained
p-value of each SNP. The p-values of the association test were transformed to —logl0 (p-
values) for each SNP versus its chromosomal locations (Ding et al., 2009). It shows
locations of the statistically significant SNPs across the chromosomes (horizontal axis)
associated with their effect (vertical axis) on the traits of interest. The higher position of
the dots, the stronger the genetic association.
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2.3.3 Results and discussion

Genotyped bulls with progeny were born between 1990 and 2007 (Figure 4), with four to
17 bulls per year. The average number of phenotyped daughters per bull ranged between
200 and 400 for bulls born before the year 2000. In the later years, the average number of
phenotyped daughters decreased.

1
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Figure 4: Number of genotyped bulls born per year (bars) and average number of daughters per genotyped
bull

Slika 4: Stevilo genotipiziranih bikov rojenih po letih (stolpci) in povpreéno tevilo héera na genotipiziranega
bika

2.3.3.1 Results of quality criteria

Number of SNPs excluded from analysis differed among filtering criteria. SNPs were
included in analysis if CR was higher than 90% by SNP. Altogether, 5,975 SNPs failed this
criterion and were excluded from the analysis (Figure 5). Eight bulls were excluded from
the analysis because more than 20% of SNPs per animal missing (Figure 6). CR criteria
differ among species and populations. The SNPs with CR lower than 95% and individuals
with CR lower than 85% were excluded from the analysis of Danish and Swedish Holstein
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bulls (Sahana et al., 2011). The threshold of SNPs CR exclusion was 90% in Australian
Holstein bulls (Hayes et al., 2010) and four breeds of pigs (Large White, Duroc, Pietrain
and Landrace; Harlizius et al., 2011). Lower SNPs CR criterion (70%) was used for quality
control in Holstein bulls in Israel (Weller et al., 2011). However, this criterion is higher

(97%) in the studies of human genome (The Wellcome trust case control consortium,
2007).
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Figure 5: Genotype frequency per SNP
Slika 5: Frekvenca genotipa po SNP oznacevalcu
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Figure 6: Genotype frequency per animal
Slika 6: Frekvenca genotipa po Zivali

SNPs with MAF lower than 5% (Figure 7) were excluded (10,619 cases or 25%) from the
analysis. The same MAF was used in the study of Wiggans et al. (2009). In Australian data
set analysed by Hayes et al. (2011), 2% of the SNPs were monomorphic. Even lower
frequency (0.3%) for the minor allele was used by Harlizius et al. (2011).
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Figure 7: Allele frequency
Slika 7: Frekvenca alel

For each SNP, genotype frequency was calculated and denoted as P (AA) and Q (BB) for
homozygous and H (AB) for heterozygous genotype. Difference between observed
genotype frequencies obtained from the data and expected frequency from the HWE was
normally distributed (Figure 8, 9, and 10). The departure from the HWE was set at the
threshold of P < 10, and 538 SNPs were excluded from the analysis. The same threshold
was considered for testing HWE in Australian Holstein bulls (Hayes et al, 2011). In the
studies with the human genome (The Wellcome Trust Case Control Consortium, 2007),
P<10* was used as threshold. Wiggans et al. (2009) applied the departure of the
heterozygotes frequency from that expected under HWE. The SNPs were excluded if the
difference between observed and expected genotype was > 0.15.
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Figure 8: Differences between observed and expected genotype frequency for homozygous genotype AA
(P difference)
Slika 8: Razlike med dejansko in pricakovano frekvenco genotipa za homozigotni genotip AA (P razlika)
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Figure 9: Differences between observed and expected genotype frequency for homozygous genotype BB
(Q difference)
Slika 9: Razlike med dejansko in pricakovano frekvenco genotipa za homozigotni genotip BB (Q razlika)
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Figure 10: Differences between observed and expected genotype frequency for heterozygous genotype AB
(H difference)
Slika 10: Razlike med dejansko in pricakovano frekvenco genotipa za heterozigotni genotip AB (H razlika)

Number of SNPs differed among BTA (Figure 11). The largest number of SNPs was
mapped to BTA1 and their number gradually decreased towards BTA29. SNPs that could
not be mapped to BTA (1,672) or SNPs mapped to X chromosome (747) were excluded
from the analysis.
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Figure 11: Number of SNPs per chromosome
Slika 11: Stevilo SNP oznacevalcev po kromosomu

2.3.3.2 Correction for population stratification

The proportion of each subpopulation was estimated as unsupervised analysis in admixture
program assuming from two to ten populations (K). Four ancestral populations were
accepted as the best match describing population stratification due to lowest cross-
validation error in K=4. Different genotypes proportions per animal divided in four clusters
(Figure 12) were added as a fixed effect affecting SNP influence in GWAS analysis.
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Figure 12: The proportion of subpopulations in each BSW bull estimated by ADMIXTURE analysis
Slika 12: Delez podpopulacij v vsakem biku BSW pasme ocenjeno z ADMIXTURE analizo

The distribution of observed distributions of -log(p-value) for each SNP was compared to
the expected distribution under no-association (red line) in a quantile-quantile (Q-Q) plot
for each dairy trait (Figures 13, 14, and 15). Q-Q plot of data without accounting
population stratification (black line) for all analysed traits showed an early separation of
the observed from the expected distribution (red line) indicating that the model which
neglected family relationship was problematic. The fact that the black dots are above the
diagonal axis shows an elevated amount of statistical significance for a huge number of
variants, which is probably the result of population stratification. After correction, the data
were well-behaved (green line) however for the majority of SNPs there was no more
statistical significance.

Observed (-logP)

Expected (-logP)

Figure 13: Q-Q plot for milk yield. Black dots are GWAS without stratification, green dots are GWAS with
stratification added to analysis

Slika 13: Q-Q grafi¢ni prikaz za koli¢ino mleka. Crne pike predstavljajo GWAS brez stratifikacije, zelene
pike predstavljajo GWAS z upostevano stratifikacijo v analizi
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Figure 14: Q-Q plot for fat yield (PY). Black dots are GWAS without stratification, green dots are GWAS
with stratification added to analysis

Slika 14: Q-Q grafi¢ni prikaz za koli¢ino mascobe. Crne pike predstavljajo GWAS brez stratifikacije, zelene
pike predstavljajo GWAS z upostevano stratifikacijo v analizi

Observed (-logP)

Expected (-logP)

Figure 15: Q-Q plot for protein yield. Black dots are GWAS without stratification, green dots are GWAS
with stratification added to analysis

Slika 15: Q-Q grafi¢ni prikaz za koli¢ino beljakovin. Crne pike predstavljajo GWAS brez stratifikacije,
zelene pike predstavljajo GWAS z upostevano stratifikacijo v analizi

2.3.3.3 Single SNP analysis without accounting for population stratification

In total, 52 SNPs with a significant effect on MY, FY, and PY were identified by single
trait analysis. Among these, 11 were significant for all milk traits. The association was
spread over 14 BTA. The estimated effects transformed to negative logarithm of p-values
of all significant effects are shown in Table 6. The majority of the SNPs associated with
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MY were on BTA21 followed by BTA9. The majority of genome-wide significant SNPs
for FY and PY were also located on these BTA.

Table 11: Genome-wide significant SNPs for milk (MY), fat (FY), and protein yield (PY)
Tabela 11: Na (celem) genomu znacilni oznacevalci SNP za koli¢ino mleka, mascobe in beljakovin

-log(P-value)

SNP Name BTA  Position (bp)

MY FY PY
ARS-BFGL-NGS-34153 5 29,998,702 6.12
ARS-BFGL-NGS-26592 5 10,803,982 6.39
ARS-USMARC-201 5 10,846,184 6.64
BTB-02050304 5 111,394,023 5.85
ARS-BFGL-NGS-1801 6 83,815,542 8.47 6.66 8.57
BTA-68275-no-rs 6 90,184,758 6.99 6.70
ARS-BFGL-NGS-28041 6 90,415,521 6.28
Hapmap44452-BTA-22099 6 90,564,545 6.41
ARS-BFGL-NGS-59916 7 22,514,886 6.07
Hapmap38264-BTA-96587 7 101,536,840 6.15
ARS-BFGL-NGS-115573 9 408,418 6.35 7.06 7.00
ARS-BFGL-NGS-79944 9 25,010 6.33
BTA-103211-no-rs 9 608,084 7.26 7.38 7.65
BTB-00379127 9 4,238,169 6.72 6.87
BTB-01696182 9 4,183,032 591 6.78 6.06
BTB-01991280 9 4,091,763 6.65 5.83
BTB-01736853 9 33,283,957 6.10
ARS-BFGL-NGS-111248 11 28,357,295 6.09 6.04 5.96
ARS-BFGL-NGS-27959 11 23,656,239 6.52
Hapmap44191-BTA-109695 11 28,192,599 6.10
ARS-BFGL-NGS-117303 13 57,425,302 6.37 7.74 6.30
BTA-32343-no-rs 13 36,510,636 6.10 6.12
ARS-BFGL-NGS-40188 13 41,245,438 6.23
ARS-BFGL-NGS-101990 16 60,703,872 6.09
Hapmap23443-BTA-161049 17 7,913 6.58
ARS-BFGL-NGS-114223 17 18,463,501 6.59 6.48
BTB-01315978 19 30,381,362 6.85 6.71
Hapmap40740-BTA-45574 19 7,770,388 6.07 6.97
ARS-BFGL-NGS-101953 19 35,627,984 5.93
ARS-BFGL-BAC-33968 21 26,006,913 6.06
ARS-BFGL-NGS-105488 21 41,098,410 6.83 7.70 7.51
ARS-BFGL-NGS-106159 21 56,399,834 8.36 8.34 8.19
BTA-01762-rs29012716 21 41,873,571 7.05 6.30 6.65
BTA-19227-no-rs 21 39,823,726 7.02 6.48 5.85
BTB-00818234 21 39,025,869 9.13 10.35 9.35
BTB-01718760 21 9,907,818 5.96 6.55
Hapmap49357-BTA-87614 21 43,174,463 7.47 8.61 7.52
BTB-00818514 21 39,382,860 5.96 591
BTB-01303847 21 36,815,473 7.55 7.17
BTB-01383642 21 41,209,679 6.40
BTB-01781411 21 39,254,989 6.16
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-log(P-value)

SNP Name BTA  Position (bp)

MY FY PY
Hapmap43190-BTA-16332 21 44,201,493 6.02
BTB-00818375 21 39,081,011 6.03
ARS-BFGL-NGS-56282 22 61,579,817 5.96 6.25
ARS-BFGL-NGS-1679 22 46,477,281 6.38
Hapmap47322-BTA-54813 22 51,965,282 5.85
ARS-BFGL-NGS-95117 23 43,028,783 5.85 7.13
ARS-BFGL-NGS-17146 23 52,583,723 5.87
Hapmap54312-rs29012588 23 44,574,227 6.28
ARS-BFGL-NGS-79347 27 43,658,924 5.86
BTB-00969310 27 46,944,279 5.95
BTB-01713276 28 37,494,090 6.30 6.11

Manhattan plots for the GWAS of dairy traits were ploted based on chromosomes (x-axis)
and the negative logarithm of the association p-value for every SNP (y-axis) (Figures 16,
17, and 18). SNP with the highest association with the trait has the smallest p-value.
Therefore, the negative logarithm value will be the greatest and the scatter plot will be the
highest peak in the Manhattan plot. The horizontal dashed line indicates the Bonferroni-
corrected significance level.
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Figure 16: Manhattan plot for milk yield using single SNP analysis
Slika 16: Grafi¢ni prikaz Manhattan za koli¢ino mleka z uporabo analize na posameznem SNP oznacevalcu
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Figure 17: Manhattan plot for fat yield using single SNP analysis
Slika 17: Grafiéni prikaz Manhattan za koli¢ino masc¢obe z uporabo analize na posameznem SNP
oznacevalcu
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Figure 18: Manhattan plot for protein yield using single SNP analysis
Slika 18: Graficni prikaz Manhattan za koli¢ino beljakovin z uporabo analize na posameznem SNP
oznacevalcu

2.3.3.4 Single SNP analysis with accounting for population stratification

Correction for population stratification based on the selected criteria was shown to be
crucial. No significant associations between SNPs and dairy traits have been detected
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(Figure 19) showing that the model without correction on the family relationship was not
dealing properly with the analysed data set.
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Figure 19: Manhattan plot for milk yield using single SNP analysis and accounting for population
stratification

Slika 19: Grafi¢ni prikaz Manhattan za koli¢ino mleka z uporabo analize na posameznem SNP oznacevalcu
upostevajoc¢ stratifikacijo populacije
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Figure 20: Manhattan plot for fat yield using single SNP analysis and accounting for population stratification
Slika 20: Grafi¢ni prikaz Manhattan za koli¢ino mascobe z uporabo analize na posameznem SNP
oznacevalcu upostevajo¢ stratifikacijo populacije
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Figure 21: Manhattan plot for protein yield using single SNP analysis and accounting for population
stratification

Slika 21: Graficni prikaz Manhattan za koli¢ino beljakovin z uporabo analize na posameznem SNP
oznacevalcu upostevajo¢ stratifikacijo populacije

Single trait genome-wide approach for dairy traits was presented to address the aspects of
the GWAS for implementation of genomic selection in Slovenian BSW breed. The
approach was used to estimate genome-wide associations between phenotypes and SNP
markers based on data from national genetic evaluation for dairy traits. The effect of
population stratification was taken into account since it was known from earlier
publications (Guo et al., 2012; Maxa et al., 2012) that BSW breed is dealing with
population stratification which has an impact on the results of GWAS. In the mentioned
studies, principal component analysis was used to adjust the effect of population
stratification. In this study, after correction for population stratification, the data were well-
behaved (see Figure 13, green line) meaning that SNPs were no more statistical significant
than would be randomly expected. That was observed for all dairy traits. One of possible
reason of no significant associations was the small number of bulls included in the
analysis. However, higher number of bulls (554) was used in the analysis of German
Braunvieh (Maxa et al., 2012). Altogether, five SNPs with the significant effect on dairy
traits were detected. Two SNPs which affected MY were placed on the BTA4, two SNPs
associated FY were on the BTA14 and BTA23, while significant SNP with an effect on the
fat content was on the BTA1. The largest data set (7,038 bulls) considering BSW breed
(Guo et al., 2012) was based on large scale data from the international genetic evaluation.
The total number of significant SNPs was 16 that affected dairy traits, with the strongest
signal on the BTA25 (Guo et al., 2012). SNP associations for MY and PY were located on
the same chromosome likewise in Finnish Ayrshire (Viitala et al., 2003) and Holstein
(Harder et al., 2006) breed. GWAS in the dairy cattle mainly focused on the Holstein breed
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due to worldwide spreading (Daetwyler et al., 2008; Pryce et al., 2010). For MY,
significant SNPs were located on BTA8, BTA9, BTA10, BTA11, BTA13, BTA25, and
BTA29 (Hayes et al., 2009b; Bolormaa et al., 2010; Jiang et al., 2010; Mai et al., 2010).
BTA14 has also been in focus since many studies reported DGAT1 as a major gene
affecting milk traits (Grisart et al., 2002; Ashwell et al., 2004; Jiang et al., 2010; Mai et al.,
2010). In this study, the association between SNPs and dairy traits were not detect in the
DGAT]I region.

2.3.4 Conclusion

In the present study, the preliminary results from GWAS analysis were reported for dairy
traits based on the small population of genotyped bulls of Slovenian BSW breed.
Altogether, 52 SNPs with a significant effect on MY, FY, and PY were identified using
single SNP analysis. After adjusting for population stratification, no significant
associations between SNPs and dairy traits have been detected. Based on the analysis that
considered aforementioned criteria we could conclude that population stratification exists
in the analysed data set and the model without correction on data were not dealing properly
with the analysed data set. Further improvements should be made on the enlargement of
the number of genotyped bulls in order to detect association signals and the identification
of genes associated with dairy traits. Results from GWAS will facilitate the understanding
of the genetic architecture of complex traits.
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24 GENOME PARTITIONING OF GENETIC COVARIANCE BETWEEN DAIRY
AND BEEF PRODUCTION TRAITS IN DUAL PURPOSE POPULATIONS

2.4.1 Introduction

Some cattle breeds are specialized either for dairy (e.g., Holstein Friesian, Ayrshire, and
Jersey) or beef production (e.g., Angus, Charolais, and Limousin). In contrast, dual-
purpose breeds such as Fleckvieh have breeding emphasis on both dairy and beef
performances as well as on other traits important also in specialized breeds, e.g., fertility,
longevity, etc. Efficiency of such multi-trait selection depends on the sign, size, and
architecture of genetic covariation between the traits of interest. In particular the major
limitation for the improvement of a multi-trait objective is posed by large genetic
covariances/correlations with the unfavourable sign. An example of such a relationship
studied widely in cattle is between milk yield and fertility that has low to medium negative
genetic correlation, -0.12 to -0.41 (e.g., Berger et al., 1981; Oltenascu et al., 1991; Pryce et
al., Konig et al., 2008). Most estimates of genetic correlations between milk yield and
growth or carcass conformation are close to zero or slightly positive, ranging from 0.02 to
0.29 (Mason, 1964; Langlet, 1965; Bar-Anan, 1965; Calo et al., 1973; Pirchner, 1984;
Liinamo et al., 2001). These low correlations suggest that dual-purpose selection for both
dairy and beef performance is possible, though some efficiency is lost due to a broader
selection objective in comparison to the specialized dairy or beef breeds. Most of the
estimates of genetic covariance between dairy and beef performance are based on out-
dated and/or small-scale experiments and should be re-estimated with more recent data
collected in larger numbers.

However, breeders are not interested only in the total genetic covariance but also in the
architecture of covariance along the genome. Such knowledge would empower breeders
with the ability to construct optimized selection objectives that would take into account
favourable, neutral, and unfavourable genome-wide covariances, to search for recombined
haplotypes in regions with unfavourably linked alleles, and to optimize matings (Snelling
et al., 2012). Developments in molecular genetics have provided a rich set of genome-wide
markers and with that an opportunity to dissect total genetic parameters such as additive
genetic variance into its genome-wide components (Goddard and Hayes, 2009; Bush and
Moore, 2012; Eggen, 2012; Montaldo et al., 2012). While there are numerous single-trait
genome-wide association (GWA) studies reporting significant associations (e.g., Pryce et
al., 2010; Mai et al., 2010; Bolormaa et al., 2011; Murdoch et al., 2011; Becker et al.,
2013; Wang et al., 2014), analysis of covariation between two or more traits due to either
linkage or pleiotropy is scarce. Some single-trait GWA studies have found antagonistic
associations by selecting associations for one trait and looking at associations with other
traits. For example, in Norwegian Red cattle a significant association on the BTA12 was
fine mapped to a locus having an antagonistic effect on non-return rate and dairy traits
(Olsen et al., 2011). Antagonistic associations have also been identified for calving ease
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and postnatal growth traits on the BTA14 and BTA21 in the German Fleckvieh breed
(Pausch et al., 2011). An example of a multi-trait approach looking into the covariation at
the genome, chromosome, and chromosome region level has been reported among the
mastitis resistance related traits in the Danish Holstein breed (Serensen et al., 2012); where
the amount of covariance due to markers on a chromosome was primarily a function of the
chromosome size though some chromosomes explained more covariance indicating
harboring of closely linked or pleiotropic genes. Similarly to the GWA studies, genomic
selection is mainly based on single trait models though several studies showed advantage
of the multi-trait approach (Calus and Veerkamp, 2011; Jia and Jannink, 2012; Guo et al.,
2014; Tsuruta et al., 2011). Further understanding of genetic covariation at the genome,
chromosome, and chromosome region level would provide new insight into the biological
processes between dairy and beef traits, which could in turn be utilized through genomic
selection in applied breeding.

There were three objectives of this study. First, to estimate parameters describing total
genetic covariation between the dairy and beef production traits in two well-known dual-
purpose populations using comprehensive large scale routinely collected data from
progeny testing. Second, to analyse genome-wide covariation between the pairs of dairy
and beef traits in order to describe its architecture in the terms of sign, size, and
distribution along the genome. Third, to utilize bioinformatics resources to enrich the
obtained results with the existing knowledge and to propose potential pleiotropic loci
(pleiotropici) that underlie a part of genetic covariation of analysed traits.

2.4.2 Methods

The study involved two populations of dual-purpose cattle with available phenotype data
for dairy and beef traits and genome-wide marker genotype data. These data were quality
controlled and analyzed using different models to estimate total genetic covariation and
genome-wide covariation between traits, which was further subject to bioinformatic
analyses. Basic data handling and analyses were done in SAS (SAS Inst., Inc., Cary, NC,
2011) and R (R Development Core Team, 2013), while other programs were used for
specific tasks as described below.

2.4.2.1 Animals and phenotypic data

Phenotypic, pedigree, and genotypic data were obtained for 4,131 German Fleckvieh
(GFV) bulls born between the years 1975 and 2004 provided by the Bavarian State
Research Centre for Agriculture (http://www.1fl.bayern.de) and 800 Italian Pezzata Rossa
(IPR) bulls born between the years 1982 and 2007 provided by the Italian Simmental
Breeders Association (ANAPRI;_http://www.anapri.eu). Phenotypes considered were milk
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yield (MY) and fat yield (FY) as dairy traits and net daily gain (NG) and carcass quality
(CQ) as beef traits. In the GFV data the CQ trait was represented with the EUROP carcass
conformation score, while in the IPR data the CQ trait was represented with muscling
score that is very highly correlated with the EUROP carcass conformation score.
Phenotypes values for these traits were available as summarized phenotypes with high
heritability (reliability) for each bull; obtained from the routine national genetic
evaluations (Interbull, 2014) in the form of progeny phenotype deviations for the GFV
population (Emmerling et al., 2002; Schild et al., 2003) and deregressed estimates of
breeding values (Garrick et al. 2009) for the IPR population. In both populations the
procedures of preparing summarized phenotypes involved only univariate models to avoid
the influence of prior genetic covariances. Descriptive statistics for the used phenotypes
and the corresponding reliabilities are shown in Table 14, which shows differences in
means due to different genetic bases set in the genetic evaluation of each population. In
addition, difference in the definition of CQ trait between the populations is manifested by
substantially different standard deviations. Only bulls with the phenotypic data for all traits
were used in further analysis, which is the 4,122 bulls of the GFV population and the 592
bulls of the IPR population.

Table 12: Descriptive statistics of phenotypic values (PV) for dairy and beef traits with the corresponding
reliabilities (R?) in the German Fleckvieh (GFV) and Italian Pezzata Rossa (IPR) bulls

Tabela 12: Opisna statistika za fenotipske vrednosti (PV) za lastnosti mle¢nosti in mesnatosti z ustreznimi
zanesljivostmi (R?) pri bikih nemske lisaste (GFV) in italijanske lisaste (IPR) pasme

Popula . Mean Std. Minimum Maximum
. Trait Bulls > 5 > 5
tion PV R* (%) PV R” (%) PV R* (%) PV R* (%)
MY 4,131 1601.9 94 549.2 4 -690.5 56 3390.6 99
GFV' FY 4,131 57.5 93 20.0 4 -39.8 52 117.1 99
NG 4,122 6.9 88 143 13 -71.0 8 82.1 99
CQ 4,122 1.9 85 3.0 14 -22.1 5 17.5 99
MY 592 -204.3 90 564.4 5 -1925.1 75 1581.3 99
IPR2 FY 592 -7.6 89 23.7 5 -86.6 75 60.0 99
NG 681 109.7 55 11.0 7 76.7 34 1445 84
CQ 681 106.6 68 11.5 6 63.5 39 136.7 90

"Phenotypic values are progeny yield deviations; > Phenotypic values are deregressed estimates of breeding
values; MY = milk yield; FY = fat yield; NG = net daily gain; CQ = carcass quality

2.4.2.2 Marker genotypes

The GFV bulls were genotyped with the Illumina BovineSNP50K BeadChip® (version 1,
54Kv1) comprising of 54,001 SNP markers (3,734 bulls) and Illumina BovineSNP50K
BeadChip® (version 2, 54Kv2) comprising of 54,609 SNP markers (379 bulls), where
52,340 SNP markers were shared between the two versions. The IPR bulls were genotyped
with the Illumina BovineSNP50K BeadChip® (version 1, 54Kv1). The initial number of
SNP markers for the IPR bulls was 41,809 because the obtained data already passed some
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of the quality controls. The number of SNP markers or bulls excluded due to quality
control is shown in Table 13. In addition to the standard quality control, SNP markers that
were in high linkage disequilibrium (LD) were pruned using the variance inflation factor
(VIF) analysis option in PLINK (Purcell et al, 2007); which iteratively excludes the
individual markers that have a VIF>2 with other markers. VIF is defined as 1/(1 — R?),
where R? is the multiple correlation coefficient between a SNP marker and other SNP
markers in a window (Purcell et al, 2007). After the quality control and pruning any
missing genotypes were imputed with the gpig program (Strandén, 2010) using the linear
approximation method (Gengler et al., 2007).

Table 13: The number of SNP markers or bulls excluded due to quality control criteria and pruning in the
German Fleckvieh (GFV) and Italian Pezzata Rossa (IPR) bulls

Tabela 13: Stevilo SNP oznaGevalcev ali bikov izkljuéenih na podlagi meril za kontrolo kakovosti in
izlus¢enja pri bikih nemske lisaste (GFV) in italijanske lisaste (IPR) pasme

Criteria/Breed GFV IPR
Call rate > 90% by SNP marker 707 0
Call rate > 90% by bull 17 0
Minor allele frequency < 0.01 7,880 1,943
Departure from the HWE (P < 0.001 ) 1,517 612
Unmapped and Chr X SNP 1,579 1,575
In the analysis before pruning 41,774 37,675
In the analysis after pruning 37,116 33,425

2.4.2.3 Statistical analyses

Two types of analyses were conducted to quantify genetic covariation between traits.
Initially, a bivariate mixed linear model was used to estimate the total genetic covariances
and correlations between the pairs of dairy and beef traits. Then, a single trait genome-
wide association study was performed to estimate genome-wide associations between
phenotypes and SNP markers for each of the dairy and beef traits and use these results to
estimate genome-wide covariances and correlations between the pairs of dairy and beef
traits as described in the following.

2.4.2.3.1 Total genetic covariation

The bivariate mixed linear model for estimating total genetic covariation for all the pairs of
dairy and beef traits was defined as:

w=lo xllbl+[6 2)lal+[e] .. (10)
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where y; is a vector of phenotype values for the i-th trait, b; is a vector of unknown
parameters for fixed effects (only intercept), a; is a vector of unknown additive genetic
(polygenic) effects, e; is a vector of environmental residuals, while X and Z are incidence
matrices linking y respectively with b and a, H is an relationship matrix between the
phenotyped individuals based either on the pedigree (Colleau, 2002) or SNP markers
(VanRaden, 2008),  is the direct Kronecker product, G is an additive genetic covariance
matrix representing the total genetic covariation between the analyzed traits due to the
whole genome, and Ry is an environmental residual covariance matrix between traits.
Total genetic correlations were estimated from the estimated elements of Gy.
Heterogeneous variances of the summarized phenotype values were accommodated in the
model with individual and trait specific weights in the residual covariance matrix. This
model was fitted using the Residual Maximum Likelihood (REML) method as
implemented in the WOMBAT software (Meyer, 2007).

2.4.2.3.2 Genome-wide associations

Genome-wide associations between phenotypes and SNP markers for each dairy or beef
trait were estimated using the following univariate mixed linear model to estimate
association for one marker at a time taking into account the additive genetic (polygenic)
effects to account for background genetic variation and population structure:

y=Xb+Za+e ... (13)

where y is a vector of phenotype values, b holds the intercept and allele substitution
effect for the SNP marker of interest, a~N (0, Ho?) is a vector of additive genetic
(polygenic) effects, while X and Z are incidence matrices linking y respectively with b
and a, and e~N(0,I02) is a vector of residuals. As with the bivariate model (10-12)
heterogeneous variances of the summarized phenotypes were accommodated in the model
with individual and trait specific weights in the residual variance matrix. The matrix H is a
relationship matrix between the phenotyped individuals based either on pedigree (Colleau,
2002) or SNP markers (VanRaden, 2008). This model was fitted using the Residual
Maximum Likelihood (REML) method as implemented in the WOMBAT software
(Meyer, 2007) using the SNP Snappy option to estimate allele substitution effects (one at a
time) quickly (Meyer and Tier, 2012).
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2.4.2.3.3 Genome-wide covariation

Estimated allele substitution effects from (13) were used as an input for the estimation of
genome-wide covariances and correlations for the pairs of dairy and beef traits. Variance
and covariance of additive genetic effects for the trait x and y at the i-th SNP marker are:

Var(ay;) = Va,, = 20:qib%, . (14)
Var(ay;) =V, = 2piqiby,;, . (15)
Cov(ay, ay;) = Ca,,; = 2Piqibxibyi ... (16)

where p; and g; are the allele frequencies and b,; and b, ; are the allele substitution
effects (Falconer and Mackay, 1996). The correlation at the i-th SNP marker is then by
definition equal to:

Cov(ax,i:ay.i) _ byiby

var(ax)Var(ay,;) |baiby,il’

Cor(ax,i,ay,i) = J ...(17)

which is equal to 1 if covariance is positive, to 0 if covariance is zero, or to -1 if covariance
is negative (Daniel Gianola, personal communication). Due to this phenomenon, further
analyses of genome-wide covariation were performed only with covariances.

Assessing the significance of estimated genome-wide covariances (16) in the absence of a
formal test for a genome-wide application that would take into account the population
structure (13) is possible with the use of permutation testing (Churchill and Doerge, 1994).
However, such an approach would be computationally very demanding as it would require
running the model (13) with permuted data n, X ng times, where n,, is the number of
permutations, say n, = 10,000, and n; is the number of SNP markers (Table 12). Instead
of hunting for the significant hits, the focus was put on describing the architecture of
genome-wide covariances by assessing the contribution of covariance at the i-th SNP
marker in the distribution of all genome-wide covariances; which was measured with the

ratio of squared covariance ngyi divided by the sum of all squared covariances Y ; ngyl..

Distributions of these contributions were summarized according to the sign of covariances
and size (described bellow) for all markers as well as for each chromosome by dividing the
sum of squared covariances for all markers in a group (sign, size, or chromosome) by the
sum of squared covariances for all markers. Under the assumption of a very large number
of loci with small effects and some loci with moderate to large effects, an arbitrary
threshold of 0.1% was chosen to group SNP markers by size in two groups with small or
large contributions. Markers with large contribution represent pleiotropic loci (regions)
that manifest pleiotropy either due to harboring pleiotropic genes or closely linked genes
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affecting different traits. Such a marker is hereafter referred to as “pleiotropicus™ after
pleiotropic locus (plural pleiotropici). The other markers are hereafter referred to as
polygenes. In the absence of formal significance testing, the results were “validated” by
comparing the results from the analysis of complete data of the GFV population with the
analysis of a random subset of 1,000 bulls from the GFV population and all the bulls from
the IPR population.

2.4.2.3.4 Characterization of the most pronounced pleiotropici

To augment the results of this study with the already existing knowledge the estimated
genome-wide covariances were first mapped to their genomic positions and plotted with
the Manhattan plots and then the selected pleiotropici were overlaid with a) the reported
quantitative trait loci (QTL) intervals for traits related to dairy and beef production and b)
known genes. Based on the overlap of these three sources of information for both breeds
together a set of candidate genes with pleiotropic effects for the analysed traits was
proposed. The QTL intervals were downloaded from the Animal QTL Database, release 23
(http://www.animalgenome.org/cgi-bin/QTLdb/index/) (Hu et al., 2013) for the following
twelve dairy and beef traits: milk and fat yield, body weight at birth, weaning, yearling,
mature stage, and slaughter, average daily gain, pre-weaning average daily gain, carcass
weight, fat thickness at the 12™ rib, and longissimus muscle area. The gene information
was downloaded from the Ensembl, release 75 (http://www.ensembl.org/index.html). In
total, 19.994 protein-coding genes, and 3.825 non-coding genes were used. All three

sources of information (pleiotropici, QTL intervals, and known genes) were graphically
represented with the web-based interactive visualization tool Flash GViewer
(http://gmod.org/wiki/Flashgviewer/) developed by the GMOD project.

2.4.3 Results
2.4.3.1 Total genetic covariation

Estimates of covariance components for MY and FY were in general smaller in the
analysis using the genomic relationship matrix than with the pedigree relationship matrix,
while they were comparable for NG and CQ (Annexes Al and A2); suggesting that in the
GFV and IPR populations the used SNP marker array allows capturing less genetic
variance for dairy traits than for beef traits. Correspondingly, the residual variances and
covariances differed between the pedigree and genomic models. However, the genetic
correlations were very similar between the two models (Annex A2). With the genomic
model, high positive total genetic correlations were estimated between MY and FY
(0.72+0.01 in GFV and 0.81+0.04 in IPR) and between NG and CQ (0.53+0.03 in GFV
and 0.51£0.09 in IPR); which is in agreement with the estimates obtained using the
traditional pedigree model (e.g., Fiirst et al., 2013; Roman and Wilcox, 2000; Welper and
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Freeman, 1992). Total genetic correlations between MY and NG were slightly positive or
close to zero (0.09+0.03 in GFV and 0.1040.09 in IPR) and similarly between FY and NG
(0.04+£0.03 in GFV and -0.08+0.11 in IPR). Total genetic correlations between MY and
CQ were slightly negative or close to zero (-0.11+0.03 in GFV and -0.25+0.09 in IPR) as
well as between FY and CQ (-0.15+0.03 in GFV and -0.17£0.11 in IPR). These estimates
are concordant with estimates from pedigree models (Mason, 1964; Langlet, 1965;
Pirchner, 1984).

2.4.3.2 Distribution of genome-wide covariances by sign

The proportion of positive and negative genome-wide covariances determined total genetic
correlations in both populations for all the pairs of dairy and beef traits (Table 14). The
high positive total genetic correlations estimated between MY and FY (0.72+0.01 in GFV
and 0.81+£0.04 in IPR) were determined by the dominant proportion of positive genome-
wide covariances (90.2% in GFV and 99.2% in IPR). The same pattern was also observed
between MY and NG, MY and CQ, FY and NG, and FY and CQ, though with different
proportions (Table 14). For example, the total genetic correlation between FY and NG was
not different from zero (0.04+0.03 in GFV and -0.08+0.11 in IPR) and was roughly
determined by the equal proportion of positive and negative genome-wide covariances, i.e.,
the contribution of positive genome-wide covariances was 53.0% in GFV and 49.1% in
IPR. The exception to this pattern was observed between NG and CQ, where medium
positive total genetic correlation (0.53+0.03 in GFV and 0.51+0.09 in IPR) was determined
by the dominant proportion of positive genome-wide covariances (94.8% in GFV and
92.1% in IPR); though this exception can be explained by the different distribution of
covariances (Table 14). Concordant results were observed on a random subset taken from
the complete GFV dataset (Annex A3).



Spehar M. Genomic evaluation and association ... correlated traits in dairy and dual ... cattle.
Doctoral Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2015 66

Table 14: Total genetic and genome-wide covariation for the pairs of dairy and beef traits* in the German Fleckvieh, Italian Pezzata Rossa population and in the German
Fleckvieh population based on a random subset
Tabela 14: Skupna genetska in genomska kovariacija za pare lastnosti mlec¢nosti in mesnatosti* pri nemski in italijanski lisasti populaciji in v populaciji nemske lisaste
pasme na osnovi nakljuénega podseta podatkov

Trait combination MY : FY MY : NG MY : CQ FY : NG FY : CQ NG : CQ
Total genetic covariation German Fleckvieh (n=4,105)

Correlation 0.72 £ 0.01 0.09 £ 0.03 -0.11 £+ 0.03 0.04 =+ 0.03 -0.15 + 0.03 0.54 + 0.03
Genome-wide covariation

Positive versus negative, % 90.2 : 98 584 : 41.6 43.1 : 569 53.0 : 47.0 399 : 60.1 948 : 52
Large versus small, % 17.1 : 829 9.8 : 90.2 57 : 943 11.6 : 884 6.6 : 934 159 : 84.1
Positive large, % / no. markers 8.8 / 55 39/ 25 2.1/ 15 3.7/ 23 1.7 / 12 159 / 66
Positive small, % / no. markers 81.4 / 28319 545/ 19,620 41.0 / 18,181 49.3 / 19,126 382 / 17,790 78.9 / 24,768
Negative small, % / no. markers 1.5/ 8,726 35.7 / 17,448 533 / 18,885 39.1 / 17,931 552/ 19,265 52/ 12,262
Negative large, % / no. markers 83/ 13 59/ 19 3.6/ 24 79/ 29 49 / 30 0.0 / 0
Total genetic covariation Italian Pezzata Rossa (n=511)

Correlation 0.81 = 0.04 0.10 = 0.09 -0.25 + 0.09 -0.08 + 0.11 -0.17 = 0.10 0.51 £ 0.09
Genome-wide covariation

Positive versus negative, % 99.2 : 0.8 523 @ 46.7 449 . 55.1 49.1 : 509 50.6 : 494 92.1 : 79
Large versus small, % 9.8 : 90.2 53 947 4.7 . 953 43 : 957 39 : 96.1 86 : 914
Positive large, % / no. markers 9.8 / 64 2.1/ 15 1.3/ 9 1.6 / 11 1.7 / 12 8.6 / 60
Positive small, % / no. markers 89.4 / 25,664 512/ 17,159 43.6 / 16,525 475 / 16,676 489 / 16,979 83.5 / 21,623
Negative small, % / no. markers 08 / 17,697 43.5 / 16,231 51.7 / 16,869 48.2 / 16,738 472 / 16,419 7.9 / 11,802
Negative large, % / no. markers 0.0 0 32/ 20 34/ 22 2.7/ 19 22/ 15 0.0 / 0

*MY = milk yield; FY = fat yield; NG = net daily gain; CQ = carcass quality
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2.4.3.3 Distribution of genome-wide covariance contributions by size and sign

Distribution of genome-wide covariance contributions by size indicated a number of SNP
markers with large contributions (pleiotropici) though the majority of SNP markers had
small (polygenic) contributions (Table 14). The total contribution (positive and negative)
from the pleiotropici ranged from 5.7% between MY and CQ to 17.1% between MY and
FY in the GFV population (Table 14). Somewhat lower total contribution of the
pleiotropici was found in the IPR population; ranging from 3.9% between FY and CQ to
9.8% between MY and FY (Table 14). Summarizing covariance contributions by size and
sign showed nearly symmetric distribution between the pairs of traits MY and NG, MY
and CQ, FY and NG, and FY and CQ, while distributions were not symmetric between the
pairs of traits MY and FY and NG and CQ (Table 14). Between MY and FY in the GFV
population the total contribution of positive pleiotropici was 8.8% and of negative
pleiotropici was 8.3%, while the contribution of small positive covariances was 81.4% and
of small negative covariances was 1.5%. Between NG and CQ in the GFV population the
total contribution of positive pleiotropici was 15.9% and of negative pleiotropici 0.0%,
while the contribution of small positive covariances was 78.9% and of small negative
covariances was 5.2% This difference in the distribution of contributions by size and sign
between these two pairs of traits is likely the reason for different total genetic correlation.
Similar results were observed also in the IPR population, though without the large negative
covariances between MY and FY.

2.4.3.4 Distribution of genome-wide covariance contributions by size, sign, and
chromosome

Distribution of genome-wide covariance contributions by size, sign, and chromosome
indicated gross location of pleiotropici and polygenes across chromosomes and their
contribution to the total genetic covariance between the analyzed traits (Figure 22). Most
chromosomes had contributions in line with the overall distribution for each pair of traits
(Table 14, Figure 22). Overall the contribution of each chromosome was associated with
its physical length as measured by the regression of contributions of each chromosome
onto its physical length (Annex A4) - all regressions had significant slope (p<0.05) either
prior to or after the removal of the most deviating chromosome. Such a chromosome in the
GFV population was the BTA14 (Table 14) with sizeable contribution of negative
covariances due to 13 or 14 pleiotropici between MY and FY (8.3%), MY and NG (4.3%),
and FY and NG (5.0%). The observed trend in this analysis is in agreement with the results
reported for genetic architecture of single traits by Visscher et al. (2007) for human height.
Similarly, Yang et al. (2011), who analyzed data on human height, body mass index
(BMI), von Willebrand factor, and QT interval and found statistically highly significant
relationship between the contribution of additive genetic variance explained by a
chromosome and its genetic length. Pimentel et al. (2011) came to the same conclusion by
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explaining a contribution of each chromosome to genetic variation of milk yield and
composition traits in Holstein.

The BTA14 had similar contributions due to negative and positive covariances between
MY and CQ and FY and CQ, which were mostly due to polygenes (Figure 22). Finally, the
same chromosome had predominantly positive covariances between NG and CQ with
roughly equal contributions due the 16 pleiotropici (2.9%) and polygenes (3.6%). The
same pair of traits had even larger contribution of positive covariances on the BTA10 due
to 23 pleiotropici (9.0%) and polygenes (5.4%). In addition to the BTA14 and BTA10 the
BTAG6 and BTAI11 also showed deviations from the overall trend indicating that they might
harbor regions with pleiotropic effects. These deviations were not as strongly expressed in
the smaller set of bulls from the IPR population.
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Figure 22: Distribution of genome-wide covariance contributions by size, sign, and chromosome for the pairs
of dairy and beef traits in the German Fleckvieh (GFV) and Italian Pezzata Rossa (IPR) population. Light
bars indicate contribution due to polygenes, while dark bars stacked on light bars indicate contribution due to
pleiotropici. Red color for positive and blue color for negative covariances. Numbers indicate the number of
pleiotropici

Slika 22: Porazdelitev genomske kovariance po velikosti, predznaku in kromosomu za pare lastnosti
mlecnosti in mesnatosti pri nemski lisasti (GFV) in italijanski lisasti (IPR) populaciji. Svetli stolpci
prikazujejo prispevek, ki ga povzroca poligenija, temni stolpci na vrhu svetlih pa prispevek pleiotropije.
Rdega barva oznaduje pozitivno, modra pa negativne kovariance. Stevilka prikazuje $tevilo pleiotropov
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2.4.3.5 Characterization of the most pronounced pleiotropici

Individual estimates of all genome-wide covariances plotted with the Manhattan plots
between all pairs of dairy and beef traits are shown in Annexes A5-A10. The most
pronounced pleiotropic SNP markers with respect to their synergistic or antagonistic
effects, selected based on the relative covariance contribution higher than 0.1%, were
further analyzed for their functional and biological characteristics. We performed genomic
overlap analysis comparing the genomic location of SNP markers, genes, and QTL for all
dairy and beef traits. The genetic views and catalogue of genomic regions of overlapping
SNP markers, genes, and QTL are available at http://www.integratomics-time.com/GSE.
The SNP markers with a high number of overlaps could potentially be stronger molecular
markers. The total of 164 SNP markers, 98 with positive and 66 with negative covariance,
overlaps QTL for dairy and beef quality traits are shown in Annex Al1. In addition, 59 of
them also overlap with genes. The highest number of overlapping genomic elements was
identified on BTA14 ranging from 16.51 to 20.88 Mb. This region contains five SNP
markers having negative covariance (rs109146371, 1s109968515, 1s109421300,
rs41256919, rs109350371), five protein-coding genes (FOXHI, CYHRI, DGATI,
KIAA1875, and PLEC) and 17 QTL for eight traits: milk and fat yield, milk and fat yield
(daughter deviation), milk and fat yield (EBV), body weight at weaning, and fat thickness
at the 12" rib, see Figure 23).
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Figure 23: The close up of the BTA14 region presenting overlaps of SNPs, genes, and QTL. Blue line
represent QTL, blue triangles represent genes. Red triangles represent position of SNPs having negative
effect between dairy and beef traits. Green triangles represent position of SNPs having positive effect
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Slika 23: Pregled prekrivanja SNP oznacevalcev, genov, and QTL-ov regiji BTA14. Modra ¢rta predstavlja
QTL, modri trikotniki gene. Rde¢i trikotniki predstavljajo pozicijo SNP oznadevalcev z negativno povezavo
med lastnostmi mlecnosti in mesnatosti. Zeleni trikotniki predstavljajo pozicijo SNP oznacevalcev s
pozitivno povezavo med lastnostmi mle¢nosti in mesnatosti
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i gene: IGDCC4(Chr 10: 12264594-12291146)
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Figure 24: The close up of the BTA10 region presenting overlaps of SNPs, genes, and QTL. Blue line
represent QTL, blue triangles represent genes. Red triangles represent position of SNPs having positive effect
between dairy and beef traits. Green triangles represent position of SNPs having positive effect between dairy
and beef traits

Slika 24: Pregled prekrivanja SNP oznacevalcev, genov, and QTL-ov regiji BTA10. Modra c¢rta predstavlja
QTL, modri trikotniki gene. Rde¢i trikotniki predstavljajo pozicijo SNP oznacevalcev z negativno povezavo
med lastnostmi mle¢nosti in mesnatosti. Zeleni trikotniki predstavljajo pozicijo SNP oznacevalcev s
pozitivno povezavo med med lastnostmi mle¢nosti in mesnatosti

The most pronounced positive covariance between NG and CQ with the highest number of
genomic overlaps of SNPs and genes was placed on the BTA10 ranging from 10.90 to
13.12 Mb. This region contains seven SNPs having positive covariance (rs43616186,
1543615966, rs110752655, rs41664401, rs110168357, rs43611427, and rs110447449), four
protein-coding genes (THBS4, PDCD7, IGDCC3, and /GDCC4) and one QTL for carcass
weight (EBV), see Figure 24).

2.4.4 Discussion

We presented an approach where estimated allele substitution effects from GWA were
used as an input in evaluating covariance contribution of individual or group of SNP
markers. This approach enabled the discovery of SNPs associated with multiple traits and
genes with either synergistic or antagonistic pleiotropic effects. We evaluated the proposed
approach on correlations between milk and beef traits of dual purpose breeds, here
separated in three data sets. In the GFV full data set, we developed and showed its
appropriateness on a large data set. Loci with the synergistic and antagonistic effect were
reported. The general results, with few local differences, for example differences between
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DGATI1 effects, were further confirmed in a subset of GFV as well as on another
independent dataset, here on similar but different breed (IPR).

Progeny derived phenotypes in the form of yield deviations or deregressed EBVs are
mainly used as phenotypes for GWA of complex traits (Thomsen et al., 2001). In the GFV
data sets, yield deviations were used to account for the information of progeny. Pausch et
al. (2011) reported that there was no significant difference in applying either progeny yield
deviation or deregressed EBVs as phenotypes due to high reliability of traits (Table 12).
Therefore, in order to assess the effect of using different progeny phenotypes, GWA with
the deregressed EBVs was performed in IPR data. Furthermore, Pausch et al. (2011)
pointed that progeny-derived phenotypes act purely additively and they do not allow
unravelling of non-additive effects. So, all results presented are valid under assumption of
pure additive models while at the same time we were aware that non-additive effects might
be present. However, the simplifications were made to reduce complexity of the models
while concentrating on the concept. As far as we are aware, this is the first time, where the
total genetic covariance was further partitioned to synergistic and antagonistic covariation
as well as to the polygenic and large (pleiotropici) marker effects. Results obtained support
the evidence that genetic covariation of quantitative traits involves a large number of genes
(or QTLs) with small effect, evidence of large contribution of the polygenic component,
with the presence of a number of markers with large effect. This reflects the skewed
distribution of effects due to limited number of QTL that actually control the trait. Thus,
our results are supportive multi-trait extension of recent single trait analyses deducing
genetic architecture of domestic animals as a polygenic with a presence of moderate to
large gene effects.

An example of strong contribution from a single gene was explained by Grisart et al.
(2002) where mutation in DGATI considerably increases milk and protein yield and
decreases fat content. Moderate to large effects have been also demonstrated for the
myostatin mutation on the meat and carcass quality in beef cattle (Wiener et al., 2009).
However, the number of detected QTL depends on the genetic architecture of the trait
(Chamberlain et al., 2007; Hayes and Goddard, 2001). For example, a mutation of STX17
gene explains large proportions of the phenotypic variance of melanoma and pigmentation
of coat and skin in Lipizzan horse (Curik et al., 2013). A similar genetic architecture was
presented for coat colour in Holstein (Hayes et al., 2010) in a study where KIT, MITF, and
a locus on chromosome 8 together explained 24% of the variation in the proportion of
black coat. A significant correlation between chromosome length and the proportion of
explained variation for a particular single trait was illustrated in several studies (Visscher
et al, 2007; Yang et al, 2011; Pimentel et. al, 2011; Abdollahi-Arpanahi et al, 2014)
suggesting that larger chromosomes explained more genetic variance. However, results
from production traits in cattle showed some exceptions compared to human data. A large
proportion of variance for milk yield and fat and protein content was attributed by the
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strong effect of DGATI gene (Pimentel et al., 2011). Similarly, Pausch et al. (2011)
reported that particular chromosomes contain loci with a large effect on paternal calving
ease, udder clearness (Pausch et al., 2012a), and ambilateral circumocular pigmentation
(Pausch et al., 2012b) in Fleckvieh population. Chromosomes BTA3, BTAS, BTAS®,
BTA14, and BTA19 explained more variance for the pathogen-specific mastitis traits in
Danish cattle (Serensen et al, 2012). Conversely, results for human height provided
evidence that many loci across the whole genome had small effects without any strong
effect of individual locus (Visscher et al, 2007; Yang et al, 2011). The same is true for
somatic cell count in Holstein (Pimentel et al, 2011). Several studies attempted to quantify
the number of genes which have influence on complex traits in livestock populations.
However, the estimates showed a lot of variation among species and strongly depend on
the effective population size (Hayes et al., 2010; Daetwyler et al., 2010).

The proportion of explained variance by the SNPs, extending here to explained covariance,
depends on the number of SNPs close to causative genes. The results from cattle studies
are different from human, where the increased number of markers explained larger amount
of genetic variation (Makowsky et al., 2011). In cattle, a number of around 40,000 SNPs
(McKay et al., 2007) is sufficient for GWAS analysis implying that the increase of sample
size is more important for QTL detection. Furthermore, linkage disequilibrium (LD)
between the SNPs and the causative mutations also affects the amount of genetic variance
captured by the SNPs. In theory, LD between markers and causative genes depends on
effective population size which determines the number of independently segregated
chromosome segments (Goddard 2009; Daetwyler et al, 2010). Cattle populations have a
lower effective population size than human populations (Kemper and Goddard, 2012) with
the lower recombination rate. Artificial selection is intense in livestock compared to
natural selection in human populations. Therefore haplotype blocks in the cattle may be
longer than those in humans.

Although genome-wide association studies give a possibility to gain insights into the
genetic architecture of complex traits, some limitations still exist. Most of researches were
performed using single SNP analysis to test each SNP independently. Gianola et al. (2013)
describe the lack of GWA and show how single step GWAS can be violated for multiple
traits, when a trait is complex and is affected by sets of many genes in LD. Even though
GWA analysis is powerful, it can be misleading when a trait is complex and affected by
many genes in LD. Gianola et al. (2013) concluded that the partition of the variance into
locus-specific contributions is not straightforward when LD exists. In order to avoid that,
we excluded all SNPs that were in LD. Furthermore, Bayesian genomic selection
approaches were marked as successful methods of in trait mapping (Sun et al., 2011;
Veerkamp et al., 2010). In the analysis, we applied ridge regression method (results not
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shown) to test multiple SNP associations, which gained similar results to the analysis
presented in the results.

With the concept applied we were able to identify "pleiotropici” as single genes with large
pleiotropic effects. The positional candidate region for milk and beef traits on BTA14 was
identified, with overlapping genomics regions of the SNPs, genes, and QTL. That region
contains the diacylglycerol O-acyltransferase 1 (DGATI) gene, which was independently
indicated as a strong candidate gene for milk production traits (Winter et al., 2002 and
Grisart et al. 2002). The DGATI gene encodes an enzyme catalyzing the final step of
triglyceride syntesis (Winter et al., 2002; Grisart et al., 2002) and showed a major effect on
milk yield and milk composition (Grisart et al. 2002). These gene was also associated with
intramuscular and backfat tissue deposition in cattle (Barendse, 1997; Thaller et al., 2003;
Anton et al.,, 2010). The DGAT enzyme might be regulated post-translationally by a
tyrosine kinase (Haagsman et al., 1982, Lau et al., 1996). In addition, the neighbouring
gene PTK2 (protein tyrosine kinase 2) was associated with milk production traits in
Chinese Holstein dairy cattle (Wang et al., 2013).

Activation of this gene may be important in early step of the cell growth and their function
(Corsi et al., 2006). Intracellular signal transduction pathways triggered in response to
certain neural peptides or to cell interactions with the extracellular matrix through their
receptors. It is also described the critical role of this gene during embryogenesis through
migration and survival of the cells (Corsi et al., 2006). FOXHI gene (Forkhead Activin
Signal Transducer 1, Attisano et al., 2001) together with SMAD2 (SMAD Family Member
2) and SMAD3 (SMAD Family Member 3; Hoodless et al., 1999) are associated with
signal transmission of cellular proteins important in maintain the pregnancy. Specific
interaction were made between surface receptor gene Plectin (PLEC), with a-actin 2
(ACTA2), a-actinin 2 (ACTNZ2) that were involved in the protein synthesis in prostate
epithelial cells and growth of epithelial and endothelial cell types (Cho et al., 2005; Ibaragi
et al., 2009). Two genes were identified as a non-protein coding transcript: CYHRI
(Cysteine and histidine-rich cytoplasmic protein) which is involved in enzyme catalyses,
cellular trafficking of galectin 3 and protein interactions (Menon et al., 2000) and
KIAA1875. Hu et al. (2005) described that TRAPPCY (Trafficking Protein Particle
Complex 9) gene plays a role in signalling transcription factors that encodes a proteins and
is a synonyms to K/I441882 gene. Possible role is related to the activity of genes in the
nervous system developing cortical plate. Higher expression is indicating in postmitotic
neurons than in progenitor cells, but some researches show involving of the trafficking
protein particle complex in embryo development of bovine oocytes (Pfeffer et al., 2007).
COL22A41 (Collagen, type XXII, alpha 1) is a member of the FACIT (fibrillar-associated
collagens with interrupted triple helices) subgroup of the collagen protein family,
specifically localizes to tissue junctions. Is a protein coding gene that acts as a cell
adhesion ligand for skin epithelial cells and fibroblasts (Koch et al., 2004).
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The positional candidate region for NG and CQ was identified on BTA10 containing four
protein-coding genes (THBS4, PDCD7, IGDCC3, and IGDCC4). THBS4 gene
(Thrombospondin 4) belongs to the thrombospondin protein family. The gene regulates
protein production and binds numerous proteins like glycoproteins that mediate cell-to-
cell, cell-to-matrix interactions as interaction in extracellular matrix. PDCD7 (Programmed
cell death 7) gene encodes a protein that is associated with apoptosis, endocytosis,
adhesion and cytokinesis. This gene also influences the metabolic function that regulates
calcium trafficking of proteins and regulates the cell viability (Tian et al., 2014). IGDCC3
(Immunoglobulin Superfamily, DCC Subclass, Member 3) and /GDCC4 (Immunoglobulin
Superfamily, DCC Subclass, Member 4) belongs to immunoglobulin superfamily, DCC
subclassis. Important paralog of protein-coding gene /IGDCC3 is ROBO2 (Roundabout,
axon guidance receptor, homolog 2) which is a transmembrane receptor with functions in
axon guidance and cell migration. Important paralog to /GDCC4 gene this gene is CHLI
(Cell Adhesion Molecule L1-Like). It is a neural recognition molecule that may be
involved in signal transduction pathways like neuronal survival, migrations and formation
of synapses in damage tissue (Jakovcevski et al., 2007).

We believe that approach presented will provide additional knowledge to enhance
understanding of genetic basis of covariation. While the current model is quite simplified,
further extensions are expected. The estimation of regional and chromosomal genetic
covariances among traits seems to be promising direction.

2.4.5 Conclusions

The results from this study showed that estimated allele substitution effects could be used
as an input for the estimation of contribution partition of genetic covariances. To the best
of our knowledge, this is the first study demonstrating the partition of genome genetic
covariance. The genetic architecture of the covariation contribution is mostly polygenic
with the presence of a number of genes with large effects. Genetic correlations are largely,
with exception of correlations between NG and CQ, determined by the summation of
positive and negative covariances. Furthermore, larger chromosomes proportionally
explain more covariance compared to smaller chromosomes.

Information about genomic regions involving aforementioned effects could contribute to
the identification of genes and pathways associated with dairy and beef traits in dual
purpose cattle breeds and will provide additional knowledge for the Simmental breeding
program with the aim to optimize matings and to enhance breeding decisions.



Spehar M. Genomic evaluation and association ... correlated traits in dairy and dual ... cattle.
Doctoral Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2015 76

3 GENERAL DISCUSSION

3.1 IMPROVEMENT OF GENETIC EVALUATIONS USING ADDITIONAL
INFORMATION

Selection of the ‘best’ animals was based on inferred (estimated) breeding values (EBV)
derived from phenotypic records and pedigree information. Best linear unbiased prediction
(BLUP, Henderson, 1984) is a standard procedure that has been implemented for
estimation of BV. The idea of improving the accuracy of EBV using genetic markers
(blood group in cattle) known to be associated with phenotype was already implementeds
in the sixties (Neimann-Sorensen and Robertson, 1961). However, the systematic use of
molecular information became feasible only some decades after, due to advances in
molecular techniques. The availability of dense maps thousands of SNP markers and
technology of microarrays made feasible genotyping individuals across the whole genome
for tens or even hundreds of thousands genetic markers. The genomic selection as defined
by Meuwissen et al. (2001) showed through simulations that the marker information can be
used to estimate genomic BV with a considerably high accuracy. Marker based BV is often
called direct genomic value (DGV) since it is estimated from the direct use of marker data.

The advantage of using genomic selection compared to conventional genetic evaluation is
increased accuracy of EBV for young or non-phenotyped animals (Goddard and Hayes,
2007) and especially for low heritable traits. If the accuracy of GEBV is high enough, early
use of young bulls will shorten generation interval and increase genetic merit (Schaeffer,
2006). Accuracy of genomic prediction depends greatly on the size of the reference
population (Goddard, 2009; Daetwyler et al., 2008). The larger the reference population,
the more accurate genomic prediction is. In Brown Swiss cattle, pooling genotypes for
bulls from seven countries (Austria, France, Germany, Italy, Slovenia, Switzerland, and the
United States) via Intergenomics project operated at the Interbull formed a common
reference population which helped to increase the reliability of predictions (Jorjani et al.,
2011; VanRaden et al., 2012).

The integration of genomic information in the national evaluation system based on a
combined reference population from several countries provided more accurate inference of
breeding values, especially for young or non-phenotyped animals with genotype
information in comparison to conventional evaluation. The accuracy of progeny and
genomic evaluations in a small population of Slovenian Brown bulls was evaluated using
univariate repeatability test-day model based on the national phenotypic and pedigree data
and the bivariate model combining the univariate approach and DGV as a correlated trait
into a national estimate. For that purpose, Slovenian phenotypic data on milk production,
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pedigree information, and SNP genotypes (BovineSNP50 BeadChip, Illumina, San Diego,
CA) of Slovenian Brown Swiss bulls were used. For the purpose of validation, the
complete data was divided into training subset (701 bulls born before the year 2004) and
validation subset (35 genotyped bulls born in the years between 2004 and 2007) by
removing daughter phenotypes in the validation subset. Validation of predictions was
assessed with the analysis of theoretical and empirical accuracies of EBV for univariate
and bivariate evaluations for proven and validation bulls. Theoretical accuracies was
evaluated from the the variance of prediction errors and additive genetic variance in base
generation, while empirical accuracies was based on the correlation between EBV from
different evaluations.

The average theoretical accuracy of proven bulls was 0.98 for all milk traits using
univariate approach and the inclusion of DGV via the bivariate approach did not lead to the
significant increase in the accuracy. This can be attributed to the sizeable number of
daughters per bull. In proven bulls there were also a high empirical correlations between
EBVs from different approaches. The correlations between the national phenotype based
evaluation and genomic prediction using DGV were 0.98 for milk and protein yield and
0.99 for fat yield. With the bivariate approach correlations were similar. Since proven bulls
had a sufficient number of daughters, blending of DGV with phenotype evaluation did not
change their EBV significantly. The average theoretical accuracy for bulls in the validation
set was 0.58 for milk and protein yield, and 0.52 for fat yield based on parent average
information. The inclusion of DGV in the bivariate analysis led to an increase in the
accuracy up to 0.89. Further increases in the theoretical accuracy up to 0.96 were achieved
using both, univariate and bivariate analyses when these validation bulls were progeny
tested. Empirical correlations show the benefit of combining all the available information
via the bivarite approach in the analysed population characterized by a small population
size and a small number of daughters per tested bull. In the set of validation bulls,
empirical correlation between parent average and progeny evaluation was 0.49 for milk
yield and increased to 0.92 when combining both progeny and DGV data. Similar trends in
increased empirical correlations were observed in fat yield (from 0.50 to 0.95) and protein
yield (from 0.56 to 0.91).

Very succesfull was bivarite approach which is not present in the literature for dairy traits.
On contrary, in beef cattle, mentioned approach is very common. Reference populations
are usually much smaller than in dairy cattle due to more disconnected local populations of
the same breed over several regions and/or countries. Kachman (2008) presented an
alternative method of using genomic information in such setting. In these populations,
prediction equation for DGV could be developed on some experimental population of
reasonable size and later used to compute the DGV of other animals in national population
that is later blended with national EBV via bivariate analysis. Similar approach was also
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suggested by Mintysaari and Strandén (2010). Examples of applying these methods for
beef populations are MacNeil et al. (2010a) and Johnston et al. (2010; 2012). Benefit of the
bivariate approach is the unified system integrating all the available data in a single EBV
instead of reporting several EBV from different data sources for the same animal.

3.2 THE REASONS FOR BIAS IN CLASSICAL AND GENOMIC EVALUATIONS

The methods of validation for genomic evaluation became an important topic since many
countries beside within-country genomic evaluations, have been included in multi-country
genomic evaluations. Méntysaari and Strandén (2010) proposed a method for the
correction of double counting since data in training and validation data sets overlapped.
Amer and Banos (2010) showed the consequences of overlapping the training and
validation data sets using a single national genetic evaluation run pointing that is best to
not overlap data in the mentioned data sets.

One of the possibilities to avoid double counting of shared data at both the national and
international levels is based on Bayesian methods. Quaas and Zang (2006) and Legarra et
al. (2007) proposed 2 different Bayesian procedures where external or international
information (EBV and associated accuracies) were integrated into the internal or national
evaluation as prior information. Improvements of these methods were given by Vandenplas
and Gengler (2012) and Vandenplas et al. (2014) in order to take into account the double
counting among related external animals. In the first paper was shown that the number of
Slovenian BSW bulls used for the development of DGV equation was small compared to
the total number of bulls in the InterGenomics consortium leading to the negligible amount
of double counting. However, the integration of the international information (EBV or
GEBYV and associated reliabilities) into internal evaluation leads to improved ranking and
more reliable EBV for animals with external evaluation (Vandenplas and Gengler, 2012).
Bayesian approach (Vandenplas et al., 2014) was performed in order to integrate and blend
several external sources of information (MACE EBV and GEBV) into an internal genetic
evaluation for BSW breed in Slovenia.

3.3 GENOME-WIDE ASSOCIATION ANALYSES AND DECOMPOSITION OF
GENETIC CORRELATIONS

3.3.1 Using progeny-derived phenotypes for genome-wide association analyses

Progeny derived phenotypes in the form of yield deviations or deregressed EBVs are
mainly used as phenotypes for GWA of complex traits (Thomsen et al., 2001). In the BSW
and GFV data sets, yield deviations were used to account for the information of progeny.
Pausch et al. (2011) reported that there was no significant difference in applying either
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progeny yield deviation or deregressed EBV's as phenotypes due to high reliability of traits.
Therefore, in order to assess the effect of using different progeny phenotypes, GWA with
the deregressed EBVs was performed in IPR population. Furthermore, Pausch et al. (2011)
pointed that progeny-derived phenotypes act purely additively and they do not allow
unraveling of non-additive effects. So, all results presented are valid under assumption of
pure additive models while at the same time we were aware that non-additive effects might
be present. However, the simplifications were made to reduce complexity of the models
while concentrating on the concept.

In the third paper of the present thesis, GWAS was performed in BSW population in order
to detect SNP association signals across the whole genome for dairy traits. In the forth
paper, the mapping of QTL affecting dairy and beef traits was facilitated by using EBVs or
DYDs based on data set of 4,105 artificial insemination bulls of the German FV population
and 511 bulls of the Italian PR population. However, there was no significant difference in
applying either DYDs or EBVs as phenotypes, most likely because of the high reliability
of the EBVs for traits used in the analysis. EBVs with high accuracy are appropriate
phenotypes for GWAS as the major part of the EBV information results from progeny
information and pedigree information contributes less.

3.3.2 Detected associations for dairy traits in BSW population

Single SNP analysis was performed to detect significant associations among SNPs and
dairy traits across the genome. Two models were considered. The first was linear
regression model considering one marker at a time. The second model differed from first
only by admixture components included for accounting the population stratification. The
Bonferroni correction resulted in 52 significant SNPs for dairy traits using the first model.
Among these, 11 were significant for all milk traits. The association was spread over 14
BTA. The majority of the genome-wide significant SNPs associated with dairy traits were
located on BTA21 followed by BTA9. Correction for population stratification based on
selected criteria was shown to be crucial. No significant associations among SNPs and
dairy traits have been detected using the second model. This analysis indicate that the first
model was not dealing properly with the analysed data set. Further improvements should
be made on the enlargement of number of genotyped bulls in order to detect association
signals and the identification of genes associated with dairy traits in Slovenian BSW breed.

To date, the number of GWAS related to dairy traits in BSW population is limited. Guo et
al. (2012) reported 16 significant SNPs associated with dairy traits, with the strongest
signal on BTA25. SNP associations for milk and protein yield were also found at the same
BTA in Finnish Ayrshire (Viitala et al., 2003) and Holstein (Harder et al., 2006). In
German Braunvieh Maxa et al. (2012) reported five SNPs with the significant effect on
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dairy traits. Two SNPs which affected MY were placed on the BTA4, two SNPs associated
FY were on the BTA14 and BTAZ23, while significant SNP with an effect on the fat
content was on the BTA1l. However, GWAS in dairy cattle have mainly focused on the
Holstein breed due to worldwide use of this breed (Daetwyler et al., 2008; Pryce et al.,
2010). These significant SNPs were located on BTAS, 9, 10, 11, 13, 25 and 29 (Hayes et
al., 2009b; Bolormaa et al., 2010; Jiang et al., 2010; Mai et al., 2010). BTA 14 has also
been in focus since many studies reported DGATI as a major gene affecting milk
production traits (Grisart et al., 2002; Ashwell et al., 2004; Jiang et al., 2010; Mai et al.,
2010). In Spanish Churra sheep, Garcia-Gomez et al. (2012) reported significant
association for fat and protein content located on chromosome 3.

3.3.3 Genetic architecture of the analysed traits

Results of the GWAS support the evidence that total genetic covariation of quantitative
traits involves a large number of genes (or QTLs) with small effect, evidence of large
contribution of the polygenic component, with the presence of a number of markers with
large effect. Several SNP markers with a large positive covariance were placed on the
BTAG6, BTA17, and BTA19 chromosome. SNP markers with a negative covariance were
located only on BTA14 chromosome. Among these, 14 SNP markers with a large effect
dominated and were placed in the region of the DGATI gene. Thus, our results are
supportive multi-trait extension of recent single trait analyses deducing genetic architecture
of domestic animals as a polygenic with a presence of moderate to large gene effects.

The contribution of total genetic covariance attributed by each chromosome was found to
be associated with its physical length. This was shown by linear relationship observed
between the contribution of covariance explained by each chromosome and its
chromosome length as larger chromosomes accounted for more genetic covariance.
Partially, this could be explained by the number of markers since larger chromosomes
harbour more SNP markers. These results correspond to the hypotheses that the traits are
influenced by a large number of genes distributed throughout the whole genome. The
exceptions are genes with the large effect (pleiotropici). For example, the determination
coefficient (R?) for MY and FY pair-wise was 3% compared to R? of 7.5% when BTA14
was excluded from the data set. Results for pair-wise NG and CQ were similar to the
previously mentioned pair-wise and the value of R? was increased from 8% to 13% when
BTA10 chromosome was removed from the data set. The observed trend in this analysis is
in agreement with the results reported for genetic architecture of single traits by Visscher et
al. (2007) for human height. Similarly, Yang et al. (2011), who analyzed data on human
height, body mass index (BMI), von Willebrand factor, and QT interval and found
statistically highly significant relationship between the contribution of additive genetic
variance explained by a chromosome and its genetic length. Pimentel et al. (2011) came to
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the same conclusion by explaining a contribution of each chromosome to genetic variation
of milk yield and composition traits in Holstein.

3.3.4 Biological relevance of the identified QTL based on covariance

Information about genomic regions involving aforementioned effects could contribute to
the identification of genes and pathways associated with dairy and beef traits in dual
purpose cattle populations and will provide additional knowledge for the Simmental
breeding program with the aim to optimize matings and to enhance breeding decisions.

The positional candidate region for milk and beef traits on BTA14 was identified, with
overlapping genomics regions of the SNPs, genes, and QTL. That region contains the
diacylglycerol O-acyltransferase 1 (DGATI) gene, which was independently indicated as a
strong candidate gene for milk production traits (Winter et al., 2002 and Grisart et al.
2002). The DGATI gene encodes an enzyme catalyzing the final step of triglyceride
syntesis (Winter et al., 2002; Grisart et al., 2002) and showed a major effect on milk yield
and milk composition (Grisart et al. 2002). These gene was also associated with
intramuscular and backfat tissue deposition in cattle (Barendse, 1997; Thaller et al., 2003;
Anton et al., 2010). The DGAT enzyme might be regulated post-translationally by a
tyrosine kinase (Haagsman et al., 1982, Lau et al., 1996). In addition, the neighbouring
gene PTK2 (protein tyrosine kinase 2) was associated with milk production traits in
Chinese Holstein dairy cattle (Wang et al., 2013). Activation of this gene may be important
in early step of the cell growth and their function (Corsi et al., 2006). Intracellular signal
transduction pathways triggered in response to certain neural peptides or to cell
interactions with the extracellular matrix through their receptors.

It is also described the critical role of this gene during embryogenesis through migration
and survival of the cells (Corsi et al., 2006). FOXHI gene (Forkhead Activin Signal
Transducer 1, Attisano et al., 2001) together with SMAD2 (SMAD Family Member 2) and
SMAD3 (SMAD Family Member 3; Hoodless et al., 1999) are associated with signal
transmission of cellular proteins important in maintain the pregnancy. Specific interaction
were made between surface receptor gene Plectin (PLEC), with a-actin 2 (ACTA2), a-
actinin 2 (ACTN?2) that were involved in the protein synthesis in prostate epithelial cells
and growth of epithelial and endothelial cell types (Cho et al., 2005; Ibaragi et al., 2009).
Two genes were identified as a non-protein coding transcript: CYHRI (Cysteine and
histidine-rich cytoplasmic protein) which is involved in enzyme catalyses, cellular
trafficking of galectin 3 and protein interactions (Menon et al., 2000) and K/A41875. Hu et
al. (2005) described that TRAPPC9 (Trafficking Protein Particle Complex 9) gene plays a
role in signalling transcription factors that encodes a proteins and is a synonyms to
KIAA1882 gene. Possible role is related to the activity of genes in the nervous system
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developing cortical plate. Higher expression is indicating in postmitotic neurons than in
progenitor cells, but some researches show involving of the trafficking protein particle
complex in embryo development of bovine oocytes (Pfeffer et al., 2007). COL2241
(Collagen, type XXII, alpha 1) is a member of the FACIT (fibrillar-associated collagens
with interrupted triple helices) subgroup of the collagen protein family, specifically
localizes to tissue junctions. This is a protein coding gene that acts as a cell adhesion
ligand for skin epithelial cells and fibroblasts (Koch et al., 2004).

The positional candidate region for NG and CQ was identified on BTA10 containing four
protein-coding genes (THBS4, PDCD7, IGDCC3, and IGDCC4). THBS4 gene
(Thrombospondin 4) belongs to the thrombospondin protein family. The gene regulates
protein production and binds numerous proteins like glycoproteins that mediate cell-to-
cell, cell-to-matrix interactions as interaction in extracellular matrix. PDCD7 (Programmed
cell death 7) gene encodes a protein that is associated with apoptosis, endocytosis,
adhesion and cytokinesis. This gene also influences the metabolic function that regulates
calcium trafficking of proteins and regulates the cell viability (Tian et al., 2014). /IGDCC3
(Immunoglobulin Superfamily, DCC Subclass, Member 3) and /GDCC4 (Immunoglobulin
Superfamily, DCC Subclass, Member 4) belongs to immunoglobulin superfamily, DCC
subclassis. Important paralog of protein-coding gene /IGDCC3 is ROBO2 (Roundabout,
axon guidance receptor, homolog 2) which is a transmembrane receptor with functions in
axon guidance and cell migration. Important paralog to /GDCC4 gene this gene is CHLI
(Cell Adhesion Molecule L1-Like). It is a neural recognition molecule that may be
involved in signal transduction pathways like neuronal survival, migrations and formation
of synapses in damage tissue (Jakovcevski et al., 2007).

3.3.5 Impacts for practical animal breeding

Brown Swiss bulls have several evaluations at the national and at the international level.
All these evaluations complicate the publication of results and inhibit the use of all the
available data. Integration of DGV from a large Intergenomics consortium into the national
evaluation as a correlated trait enabled combination of all the available data. In addition,
this approach provides a way to automatically blend all the results in a single value
avoiding the need to publish several estimates of breeding values per animal.

Evidence for a genetic covariation between milk and beef traits estimated directly by
interrogation of the genome could have an important impact on the design of future genetic
and functional studies and may provide new insights for novel traits. Understanding
genetic covariation at the genome, chromosome, and chromosome region level would
provide new insight into the biological processes between dairy and beef traits, which
could in turn be utilized through genomic selection in applied breeding. Information about
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genomic regions harbouring pleiotropic effects will provide additional knowledge for the
Simmental breeding program with the aim to optimize mattings to enhance breeding
decisions of selecting a dual purpose breed with good dairy and beef performance.
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4 CONCLUSIONS
The following general conclusions can be drawn from this thesis.

e Different approaches of integrating genomic information into a national evaluation
system for small population of Brown breed were evaluated in comparison to the
conventional evaluation based on phenotype and pedigree data.

e Results indicate that integration of DGV from a large consortium into the national
evaluation as a correlated trait enabled combination of all the available data.

e Bivariate approach provides a way to automatically blend all the results in a single
value avoiding the need to publish several estimates of breeding values per animal.

e The proposed Bayesian method blended and integrated several sources of external
information (MACE EBV and GEBYV) into an internal genetic evaluation for BSW
bulls in Slovenia.

e The results showed that the method was able to avoid double counting of
contributions due to records and due to relationships.

e Results from GWAS for dairy traits in BSW bulls without correction for population
stratification showed 52 SNPs with a significant effect on MY, FY, and PY using
single SNP analysis. The majority of the SNPs associated with milk traits were
located on BTA21 and BTAO.

e After adjusting for population stratification, no significant associations between
SNPs and dairy traits have been detected. Population stratification exists in the
analysed data set and the model without correction on data were not dealing
properly with the analysed data set.

e Further improvements should be made on the enlargement of the number of
genotyped bulls in order to detect association signals and the identification of genes
associated with dairy traits. Results from GWAS will facilitate the understanding of
the genetic architecture of complex traits and information from these studies may
be used to improve breeding programmes.

e The results from the study of genome-wide covariation between the pairs of dairy
and beef traits showed that estimated allele substitution effects could be used as an
input for the estimation of contribution partition of genetic covariances.
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To the best of our knowledge, this is the first study demonstrating the partition of
genome genetic covariance. The genetic architecture of the covariation contribution
1s mostly polygenic with the presence of a number of genes with large effects.

Genetic correlations are largely, with exception of correlations between NG and
CQ, determined by the summation of positive and negative covariances.
Furthermore, larger chromosomes proportionally explain more covariance
compared to smaller chromosomes.

Information about genomic regions involving aforementioned effects could
contribute to the identification of genes and pathways associated with dairy and
beef traits in dual purpose cattle breeds and will provide additional knowledge for
the Simmental breeding program with the aim to optimize matings and to enhance
breeding decisions.
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5 SUMMARY (POVZETEK)
5.1 SUMMARY

Most of economically important traits in livestock have a quantitative expression. These
traits are influenced by many genes of predominantly small effect and environment which
results in continuous variation of phenotypes (Falconer and Mackay, 1996). Genetic
improvement of quantitative traits is commonly based on phenotypic and pedigree
information that are used to estimate additive genetic effect of all the genes of an
individual or the so called breeding value. Statistically the estimation is carried out using
the mixed model methodology (Henderson, 1984). In dairy cattle, phenotypic data are
collected through various recording schemes (milk and fertility recording, type
classification, etc.) on daughters of progeny tested bulls. The latter are four to six years old
when the first crop of data on their daughters is collected. At that time the accuracy of bull
estimated breeding value (conventional breeding value - CBV) based on progeny data
(estimated breeding value - EBV) is 0.90 or more. Without progeny testing which is a
source of phenotypic information that pertains to bulls, the accuracy of EBV using only
pedigree information (i.e., average parental breeding values - PA) is around 0.60 (e.g.,
Schefers and Weigel, 2012).

In recent years, the availability of affordable high-density panels of thousands of single-
nucleotide polymorphisms (SNP) has led to the abundant use of this information in
livestock breeding programs. This is commonly referred to as genome-wide or genomic
selection (Meuwissen et al., 2001). Genomic selection is based on the inference of
breeding values based on the sum of SNP association effects with phenotype across the
whole genome (Meuwissen et al., 2001; Solberg et al., 2008). Statistically the SNP
association effect is a regression coefficient of phenotype on SNP genotype, while
genetically the SNP association effect is an average allele substitution effect of a particular
SNP. Both representations describe the additive genetic effect of a SNP association
between phenotypic values and genomic region of a SNP. The sum of all SNP associations
represents an estimate of total additive genetic (breeding) value of an individual. In dairy
cattle this estimate is often called direct genomic value (DGV) and is based solely on
genotypic information of an individual animal and population based SNP associations. For
the implementation of genomic selection, phenotyped and genotyped reference population
is needed to estimate the SNP associations and assemble them in the prediction equation of
a DGV which is in turn used to estimate DGV for non-phenotyped individuals (Meuwissen
et al., 2001; Goddard and Hayes, 2007). Different types of breeding value estimates (PA,
EBV, and DGV) can be blended in one value often called genomically enhanced breeding
value (GEBV) using various approaches (VanRaden 2008; Kachman, 2008; Aguilar et al.,
2010). The accuracy of genomic evaluation mainly depends on the number of genotyped
and phenotyped individuals in the reference population (Goddard, 2009; Schefers and
Weigel, 2012). Use of genomic data generally provides less information than phenotypic



Spehar M. Genomic evaluation and association ... correlated traits in dairy and dual ... cattle.
Doctoral Dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2015 R7

data from a progeny test and consequently lower accuracy of EBV. However, the
advantage of using genomic data is to increase the accuracy of EBV of young or non-
phenotyped animals from about 0.60 (PA) to 0.80 (Hayes et al., 2009a). Even though these
accuracies are lower than with progeny test the early use of young bulls in artificial
insemination shortens generation interval considerably and therefore increases genetic gain
per unit of time (Schaeffer, 2006).

The highest gains of using genomic selection could be expected in populations with large a
number of genotyped and phenotyped animals, especially progeny tested bulls. An
example of such large international reference population is the InterGenomics project for
Brown Swiss breed (BSW) operated by the Interbull (Zumbach et al., 2010; Jorjani et al.,
2012). The reference population is consisted of almost 8,000 bulls from seven countries
(Austria, France, Germany, Italy, Slovenia, Switzerland, and the United States of America)
(Zumbach et al., 2010; Jorjani et al., 2012). The need for large reference populations has
therefore steered a lot of international cooperation, which is essential for introduction of
genomic selection in small populations. Within the scope of the InterGenomics consortium
specific prediction equations for each country are developed based on all available SNP
data and multiple across country evaluation (MACE) EBV on a country’s specific scale
(Jorjani et al., 2012). Each bull has therefore several evaluations at the national level (PA
and EBV) and at the international level (DGV and a blended GEBV of DGV and PA for
young bulls and DGV and MACE EBYV for proven bulls). Reference populations in beef
cattle are usually much smaller than in dairy cattle due to more disconnected
(sub)populations in one or several countries. In these populations SNP prediction equations
could be developed on experimental populations of reasonable size and later used to
compute the DGV of other animals in whole national population. In such cases DGVs can
be blended with the national EBV from pedigree and/or phenotype inference via the use of
bivariate analysis (MacNeil et al., 2010; Johnston et al., 2010; Johnston et al., 2012).

Slovenian BSW bulls have results of genetic (genomic) evaluation from several sources of
information at the national level (PA for young bulls and EBV for proven bulls) and at the
international level (MACE EBV, DGV and GBV). Different approaches of combining all
available data information have been shown with the emphisis to evaluate the accuracy of
EBV for young animals. Integration of DGV based on a combined reference population
provides significantly more accurate estimates of breeding values for routine national
genomic evaluation than PA. The accuracy of evaluations was assessed using: univariate
national evaluation (conventional EBYV), international DGV, and bivariate national
evaluation incorporating DGV as a correlated trait into conventional EBV.

For the purpose of validation, the complete data was divided into training subset (701 bulls
born before the year 2004) and validation subset (35 genotyped bulls born in the years
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between 2004 and 2007) by removing daughter phenotypes in the validation subset.
Validation of predictions was assessed with the analysis of theoretical and empirical
accuracies of EBV for univariate and bivariate evaluations for proven and validation bulls.
Theoretical accuracies was evaluated from the the variance of prediction errors and
additive genetic variance in base generation, while empirical accuracies was based on the
correlation between EBV from different evaluations.

The average theoretical accuracy of proven bulls was 0.98 for all milk traits using
univariate approach and the inclusion of DGV via the bivariate approach did not lead to the
significant increase in the accuracy. In proven bulls there were also high empirical
correlations between EBVs between the national phenotype based evaluation and genomic
prediction using DGV (0.98 for milk and protein yield and 0.99 for fat yield). The average
theoretical accuracy for bulls in the validation set was 0.58 for milk and protein yield, and
0.52 for fat yield based on PA information. The inclusion of DGV in the bivariate analysis
led to an increase in the accuracy to 0.85 (protein yield), 0.86 (fat yield), and 0.89 (milk
yield). Further increases in the theoretical accuracy up to 0.96 were achieved using
bivariate analysis. Empirical correlations also showed the benefit of combining all the
available information via the bivariate approach in the analyzed population characterized
by a small population size and a small number of daughters per tested bull.

As already mentioned the bivariate approach was very successful in combining all the
available information in a small population of BSW breed. Slovenian BSW bulls were also
used for the development of DGV equation at the InterGenomics consortium, which
potentially leads to double counting of data in the presented analysis. However, in the
current study, the number of such bulls used for the development of DGV equation was
small compared to the total number of bulls in the InterGenomics consortium leading to the
negligible amount of double counting. Therefore, the issue of double counting was
neglected in the analysis of Slovenian BSW bulls.

Appropriate statistical methods can correct for the double counting of national data in the
process of integration of the external information (EBV or GEBV and associated
reliabilities) into national genomic evaluation. One of the possibilities to avoid double
counting of shared data at both the national and international levels is based on Bayesian
methods. Vandeplas et al. (2014) proposed the Bayesian method in order to take into
account the double counting among related external animals. Therefore, several external
sources of information (MACE EBV and GEBV) were blended and integrated into an
internal genetic evaluation for BSW breed in Slovenia to avoid double counting of
contributions due to records and due to relationships.
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Comparisons were performed for two groups of bulls: The first group was related to
internally used bulls that were associated with either Slovenian and MACE information
(400 bulls) or Slovenian and GEBV information (320 bulls) and had daughters with
records in the Slovenian internal dataset. The second group included internally unused
bulls that had either Slovenian and MACE information (5,360 bulls) or Slovenian and
GEBYV information (5,344 bulls) but had no daughters with records in the Slovenian
internal dataset. All comparisons were performed based on the following parameters:
Spearman’s rank correlation coefficients (r) of EBVyace or EBVgegy with corresponding
evaluations, MSE of evaluations (i.e. mean squared errors expressed as a percentage of
average MSE of EBVs or EBVngape), regression coefficients (a), R? of the regressions of
EVALMmace or EVALGggy on the four other evaluations, RE,y, and the average REL for the
corresponding evaluations.

These evaluations showed that double counting of contributions due to records (EVALpcr)
affected the prediction of EBVyace for internally used bulls slightly according to all
parameters. EVALpcr had small advantage compared to EVALpcp based on r, MSE, and
R? and was more reliable based on MSE than EVALpcrp for analysed trait. Based on these
results, it can be stated that double counting of contributions due to relationships and due
to records had little effect on EBV for internally used bulls. The results indicate that
Bayesian evaluation that blended internal and external information and avoided most
double counting of contributions due to records and due to relationships was successful in
integrating MACE information for 400 internally used bulls. The same is true for
evaluations based on EBVgggy for the 320 internally used bulls. Slightly better prediction
was found when contributions due to records (EBVngpcr) were considered. However,
double counting of contributions due to relationships and due to records had little effect on
EBVgegy for internally used bulls. For group of internally unused bulls double counting is
only based on contributions due to relationships (EBVpcp or EBVngpep) and no
contributions due to records. These evaluations showed that double counting of
contributions due to relationships and due to records had little effect on either EBVyacg or
EBVgggy for internally unused bulls.

Development of SNP marker panels also enabled genome wide association studies
(GWAS) with a purpose to determine associations between DNA polymorphisms and
phenotypes (Hirschhorn and Daly, 2005). In the GWAS studies, association analysis was
used to identify chromosome regions that harbor the genes or regulatory elements related
to the traits of interest (e.g., Goddard and Hayes, 2009; Bush and Moore, 2012; Eggen,
2012; Montaldo et al., 2012). The first use of GWAS was in the analysis of human diseases
in order to reveal the genetic basis of disease (Massey et al., 2007). Association studies in
the field of livestock species are used to understand the genetic control of economically
important traits such as milk (e.g., Grisart et al., 2002; Pryce et al., 2010; Mai et al., 2010),
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meat (e.g., Bolormaa et al., 2011), and health (e.g., Murdoch et al., 2011). Such knowledge
can be used to enhance biological understanding as well as to enhance the methods of
genomic selection due to greater resolution of genome. For example in dairy cattle,
significant associations using genome-wide data were detected for milk yield on BTA §, 9,
10, 11, 13, 25, and 29 (Hayes et al., 2009b; Bolormaa et al., 2010). Milk fat and protein
content was associated with SNPs on BTA 5, 6, 11, 14, 19, and 26 (Pryce et al., 2010;
Schopen et al., 2011). In beef cattle, Du et al. (2013) reported SNPs with a significant
effect placed on BTA6 for birth weight and weaning weight. Furthermore, associations
between SNP and residual feed intake, birth weight and hip height were also reported on
BTA 3, 5,7, and 8 (Bolormaa et al., 2011).

GWAS for dairy traits (milk yield - MY, fat yield -FY, and protein yield —PY) were
introduced for Slovenian BSW bulls with the aim to consider they possibility of
implementation the GWAS aspects into genomic selection for dairy traits. Steps in
preparation of genomic data were shown together with SNPs associated with dairy traits
which could lead to identify candidate genes and genetic variants underlying these studied
traits. In the analysis, phenotypic, pedigree, and genotypic data were obtained. Phenotypes
considered were estimated breeding values (EBVs) for MY, FY, and PY obtained from the
routine national genetic evaluations with the corresponding reliabilities. Altogether, EBVs
of 182 progeny tested and genotyped BSW bulls born between 1990 and 2007 were
included in the analysis. The DNA was extracted from the blood samples and BSW bulls
were genotyped with the Illumina BovineSNP50K BeadChip® (version 1, 54Kvl)
comprising of 54,001 SNP markers. Genotypes of the bulls were scored as 0 (BB), 1 (AB)
and 2 (AA). Several quality controls of genotypic data were applied to investigate the
SNPs integrity and usefulness. These controls included genotyping call rate (CR) by SNP
and animal, minor allele frequency (MAF), departure from Hardy—Weinberg equilibrium
(HWE), and parent—progeny conflicts. The number of SNPs per chromosome was also
checked. The SAS statistical package (SAS Institute, 2011) was used to make edits leaving
a final set of 34,450 SNPs placed on 29 Bos taurus autosomes (BTA). After the quality
control any missing genotypes were imputed using the gpig program (Strandén, 2010)
using the linear approximation method (Gengler et al., 2007). Single SNP analysis that
tests one SNP at a time was used to identify SNP effects on dairy traits based on ordinary
linear model one time for each SNP using R software package (R Development Core
Team, 2011). In the GWAS, significance threshold was calculated using Bonferroni
correction for multiple testing. Correction based on p-value of 0.05 resulted in Bonferroni
threshold of 1.45x10°. SNPs with the smaller p-values than the Bonferroni threshold are
considered as significant. The results of GWAS were plotted using Manhattan plot based
on the obtained p-value of each SNP. The p-values of the association test were transformed
to —log10 (p-values) for each SNP versus its chromosomal locations (Ding et al., 2009).
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In total, 52 SNPs with a significant effect on MY, FY, and PY were identified based on
linear regression model without considering population stratification. Among these, 11
were significant for all dairy traits. The association was spread over 14 BTA. The majority
of the SNPs associated with MY, FY and PY were on BTA21 followed by BTAO.
Correction for population stratification using four ancestral populations was shown to have
an impact on the results of analysis. No significant associations among SNPs and dairy
traits have been detected using mentioned model. This analysis indicate that the model
without considering population stratification was not dealing properly with the analysed
data set. QTLs affecting milk traits in Brown Swiss breed were reported in study of Guo et
al. (2012) and 16 significant SNPs associated with milk traits had the strongest signal on
BTA 25. Viitala et al. (2003) and Harder et al. (2006) also found the SNP association for
milk and protein yield located on the same chromosome in Finnish Ayrshire and Holstein.
Five SNPs with the significant effect on dairy traits were reported in German Braunvieh
(Maxa et al., 2012). Two SNPs affected MY were placed (BTA4), two SNPs were
associated FY ( BTA14 and BTA23), and one SNP with significant effect on fat content
(BTAT1). However, GWAS in dairy cattle have been mainly focused on the Holstein breed
due to worldwide use of this breed (Daetwyler et al., 2008; Pryce et al., 2010). For milk
yield, Zang et al. (2012) reported a total of 734 SNPs with significant effects. These SNPs
were located on BTA 8, 9, 10, 11, 13, 25 and 29 (Hayes et al., 2009b; Bolormaa et al.,
2010; Jiang et al., 2010; Mai et al., 2010). Chromosome 14 has been in focus since many
studies reported DGATI1 as a major gene affecting milk production traits (Grisart et al.,
2002; Ashwell et al., 2004; Jiang et al., 2010; Mai et al., 2010).

One of the practical problems in breeding programs is selection on multiple traits with
variable genetic correlations between traits. The limitation is posed by (strongly) negative
genetic correlations limiting the space for improvement due to closely linked genes or
pleiotropy. Classical example of antagonistic traits in dairy cattle is milk yield and fertility.
For example in Norwegian Red cattle Olsen et al. (2011) reported QTL on BTA 12 having
opposite effect on non-return rate and milk traits. Another example with antagonistic effect
has been reported for calving ease and postnatal growth traits where two QTLs were
identified on BTA 14 and 21 in the German Simmental breed (Pausch et al., 2011). Due to
polygenic architecture for economically important traits there can be genomic regions with
favourable, unfavourable, and no genetic correlations that all jointly result in a global
genetic correlation between traits. Genome-wide data provides an opportunity to dissect
the genome in such regions to facilitate further gene discovery as well as to enhance
breeding. Most studies were focused on milk production and fertility traits in dairy cattle.
However, these aspects have not yet been studied in dual purpose breeds, where the
antagonism is not only present between milk production and fertility, but also between
milk and beef production.
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GWAS was performed in order to characterize genomic regions with associations having
different magnitude and direction of effect on dairy and beef traits in dual purpose
population providing the possibility to dissect genetic correlations between traits. There
were three objectives regarding to the decomposition of genetic correlations using genomic
data. First, to estimate total genetic covariation between the dairy and beef traits in two
well-known dual-purpose populations using comprehensive large scale routinely collected
data from progeny testing. Second, to analyze genome-wide covariation between the pairs
of dairy and beef traits in order to describe its architecture along the genome due to close
linkage and/or pleiotropy in the terms of sign, size, and distribution along the genome.
Third, to utilize bioinformatics resources to enrich the obtained results with the existing
knowledge and to propose potential candidate genes (“pleiotropic loci®) that underlie a part
of genetic covariation of analyzed traits.

The study was done on German Fleckvieh (GFV) and Italian Pezzata Rossa (IPR) bulls,
with phenotypic records for dairy (milk yield - MY and fat yield - FY) and beef traits (net
daily gain - NG and carcass quality - CQ) and with available Illumina BovineSNP50K
genotypes. Phenotypes values for these traits were available as summarized phenotypes
with high heritability (reliability) for each bull; obtained from the routine national genetic
evaluations (Interbull, 2014) in the form of progeny phenotype deviations for the GFV
population (Emmerling et al., 2002; Schild et al., 2003) and deregressed estimates of
breeding values (Garrick et al. 2009) for the IPR population. The GFV bulls were
genotyped with the Illumina BovineSNP50K BeadChip® (version 1, 54Kv1) comprising
of 54,001 SNP markers (3,734 bulls) and [llumina BovineSNP50K BeadChip® (version 2,
54Kv2) comprising of 54,609 SNP markers (379 bulls), where 52,340 SNP markers were
shared between the two versions. The IPR bulls were genotyped with the Illumina
BovineSNP50K BeadChip® (version 1, 54Kv1). Quality control criteria that includes call
rate (> 90%) by SNP marker and by bull, minor allele frequency (< 0.01), departure from
the HWE (P < 0.001) and exclusion of unmapped SNPs and those placed on Chr X were
applied to genotypes using the SAS software (SAS Inst., Inc., Cary, NC, 2011). To remove
any multi-collinearity between SNP markers, we performed linkage disequilibrium (LD)
based pruning of genotypes in PLINK (Purcell et al, 2007). The bivariate mixed linear
model was fitted to estimate genetic correlations between the pairs of dairy and beef traits.
Single trait genome-wide association study was performed to estimate genome-wide
associations between phenotypes and SNP markers for each of the dairy and beef traits. All
computations were performed in WOMBAT software (Meyer, 2007). The R package (R
Development Core Team, 2011) was used to compute the inverse of A or G and to test a
distribution of covariance on uniformity. Bioinformatic analyses were based on the Animal
QTL Database, release 23.
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Genetic correlations estimated between MY and FY were and high positive in GFV
(0.72+0.01) and in IPR (0.81+0.04) and between NG and CQ (0.54+0.03 in GFV and
0.51£0.09 in IPR) which is in agreement with the estimates obtained using the traditional
bivariate model with the pedigree relationship matrix in other studies (e.g., Fiirst et al.,
2013; Roman and Wilcox, 2000; Welper and Freeman, 1992). Total genetic correlations
between MY and NG were slightly positive or close to zero (0.09+0.03 in GFV and
0.10+£0.10 in IPR) and similarly between FY and NG (0.04+0.03 in GFV and -0.08+0.11 in
IPR). Total genetic correlations between MY and CQ were slightly negative or close to
zero (-0.11+0.03 in GFV and -0.17£0.09 in IPR) as well as between FY and CQ (-
0.15+0.03 in GFV and -0.17+0.10 in IPR). These estimates are concordant with estimates
in previous studies (Mason, 1964; Langlet, 1965; Pirchner, 1984).

The proportion of positive and negative genome-wide covariance contributions determined
total genetic correlations in both populations for all the pairs of dairy and beef traits. The
high positive total genetic correlations estimated between MY and FY were determined by
the dominant proportion of positive genome-wide covariances (90.2% in GFV and 99.2%
in IPR). The same pattern was also observed between MY and NG, MY and CQ, FY and
NG, and FY and CQ, though with different proportions. The exception to this pattern was
observed between NG and CQ, where medium positive total genetic correlation (0.54+0.03
in GFV and 0.5140.09 in IPR) was determined by the dominant proportion of positive
genome-wide covariances (94.8% in GFV and 92.1% in IPR), though this exception can be
explained by the different distribution of contributions.

Distribution of covariance indicated that there were number of SNP markers with large but
prevalent number of SNP markers with low contribution. While the genetic component of
covariation between observed traits in two populations was mainly polygenic there were a
number of SNP markers with sizeable contribution. The markers with large contribution
represent pleiotropic loci either due to pleiotropic or closely linked genes and could be
called as “pleiotropicus” after pleiotropic locus (plural pleiotropici). The total contribution
(positive and negative) from these pleiotropici ranged from 5.7% for MY and CQ to 17.1%
for MY and FY in the GFV population. Somewhat lower total contribution of pleiotropici
was estimated in the IPR population; ranging from 3.9% for FY and CQ to 9.8% for MY
and FY.

The contribution, magnitude and chromosomal location of genes with large contribution to
the covariation (pleiotropici) differed between pairs of traits. For MY and FY pair-wise,
several SNP markers with a large positive covariance were placed on the BTA6, BTA17,
and BTA19 chromosome. SNP markers with a negative covariance were located only on
BTA14 chromosome. Among these, 14 SNP markers with a large effect dominated and
were placed in the region of the DGATI gene. Grisart et al. (2002) reported that a
polymorphism in DGATI explained 18% of the variance in milk yield. A positive
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covariance dominated the NG and CQ, with a total of 62 SNP markers that had a large
covariance effect placed on the BTA10 and BTAI14. The remaining four pair-wise
combinations of traits represented approximately equal contribution of a positive and
negative covariance. Combinations of MY and NG pair-wise and FY and NG contained a
prevalent contribution of covariance with a small effect. The number of SNP markers
which have a negative sign is slightly larger than the number of those with a positive large
effect. Most of them were located on BTA10 and BTA14. For covariation between MY
and NG the largest number of positive pleiotropici was determined on BTA6 and BTA19,
while for the combination FY and NG BTAI14 had the largest number of positive
pleiotropici followed by BTA11, BTA18, and BTA19. A similar distribution of small and
large covariance was determined for the other two covariation, between MY and CQ and
between FY and CQ. While large negative pleiotropici were mainly concentrated on a few
chromosomes (BTA1, BTA6, and BTA14), large positive pleiotropici were more often
distributed all over the genome.

The contribution of total genetic covariance attributed by each chromosome was found to
be associated with its physical length. This was shown by linear relationship observed
between the contribution of covariance explained by each chromosome and its
chromosome length as larger chromosomes accounted for more genetic covariance.
Partially, this could be explained by the number of markers since larger chromosomes
harbor more SNP markers. These results correspond to the hypotheses that the traits are
influenced by a large number of genes distributed throughout the whole genome. The
exceptions are genes with the large effect (pleiotropici). The observed trend in this analysis
is in agreement with the results reported for genetic architecture of single traits by Visscher
et al. (2007) for human height. Similarly, Yang et al. (2011), who analyzed data on human
height, body mass index (BMI), von Willebrand factor, and QT interval and found
statistically highly significant relationship between the contribution of additive genetic
variance explained by a chromosome and its genetic length. Pimentel et al. (2011) came to
the same conclusion by explaining a contribution of each chromosome to genetic variation
of milk yield and composition traits in Holstein.

Genomic overlap analysis was performed by comparing the genomic location of SNP
markers, genes, and QTL for all dairy and beef traits. The SNP markers with a high
number of overlaps could potentially be stronger molecular markers. The total of 164 SNP
markers, 98 with positive and 66 with negative covariance, overlaps QTL for dairy and
beef quality. In addition, 59 of them also overlap with genes. The highest number of
overlapping genomic elements was identified on BTA14 ranging from 16.51 to 20.88 Mb.
This region contains five SNP markers having negative covariance (rs109146371,
rs109968515, rs109421300, rs41256919, rs109350371), five protein-coding genes
(FOXHI, CYHRI, DGATI, KIAA1875, and PLEC) and 17 QTL for eight traits: milk and
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fat yield, milk and fat yield (daughter deviation), milk and fat yield (EBV), body weight at
weaning, and fat thickness at the 12" rib. The most pronounced positive covariance
between NG and CQ with the highest number of genomic overlaps of SNPs and genes was
placed on the BTA10 ranging from 10.90 to 13.12 Mb. This region contains seven SNPs
having positive covariance (1rs43616186, 1s43615966, rs110752655, rs41664401,
rs110168357, rs43611427, and rs110447449), four protein-coding genes (THBS4, PDCD?7,
IGDCC3, and IGDCC4) and one QTL for carcass weight (EBV).

In this thesis, the integration of DGV in the national evaluation system based on a
combined reference population from several countries will provide more accurate inference
of breeding values, especially for young or non-phenotyped animals with genotype
information in comparison to conventional evaluation. Methodological developments have
been provided new knowledge useful for implementation of genomic selection in small
populations and improvement of breeding programs. Integration of genomic information
based on a combined reference population from several countries leads to double counting,
which can be corrected with the appropriate statistical methods leading to appropriate
integration procedure. New methods of correcting for the double counting were developed
and applied to real data. Double counting of contributions due to relationships and due to
records had little effect on MACE EBV and GEBV for internally used bulls. The results
indicate that Bayesian evaluation that blended internal and external information and
avoided most double counting of contributions due to records and due to relationships was
successful in integrating inernational information for internally used bulls. These
evaluations also showed that double counting of contributions due to relationships and due
to records had little effect on either EBVyace or EBV gy for internally unused bulls.

Genome-wide association studies for dairy traits performed in Slovenian BSW bulls
enabled important contribution especially to people working with Brown Swiss breed.
Furthermore, the issue is dealing with actual research topic and contains information that is
important for the scientific community. Genome partitioning of genetic covariance
between dairy and beef traits in dual purpose populations showed that estimated allele
substitution effects could be used as an input for the estimation of contribution partition of
genetic covariances. To the best of our knowledge, this is the first study demonstrating the
partition of genome genetic covariance. The genetic architecture of the covariation
contribution is mostly polygenic with the presence of a number of genes with large effects.
Genetic correlations are largely, with exception of correlations between NG and CQ,
determined by the summation of positive and negative covariances. The approach will
provide additional knowledge to enhance understanding of genetic basis of covariation and
will contribute to the identification of genes and pathways associated with dairy and beef
traits in dual purpose cattle populations. The approach will provide additional knowledge
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for the Simmental breeding program with the aim to optimize matings and to enhance
breeding decisions.
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5.2 POVZETEK

Vecina gospodarsko pomembnih lastnosti v Zivinoreji je kvantitativnih. Na te lastnosti
vpliva ve¢ genov s pretezno majhnim vplivom in okolje, ki se kaZze v stalnem spreminjanju
fenotipa (Falconer in Mackay, 1996). Genetsko izboljSevnje kvantitativnih lastnosti
obicajno temelji na fenotipskih informacijah in rodovniku, ki sluzijo za oceno aditivnega
genetskega vpliva vseh genov osebka oziroma za oceno plemenske vrednosti (PV).
Statisticno se za oceno PV uporablja metodologija mesanega modela (Henderson, 1984).
Pri mle¢nih pasmah goveda se fenotipski podatki zbirajo iz razliénih kontrol o prireji
(kontrola mlecnosti, spremljanje plodnosti, ocenjevanje zunanjosti, itd) hcera bikov v
progenem testu. Biki so Stiri do Sest let stari, ko se zberejo prvi podatki o héerah. Takrat je
tocnost ocenjene PV (konvencionalna PV ali EBV) bika na osnovi progenega testa hcera
0,90 ali vec. Brez progenega testa je to¢nost PV, ki je ocenjena samo na podlagi podatkov
iz rodovnika (povprec¢na starSevska PV ali PA), okoli 0,60 (npr. Schefers in Weigel, 2012).

V zadnjih letih je cenovna dostopnost Cipov z veliko gostoto SNP oznacevalcev (Single
Nucleotide Polymorphisms = polimorfizem na posameznem oznacevalcu) pripeljala do
masovne uporabe teh informacij v rejskih programih pod skupnim izrazom genomska
selekcija (Meuwissen in sod., 2001). Genomska selekcija temelji na oceni PV na osnovi
vplivov povezav SNP oznacevalcev s fenotipom na celotnem genomu (Meuwissen in sod.,
2001; Solberg in sod., 2008). Statisticno je vpliv povezav SNP oznacevalcev enak
regresijskemu koeficientu med fenotipom in SNP genotipom, medtem ko je genetsko vpliv
povezav SNP oznacevalcev enak povprecnemu vplivu zamenjave alel dolocenega SNP
oznacevalca. Oba opisa predstavljata aditivni genetski vpliv povezav SNP oznacevalcev
med fenotipskimi vrednostmi in genomsko regijo SNP oznacevalca. Vsota vseh povezav
SNP oznacevalcev predstavlja oceno skupne aditivne (plemenske) vrednosti osebka. Pri
mle¢nih pasmah goveda se ta ocena pogosto imenuje direktna genomska vrednost (DGV)
in temelji izkljuéno na genotipskih informacijah posamezne Zivali ter na povezavah SNP
oznacevalcev izraCunanih v populaciji. Za uvedbo genomske selekcije je potrebna
referencna populacija zivali z znanim fenotipom in genotipom za oceno povezav SNP
oznacevalcev izrazenih v enacbi za napoved DGV, ki se uporablja tudi za oceno DGV pri
zivalih brez fenotipske vrednosti (Meuwissen in sod., 2001; Goddard in Hayes, 2007).
Razli¢ne vrste ocen plemenskih vrednosti (PA, EBV in DGV) se lahko zdruzujejo v eno
vrednost, ki je obiajno imenovana razSirjena plemenska vrednost (GEBV) z uporabo
razlicnih pristopov (VanRaden 2008; Kachman, 2008; Aguilar in sod., 2010). To¢nost
genomske napovedi je odvisna predvsem od Stevila zivali z znanim genotipom in
fenotipom v referen¢ni populaciji (Goddard, 2009; Schefers in Weigel, 2012). Uporaba
genomskih podatkov na splo$no daje manj informacij kot fenotipski podatki iz progenega
testa in poslediéno manjSo to¢nost napovedane PV. Vendar pa je prednost uporabe
genomskih podatkov v povecanju to¢nosti napovedi PV za mlade zivali ali za zivali brez
znanega fenotipa, iz okoli 0,60 (PA) na 0,80 (Hayes in sod., 2009a). Ceprav so te toénosti
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manjSe kot pri progenem testu, zgodnja uporaba mladih bikov v osemenjevanju bistveno
skrajSa generacijski interval in posledi¢no povecCuje genetski napredek na enoto Casa
(Schaeffer, 2006).

Najvecji napredek uporabe genomske selekcije je mogoce pri¢akovati pri populacijah z
velikim Stevilom genotipiziranih zivali, Se posebno bikov s progenim testom. Primer
taksne velike mednarodne referencne populacije je projekt InterGenomics za rjavo pasmo,
ki ga izvaja Interbull (Zumbach in sod., 2010; Jorjani in sod., 2012). Referen¢na populacija
je sestavljena iz skoraj 8.000 bikov iz sedmih drzav (Avstrija, Francija, Nemcija, Italija,
Slovenija, Svica in ZdruZzene drzave Amerike) (Zumbach in sod., Jorjani in sod., 2012).
Potreba po velikih referen¢nih populacijah je vodila v ve¢je mednarodno sodelovanje, ki je
bistvenega pomena za uvedbo genomske selekcije predvsem v majhnih populacijah. V
okviru InterGenomics konzorcija so bile razvite posebne enacbe za napoved PV za vsako
drzavo posebej na podlagi vseh razpolozljivih SNP informacij in na podlagi napovedi PV
iz zdruzenega konvencionalnega mednarodnega obracuna t.i. Multiple Accross Country
Evaluation ali MACE (Jorjani in sod., 2012). Vsak bik ima tako ve¢ napovedi na
nacionalnem nivoju (PA in EBV) in na mednarodnem nivoju (DGV, zdruzena GEBV
sestavljena iz DGV in PA za mlade bike, DGV in MACE EBV za bike s progenim testom).
Podobno zdruzujejo informacije pri mesnih pasmah goveda, kjer so referen¢ne populacije
navadno precej manjSe kot pri mlecnih pasmah, zaradi bolj nepovezanih (pod)populacij v
eni ali ve¢ drzavah. V teh populacijah bi lahko enacbe za napoved SNP razvili na
poskusnih populacijah primerne velikosti in jih kasneje uporabili za izraCun DGV drugih
zivali v celotni nacionalni populaciji. V taksnih primerih se poleg EBV iz rodovnika in/ali
fenotipa (PA/EBV) vkljucijo tudi DGV-ji z dvolastnostno analizo (MacNeil in sod., 2010;
Johnston in sod., 2010; Johnston in sod., 2012).

Za slovensko populacijo bikov rjave pasme obstajajo rezultati genetskega vrednotenja iz
vecih virov na nacionalnem nivoju (PA za mlade bike in EBV za bike s progenim testom)
in na mednarodnem nivoju (MACE EBV, DGV in GBV). V nadaljevanju smo prikazali
razlicne moznosti kombiniranja vseh razpolozljivih informacij predvsem z vidika
napovedovanja to¢nosti ocen PV pri mladih bikih. Povezovanje DGV na podlagi zdruzenih
referen¢nih populacij omogoca znacilno bolj tocne napovedi plemenskih vrednosti za
rutinsko nacionalno genomsko napoved v primerjavi s PA. Primerjali smo toc¢nosti
napovedi z wuporabo: enolastnostne nacionalne napovedi (konvencionalna EBV),
mednarodna DGV in dvolastnostna nacionalna napoved, ki vklju¢uje DGV kot korelirano
lastnost v konvencionalni EBV.

Za potrebe validacije je bil celoten set podatkov razdeljen na podset podatkov za
ocenjevanje (701 bik rojen pred letom 2004) in na podset za validacijo (35 genotipiziranih
bikov rojenih med letoma 2004 in 2007) pri katerem so bili odstranjeni fenotipski podatki
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hcera. Validacijo napovedi smo naredili z analizo teoreticne in empiri¢ne tocnosti za
napoved PV z enolastnostnim in dvolastnostnim modelom za bike s progenim testom in za
bike v podsetu za validacijo. Teoreti¢na to¢nost je bila ocenjena na podlagi variance
napake napovedi in aditivne genetske variance v izhodis¢ni generaciji, medtem ko so
empiri¢ne tocnosti temeljile na korelaciji med napovedmi PV iz razli¢nih vrednoten;j.

Povpre¢na teoreti¢na tocnost za bike s progenim testom je bila 0,98 za vse lastnosti
mlecnosti z uporabo enolastnostnega modela. Vkljucitev DGV preko dvolastnostnega
modela ni pripeljala do znacilnega povecanja toc¢nosti. Pri bikih s progenim testom so bile
tudi velike empiri¢ne korelacije med napovedmi PV iz nacionalnega vrednotenja na
podlagi fenotipa in genomskimi napovedmi z uporabo DGV (0,98 za koli¢ino mleka in
koli¢ino beljakovin ter 0,99 za koli¢ino mascobe). Povprecna teoreticna tocnost za bike v
validacijskem setu je bila 0,58 za koli¢ino mleka in koli¢ino beljakovin ter 0,52 za koli¢ino
mascobe na osnovi PA informacij. Vklju¢itev DGV v dvolastnostno analizo je povecala
to¢nost napovedi za te bike na 0,85 (koli¢ina beljakovin), 0,86 (koli¢ina mascob) in 0,89
(koli¢ina mleka). Nadaljnja poveCanja teoreticne tocnosti do 0,96 so bila dosezena s
pomocjo dvolastnostne analize. Tudi empiri¢ne korelacije so pokazale koristi zdruzevanja
vseh informacij, ki jih pridobimo z dvolastnostnim modelom v analizirani majhni
populaciji in majhnim $tevilom hcera na testiranega bika.

Kot smo ze omenili je bil dvolastnostni pristop zelo uspeSen pri zdruzevanju vseh
razpolozljivih informacij v majhni populaciji rjave pasme. Slovenski biki rjave pasme so
bili vkljuc¢eni tudi v razvoj DGV enacbe pri InterGenomics konzorciju, kar bi lahko
privedlo do dvojnega Stetja podatkov v prikazani analizi. Vendar je bilo v naSem primeru
Stevilo takih bikov, ki so bili vklju¢eni v razvoj DGV enafbe, majhno v primerjavi s
celotnim Stevilom bikov v InterGenomics konzorciju. Posledi¢no je bil prispevek dvojnega
Stetja zanemarljiv pri analizi slovenskih bikov rjave pasme.

Ustrezne statisticne metode lahko popravijo dvojno Stetje nacionalnih podatkov v postopku
integracije zunanjih informacij (EBV ali GEBV in ustrezne zanesljivosti) v nacionalno
genomsko napoved. Ena od moznosti, da bi se izognili dvojnemu $tetju deljenih podatkov,
tako na nacionalni kot tudi na mednarodni ravni, temelji na Bayesovih metodah. Vandeplas
in sod. (2014) so predlagali Bayesovo metodo, da bi upoStevali dvojno Stetje podatkov med
sorodnimi zivali iz zunanjih setov. Zaradi tega smo zdruzili ve¢ zunanjih virov informacij
(MACE EBV in GEBV) in jih vkljucili v sistem nacionalnega genetskega vrednotenja za
rjavo pasmo v Sloveniji, da bi se izognili dvojnemu Stetju informacij iz fenotipskih zapisov
in iz podatkov o sorodstvu.
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Primerjave smo opravili na dveh skupinah bikov. Prva skupina so bili biki ki so imeli
slovensko in MACE informacijo (400 bikov) ali slovensko in GEBV informacijo (320
bikov) ter so imeli h¢ere z zapisi (fenotipom) v slovenskem internem setu podatkov. Drugo
skupino sestavljajo biki, ki niso bili v interni uporabi. Ti biki imajo bodisi slovensko in
MACE informacijo (5360 bikov) ali slovensko in GEBV informacijo (5344 bikov), vendar
nimajo hcéera z zapisi v slovenskem internem setu podatkov. Vse primerjave so bile
narejene na osnovi naslednjih parametrov: Spearmanova rank korelacija (r) med rezultati
referencne metode vrednotenja (EBVuace ali EBVgegy) in vsako od testnih vrednotenj,
povpre¢na kvadratna napaka ocen (MSE) prikazana kot odstotek MSE za EBVj ali
EBVnenpe, regresijski  koeficient (a), koeficient determinacije (R2) EVALyace ali
EVALggsy na vsako od testnih vrednotenj, relativni efektivni faktor (REy) in povpre¢ne
toc¢nosti ocen (REL) za posamezna vrednotenja.

Ta vrednotenja so pokazala, da je dvojno Stetje informacij zaradi zapisov (EVALpcr) po
vseh parametrih nekoliko vplivalo na napoved EBVyace za bike v interni uporabi.
EVALpcr je bil malo boljsi v primerjavi z EVALpcp na osnovi r, MSE in R? in je bil bolj
zanesljiv na osnovi MSE kot z EVALpcrp za analizirano lastnost. Na podlagi teh
rezultatov lahko potrdimo, da je imelo dvojno Stetje informacij iz sorodstva in iz zapisov
majhen vpliv na EBV pri bikih za interno uporabo. Rezultati so pokazali, da je bilo
Bayesovsko vrednotenje, ki zdruzuje notranje in zunanje informacije ter preprecuje najvec
dvojnega Stetja informacij iz zapisov in iz sorodstva, uspesno pri vklju¢evanju MACE
informacij za 400 bikov v interni uporabi. Enako velja tudi za vrednotenja na osnovi
EBVgesv za 320 bikov v interni uporabi. Nekoliko bolj$a napoved je bila ugotovljena, ko
so bile uposStevane informacije iz zapisov (EBVngpcr). Vendar pa ima dvojno Stetje
informacij iz sorodstva in iz zapisov majhen vpliv na EBVgggy pri bikih v interni uporabi.
V skupini bikov, ki niso bili v interni uporabi, je bilo dvojno Stetje le na osnovi informacij
iz sorodstva (EBVpcp ali EBVNgpep) in brez informacij iz zapisov. Ta ovrednotenja so
pokazala, da je imelo dvojno Stetje informacij iz sorodstva in iz zapisov majhen vpliv tako
na EBVyack kot tudi na EBVggpy za bike, ki niso bili v interni uporabi.

Razvoj ¢ipov s SNP oznacevalci omogoca genomske asociacijske Studije (GWAS) z
namenom, da bi ugotovili povezave med polimorfizmi DNK in fenotipi (Hirschhorn in
Daly, 2005). V. GWAS Sstudijah se asociacijska analiza uporablja za identifikacijo
kromosomskih regij, ki vsebujejo gene ali regulatorne elemente, ki so povezani s
prou¢evanimi lastnostmi (npr. Goddard in Hayes, 2009; Bush in Moore, 2012; Eggen,
2012; Montaldo in sod., 2012). GWAS so prvi¢ naredili pri analizi ¢loveskih bolezni z
namenom, da bi odkrili genetsko osnovo bolezni (Massey in sod., 2007). Asociacijske
Studije na podrocju zivalskih vrst se uporabljajo za razumevanje genetskega vpliva na
gospodarsko pomembne lastnosti kot so mlecnost (npr Grisart in sod., 2002;. Pryce in sod.,
2010; Mai in sod., 2010), mesnatost (npr., Bolormaa in sod., 2011) in zdravje (npr
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Murdoch in sod., 2011). Taks$no znanje lahko uporabimo za povecanje tako biolosSkega
razumevanja, kakor tudi za izboljSanje metod genomske selekcije zaradi vecje resolucije
genoma. Na primer pri mlecnih pasmah govedi so bile odkrite znacilne povezave z
uporabo genomskih podatkov za lastnosti mlecnosti na avtosomalnih Bos taurus
kromosomih (BTA) 8, 9, 10, 11, 13, 25 in 29 (Hayes in sod., 2009b; Bolormaa in sod.,
2010). Vsebnost maScobe in beljakovin v mleku je bila povezana s SNP oznacevalci na
BTA 5, 6, 11, 14, 19, in 26 (Pryce in sod., 2010; Schopen in sod., 2011). Pri mesnih
pasmah govedi so Du in sod. (2013) odkrili SNP oznacevalce z znacilnimi vplivi na BTA 6
za rojstno maso in maso ob odstavitvi. Poleg tega so porocali tudi o povezavah med SNP
oznacevalci in konzumacijo krme, rojstno maso in viSino kriza na BTA 3, 5, 7 in 8§
(Bolormaa in sod., 2011).

GWAS za lastnosti mlecnosti (koli¢ina mleka - MY, koli¢ina maScobe - FY in koli¢ina
beljakovin - PY) so bile narejene za bike rjave pasme v Sloveniji z namenom prouciti
moznost implementacije GWAS pristopa v genomsko selekcijo za lastnosti mlecnosti.
Prikazali smo korake pri pripravi genomskih podatkov skupaj s SNP-i povezanimi z
lastnostmi mlec¢nosti, ki lahko vodijo do identifikacije kandidatnih genov in genetskih
variant. V analizi smo uporabili podatke iz fenotipa, rodovnika in genotipa. Vkljuceni
fenotipi so bile napovedi plemenskih vrednosti (EBV) za MY, FY, in PY iz rutinskega
nacionalnega genetskega obrauna z odgovarjajo¢imi to¢nostmi. V analizo smo vkljucili
skupno 182 genotipiziranih bikov s progenim testom, ki so bili rojeni med 1990 in 2007. 1z
krvi bikov rjave pasme je bila izolirana DNK in vzorci so bili genotipizirani z Illumina
BovineSNP50K ¢ipom (verzija 1, 54K v1), ki vkljucuje 54.001 SNP oznacevalec. Genotipi
bikov so bili zabelezeni kot 0 (BB), 1 (AB) in 2 (AA). Naredili smo ve¢ kontrol
genotipskih podatkov, da bi proucili integriteto in uporabnost SNP oznacevalcev. Kontrole
so vkljucevale uspesnost genotipizacije po SNP-u in zivali (call rate ali CR), najmanjSo
frekvenco alel (MAF), odstopanje od Hardy-Weinbergovega ravnotezja (HWE) in
preverjanje neskladij med starSi in potomci. Preverili smo tudi Stevilo oznacevalcev po
kromosomu. Za urejanje genomskih podatkov smo uporabili statisticni paket SAS (SAS
Institute, 2011). Konéni set podatkov je vkljuceval 34.450 oznacevalcev na 29 BTA. Po
kontroli kakovosti smo vstavili (imputirali) morebitne manjkajoce genotipe s programom
gpig (Strandén, 2010), ki uporablja linearno aproksimacijsko metodo (Gengler in sod.,
2007). Za identifikacijo vplivov SNP oznacevalcev na lastnosti mlecnosti smo uporabili
analize po posameznem SNP oznacevalcu, ki testirajo po en SNP na enkrat in temeljijo na
navadnem linearnem modelu. Uporabili smo programski paket R (R Development Core
Team, 2011). Prag statisticne znacilnosti smo za GWAS izracunali z Bonferronijevo
korekcijo za multiplo testiranje. Korekcija, ki je temeljila na p-vrednosti 0,05, je imela
Bonferonijev prag 1,45x10°. SNP oznaGevalci z manj§imi p-vrednostmi od
Bonferronijevega praga so bili znacilni. Rezultate GWAS smo prikazali z Manhattan
grafikonom na osnovi pridobljenih p-vrednostih vsakega SNP oznaevalca. p-vrednosti iz
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asociacijskega testa so bile transformirane v -log;o (p-vrednosti) za vsak SNP oznacevalec
glede na njihovo lokacijo na kromosomih (Ding in sod., 2009). Prag statisti¢ne znacilnosti
smo za GWAS izracunali z Bonferronijevo korekcijo za multiplo testiranje. Korekcija, ki
je temeljila na p-vrednosti 0,05, je imela Bonferonijev prag 1,45x10°. SNP oznaéevalci z
manjSimi p-vrednostmi od Bonferronijevega praga so bili znacilni. Rezultate GWAS smo
prikazali z Manhattan grafikonom na osnovi pridobljenih p-vrednostih vsakega SNP
oznacevalca. p-vrednosti iz asociacijskega testa so bile transformirane v -log;o (p-
vrednosti) za vsak SNP oznacevalec glede na njihovo lokacijo na kromosomih (Ding in
sod., 2009).

Identificirali smo 52 SNP oznacevalcev z znacilnim vplivom na MY, FY in PY na osnovi
linearnega modela z regresijo brez upoStevanja razdeljenosti (razslojenosti) populacije.
Med njimi jih je bilo 11 znacilnih za vse tri lastnosti mle¢nosti. Povezave so bile
porazdeljene na 14 kromosomih. Ve€ina SNP-ov, ki so povezani z mle¢nostjo, koli¢ino
mascobe in beljakovin je bilo na kromosomih BTA21 in BTA9. Korekcija na razdeljenost
populacije, ki je upoStevala Stiri populacije prednikov, je pokazala, da je razdeljenost
populacije vplivala na rezultate analize. Z uporabo tega modela nismo ugotovili znacilnih
povezav med SNP oznacevalci in lastnostmi mlecnosti. Zaradi tega so bili rezultati
obcutljivi na razdeljenost populacije na podpopulacije in skupaj z majhnim Stevilom
podatkov niso veliko pripomogli k bolj natan¢ni oceni povezav. Guo in sod. (2012) so
porocali o QTL-ih (angl. quantitative trait loci; lokusi za kvantitativne lastnosti), ki
vplivajo na lastnosti mle¢nosti pri rjavi pasmi in navedli 16 SNP oznacevalcev z znacilno
povezavo z lastnostmi mlecnosti, ki so imeli najmocnejsi signal na kromosomu BTA2S.
Prav tako so tudi Viitala in sod. (2003) in Harder in sod. (2006) na istem kromosomu
odkrili SNP povezave za koli¢ino mleka in beljakovin pri finski ayrshire in holStajn
pasmah. Pet SNP oznacevalcev z znacCilnim vplivom na lastnosti mle¢nosti so pri nemski
rjavi pasmi nasli Maxa in sod. (2012). Dva SNP oznacevalca, ki sta vplivala na koli¢ino
mleka sta bila na kromosomu BTA4, dva SNP oznacevalca sta bila povezana s koli¢ino
mascobe (BTA14 in 23) in en SNP oznacevalec z znacilnim vplivom na vsebnost masc¢obe
je bil na kromosomu BTA1. Vecino genomskih asociacijskih Studij pri mlecnemu govedu
so opravili pri holStajnski pasmi zaradi njene razsirjenosti (Daetwyler in sod., 2008; Pryce
in sod., 2010). Zhang in sod. (2012) so porocali o skupno 734 SNP oznacevalcih, ki so
imeli znacilen vpliv na koli¢ino mleka. Locirani so bili na kromosomih BTA 8§, 9, 10, 11,
13, 25 in 29 (Hayes in sod., 2009b; Bolormaa in sod., 2010; Jiang in sod., 2010; Mai in
sod., 2010). Kromosom BTA14 je bil v sredis¢u Stevilnih $tudij kot nosilec pomembnega
DGATI gena, ki velja za glavni gen z vplivom na lastnosti mle¢nosti (Grisart in sod., 2002;
Ashwell in sod., 2004; Jiang in sod., 2010; Mai in sod., 2010).

V rejskih programih je eden od prakti¢nih problemov selekcija na vec¢ lastnosti z razli¢no
genetsko korelacijo med njimi. Omejitev predstavlja (mocna) negativna genetska
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korelacija, ki zmanjSuje prostor za napredek, zaradi tesno povezanih genov ali pleiotropije.
Klasi¢en primer antagonisti¢nih lastnosti pri mle¢nih pasmah goveda sta koli¢ina mleka in
plodnost. Na primer, pri norveskem rde¢em govedu so Olsen in sod. (2011) opisali QTL-e
na BTA12, ki so imeli nasproten vpliv na uspeSnost osemenitve in lastnosti mle¢nosti.
Drug primer z antagonistiénim vplivom je bil odkrit med potekom telitve in lastnostmi
postnatalne rasti, kjer so identificirali dva QTL-a na kromosomih BTA14 in 21 pri nemski
lisasti pasmi (Pausch in sod., 2011). Zaradi poligene arhitekture gospodarsko pomembnih
lastnosti obstajajo genomske regije z zazelenimi in nezelenimi genetskimi korelacijami ter
brez njih, ki skupaj tvorijo globalno genetsko korelacijo med lastnostmi. Genomski podatki
dajejo moznost, da se podrobno prouci genom v teh regijah in s tem omogocijo nadaljnje
odkrivanje genov kakor tudi izboljSanje selekcije. Pri mle¢nih pasmah goveda je bilo
najvec raziskav opravljenih na lastnostih mle¢nosti in plodnosti. Vendar ta vidik e ni bil
raziskan pri kombiniranih pasmah, kjer je prisoten antagonizem, ne samo med mlecnostjo
in plodnostjo, ampak tudi med pomembnimi lastnostmi za prirejo mleka in mesa.

Naredili smo GWAS z namenom, da bi okarakterizirali genomske regije s povezavami, ki
vplivajo z razli¢no jakostjo in v razlicni smeri na lastnosti mle¢nosti in mesnatosti pri
kombiniranih pasmah, kar nam omogoca natancno dolocitev genetskih korelacij med
lastnostmi. Z uporabo genomskih podatkov pri dekompoziciji genetskih korelacij smo
imeli tri cilje. Prvi cilj je bil oceniti celotno genetsko kovariacijo med lastnostmi mle¢nosti
in pomembnimi lastnostmi za prirejo mesa pri dveh dobro poznanih kombiniranih
populacijah s pomocjo velike koli¢ine podatkov iz progenega testa. Drugi cilj je bil
analizirati kovariacije v celotnem genomu med pari lastnosti mle¢nosti in mesnatosti, da bi
opisali arhitekturo vzdolz genoma zaradi tesne vezave in/ali pleiotropije kot smer, jakost in
porazdelitev na genomu. Tretji cilj je bil uporabiti bioinformacijske podatke, da bi
obogatili dobljene rezultate z obstojeCim znanjem in predlagali potencialne kandidatne
gene ("pleiotropske lokuse"), ki dolocajo del genetskih kovariacij analiziranih lastnosti.

Studija je bila narejena na nemski lisasti (German Fleckvieh; GFV) in italijanski lisasti
(Italian Pezzata Rossa; IPR) populaciji bikov, ki so imeli fenotipske zapise za lastnosti
mlecCnosti (koli¢ina mleka - MY in koli¢ina masc¢obe - FY) in mesnatosti (dnevni neto
prirast - NG in klavna kakovost - CQ) ter znane Illumina BovineSNP50K genotipe.
Fenotipske vrednosti za te lastnosti so bile izraZzene kot ocene PV (seStete fenotipske
vrednosti) z visokim dednostnim deleZem in z zanesljivostjo za vsakega bika. Iz rutinskega
nacionalnega genskega vrednotenja (Interbull, 2014) smo jih dobili v obliki fenotipskega
odstopanja héera (DYD - daugther yield deviation) pri GFV populaciji (Emmerling in sod.,
2002; Schild in sod., 2003) in kot deregresirane ocene PV (Garrick in sod., 2009) pri IPR
populaciji. GFV biki so bili genotipizani z [llumina BovineSNP50K BeadChip® (verzija 1,
54Kv1), ki vsebuje 54.001 SNP oznacevalec (3.734 bikov) in z Illumina BovineSNP50K
BeadChip® (verzija 2, 54Kv2), ki vsebuje 54.609 SNP oznacevalcev (379 bikov). V obeh
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verzijah ¢ipov je bilo skupnih 52.340 SNP oznacevalcev. Biki IPR pasme so bili
genotipizirani z [llumina BovineSNP50K BeadChip® (verzija 1, 54Kvl). S pomocjo
programskega paketa SAS (SAS Institute, 2011) smo upostevali naslednje kriterije za
kontrolo kakovosti genotipov: uspesnost genotipizacije po SNP oznacevalcu in po zivali (>
90%), frekvenca redkih alelov (< 0.01), odstopanje od Hardy-Weinbergovega ravnotezja (p
< 0.001) in izlo¢itev SNP oznacevalcev, ki niso mapirani na kromosomih ali pa so na
spolnemu kromosomu X. Za odstranitev kakrSnekoli multi-kolinearnosti med SNP
oznacevalci smo naredili ¢iS€enje na podlagi neravnotezja zaradi vezave (LD - linkage
disequilibrium) s programu Plink (Purcell in sod., 2007). Za oceno genetskih korelacij med
pari lastnosti mle¢nosti in mesnatosti smo uporabili dvolastnostni meSani linearni model.
Za oceno povezav med fenotipi in SNP oznacevalci smo naredili genomske asociacijske
analize na osnovi enolastnostnega modela za vsako lastnost posebej. Vsi izracuni so bili
narejeni v programu WOMBAT (Meyer, 2007). Za izracun inverze matrike (A ali G) in za
testiranje normalnosti porazdelitve kovariance smo uporabili programski paket R (R
Development Core Team, 2011). Bioinformacijske analize smo naredili z orodjem Animal
QTL Database 23.

Ocenjene genetske korelacije med MY in FY so bile visoke in pozitivne pri GFV (0,72 +
0,01) in pri IPR (0,81 + 0,04) populaciji, ocenjene genetske korelacije med NG in CQ pa
so bile 0,54 = 0,03 pri GFV in 0,51 £ 0,09 pri IPR populaciji, kar je v skladu z ocenami
izraCunanimi z uporabo tradicionalnih dvolastnostnih modelov z matriko sorodstva v
drugih raziskavah (npr. Fiirst in sod., 2013; Roman in Wilcox, 2000; Welper in Freeman,
1992). Skupne ocenjene genetske korelacije med MY in NG so bile zelo majhne in
pozitivne (0,09 + 0,03 pri GFV in 0,10 £ 0,10 pri IPR). Podobno je bilo med FY in NG,
0,04 £ 0,03 pri GFV in -0,08 + 0,11 pri IPR populaciji. Skupne ocenjene genetske
korelacije so bile zelo majhne in negativne med MY in CQ (-0,11 £ 0,03 pri GFV in -0,17
+ 0,09 pri IPR populaciji) in prav tako med FY in CQ (-0,15 + 0,03 pri GFV in -0,17 +
0,10 pri IPR populaciji). Te ocene so bile primerljive z ocenami v drugih raziskavah
(Mason, 1964; Langlet, 1965; Pirchner, 1984).

Delezi pozitivnih in negativnih genomskih kovarianc so dolocili skupne genetske
korelacije pri obeh populacijah za vse pare lastnosti mleCnosti in mesnatosti. Velike
pozitivne skupne genetske korelacije ocenjene med MY in FY so bile dolocene s
prevladujoc¢imi delezi pozitivnih genomskih kovarianc (90,2 % pri GFV in 99,2 % pri IPR
populaciji). Enak vzorec je bil ugotovljen tudi med MY in NG, MY in CQ, FY in NG ter
med FY in CQ, vendar z razlicnimi delezi. Izjema je bila med NG in CQ, kjer je bila
skupna genetska korelacija zmerno pozitivna (0,54 + 0,03 pri GFV in 0,51 + 0,09 pri IPR)
dolocena s prevladujo¢im delezem pozitivnih genomskih kovarianc (94,8 % pri GFV in
92,1 % pri IPR). To izjemo lahko pojasnimo z razli¢no porazdelitvijo deleZev.
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Porazdelitev kovarianc je pokazala, da je bilo majhno Stevilo SNP oznacevalcev z velikim
prispevkom in prevladujoce veliko Stevilo SNP oznacevalcev z majhnim prispevkom.
Medtem, ko je bila genetska komponenta kovariacije med vklju¢enimi lastnostmi pri dveh
populacijah predvsem poligena, so imeli Stevilni SNP oznacdevalci pomemben prispevek.
Oznacevalci z velikim prispevkom predstavljajo pleiotropske lokuse bodisi zaradi
pleitropicnih ali zaradi tesno povezanih genov. Po pleiotropskem lokusu bi jih lahko
poimenovali "pleiotropikus" (v mnozini "pleiotropici"). Njihov skupni prispevek (pozitivni
in negativni) iz "pleiotropici” je bil od 5,7 % za MY in CQ do 17,1 % za MY in FY pri
GFV populaciji. Nekoliko manjsi skupni prispevek "pleiotropici" je bil ocenjen v razponu
0d 3,9 % za FY in CQ do 9,8 % za MY in FY pri IPR populaciji.

Prispevek, velikost in kromosomske lokacije genov z velikim prispevkom h kovariaciji
(pleiotropici) so se razlikovale med pari lastnosti. Za pare MY in FY je bilo vecje Stevilo
SNP oznacevalcev z veliko pozitivno kovarianco lociranih na kromosomih BTA6, 17 in
19. SNP oznacevalci z negativno kovarianco so bili le na kromosomu BTA14. Med njimi
je prevladovalo 14 SNP oznacevalcev z velikim vplivom v regiji gena DGATI. Grisart in
sod. (2002) so ugotovili, da je polimorfizem na DGAT! pojasnil 18 % variance pri koli¢ini
mleka. Pozitivna kovarianca je prevladovala med parom lastnosti NG in CQ s skupno 62
SNP oznacevalci, ki so imeli velik vpliv kovariance na kromosomih BTA10 in 14.
Preostale Stirje pari kombinacij med lastnostmi so predstavljali priblizno enak prispevek
pozitivne in negativne kovariance. Kombinaciji parov MY in NG ter FY in NG sta
vsebovali prevladujoé prispevek kovariance z majhnim vplivom. Stevilo SNP
oznacevalcev z negativnim vplivom je bilo nekoliko vecje kot Stevilo tistih z velikim
pozitivnim vplivom. Vecina jih je bila locirana na kromosomih BTA10 in 14. Najvecje
Stevilo pozitivnih pleiotropikusov za kovariacijo med MY in NG je bilo doloCenih na
kromosomih BTA6 in 19 medtem, ko je bilo za kombinacijo FY in NG najvecje Stevilo
pozitivnih pleiotropikusov na kromosomu BTA14, ki so mu sledili kromosomi 11, 18 in
19. Podobna porazdelitev majhnih in velikih kovarianc, je bila dolo¢ena za druga dva para
kovariacije, torej med MY in CQ ter med FY in CQ. Medtem, ko so se veliki negativni
pleiotropikusi nahajali v glavnem samo na nekaterih kromosomih (BTA1, 6 in 14), so bili
veliki pozitivni pleiotropikusi pogosteje razporejeni po celotnem genomu.

Ugotovljeno je bilo, da je prispevek skupne genetske kovariance po vsakem kromosomu
povezan z njegovo fizi¢no dolzino. To je pokazala linearna povezava med prispevkom
kovariance pojasnjene za vsak kromosom in dolZino kromosoma, tako da so daljsi
kromosomi pojasnili ve¢ genetske kovariance. Delno lahko to pojasnimo s Stevilom SNP
oznacevalcev, saj dalj$i kromosomi vsebujejo ve¢ SNP oznacevalcev. Ti rezultati
potrjujejo hipotezo, da so lastnosti pod vplivom Stevilnih genov, ki so razporejeni po
celotnem genomu. Izjeme so geni z velikim vplivom (pleiotropici). Opazen trend v tej
analizi je bil v skladu z Ze objavljenimi rezultati za genetsko arhitekturo posameznih
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lastnosti npr. viSina pri ljudeh (Visscher in sod., 2007). Do podobnih ugotovitev so prisli
Yang in sod. (2011), ki so analizirali vi§ino pri ljudeh in indeks telesne mase po von
Willebrandovem faktorju in QT intervalu ter ugotovili statistiéno znacilno povezavo med
prispevkom aditivne genetske variance pojasnjene s kromosomom in njegovo genetsko
dolzino. Pimentel in sod. (2011) so prisli do podobnega zakljucka, ko so pojasnili
prispevek vsakega kromosoma na genetsko variabilnost koli¢ine in sestave mleka pri
holstajnski pasmi.

Genomska analiza prekrivanja je bila narejena s primerjanjem genomskih lokacij SNP
oznacevalcev, genov in QTL-ov za vse lastnosti mle¢nosti in mesnatosti. SNP oznacevalci
z velikim $tevilom prekrivanj bi lahko bili potencialno mo¢nejsi molekularni oznacevalci.
Skupno 164 SNP oznacevalcev, 98 s pozitivno in 66 z negativno kovarianco, je prekrivalo
QTL-e za lastnosti mle¢nosti in mesnatosti. Poleg tega se jih je 59 izmed njih prekrivalo
tudi z geni. Najvecje Stevilo prekrivajocih genomskih elementov je bilo ugotovljeno na
kromosomu BTA14 na obmoc¢ju od 16,51 do 20,88 Mb. Ta regija je imela pet SNP
oznacevalcev, ki so imeli negativno kovarianco (rs109146371, rs109968515, rs109421300,
1s41256919, rs109350371), pet genov, ki kodirajo beljakovine (FOXHI, CYHRI, DGATI,
KIAA1875, PLEC) in 17 QTL-ov za osem lastnosti: MY in FY, MY in FY (DYD), MY in
FY (EBV), telesna masa ob odstavitvi in debelina loja v predelu 12 rebra. Najbolj izrazena
pozitivna kovarianca med NG in CQ, z najve¢jim Stevilom genomskih prekrivanj med SNP
oznacevalci in geni, je bila na kromosomu BTA10 na obmoc¢ju od 10,90 do 13,12 Mb. Ta
regija je vsebovala sedem SNP oznacevalcev s pozitivno kovarianco (rs43616186,
1s43615966, rs110752655, rs41664401, rs110168357, rs43611427, rs110447449), stiri
gene, ki kodirajo beljakovine (THBS4, PDCD7, IGDCC3, IGDCC4) in en QTL za maso
klavnih polovic (EBV).

Integracija DGV v sistem nacionalnega obracuna na osnovi kombinirane referencne
populacije iz vecjega Stevila drzav, bo omogocala bolj tocno oceno PV v primerjavi s
konvencionalnim vrednotenjem, Se posebej za mlade zivali ali za zivali brez fenotipskih
zapisov, ki imajo znane informacije genotipa. Metodoloski razvoj je omogocil nova znanja
koristna za vpeljavo genomske selekcije v majhnih populacijah in izboljSanje rejskih
programov. Vkljuevanje genomskih informacij na osnovi kombiniranih referen¢nih
populacij iz vec¢jega Stevila drzav vodi do dvojnega Stetja podatkov, ki je mogoce odpraviti
z ustreznimi statisticnimi metodami. Nove metode za korekcijo dvojnega Stetja so bile
razvite in preverjene na podatkih bikov rjave pasme. Dvojno Stetje iz sorodstva in iz
zapisov je imelo majhen vpliv na MACE EBV in GEBV za bike v interni uporabi.
Rezultati kazejo, da je bilo Bayesovsko vrednotenje, ki je zdruZilo notranje in zunanje
informacije, in se je izognilo vec¢ini dvojnega Stetja, uspesno pri vklju¢evanju mednarodnih
informacij za bike v interni uporabi. Poleg tega so ta vrednotenja pokazala, da je imelo
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dvojno Stetje iz sorodstva in iz zapisov majhen vpliv na EBVyace ali na EBVgegy za
skupino bikov, ki niso bili v interni uporabi.

Asociacijske analize na celotnem genomu za lastnosti mlecnosti, ki so bile narejene pri
bikih slovenske rjave pasme, predstavljajo pomemben prispevek Se posebej za delo
strokovnih sluzb na podrocju selekcije rjave pasme. Obravnavana raziskovalna tematika je
aktualna in vsebuje informacije, ki so pomembne za znanstveno raziskovalno skupnost.
Porazdelitev genetskih kovarianc na ravni genoma, med lastnostmi mle¢nosti in mesnatosti
pri kombiniranih pasmah goveda, je pokazala, da lahko z uporabo ocene ucinka zamenjave
alelov uspesno ocenimo prispevke genetskih kovarianc. Po naSem poznavanju, je pricujoce
delo prvo, ki obravnava porazdelitev genetskih kovarianc na ravni genoma. Genetska
arhitektura prispevkov kovariacij je poligena, sestavljana iz ve¢ genov, izmed katerih
imajo nekateri tudi vecji vpliv. Genetske korelacije so v veliki ve€ini, z izjemo NG in CQ,
dolocene z vsoto pozitivnih in negativnih kovarianc. Prepri¢ani smo, da bo opisani pristop
zagotovil nova znanja za boljSe razumevanje genetske osnove kovarianc, kar bo
pripomoglo k identifikaciji genov in njihovih povezav z lastnostmi mle¢nosti in mesnatosti
pri kombiniranih pasmah govedi. Uporabljeni pristop bo zagotovil tudi dodatna znanja za
nacrtovanje parjenja in za izboljSavo selekcijskih odlocitev pri selekciji lisaste pasme
govedi.
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ANNEXES

Annex Al: Estimates of total genetic and residual variance components and ratios (+ standard errors)* for the pairs of dairy and beef traits** in the German Fleckvieh and
Italian Pezzata Rossa population based on the analysis with the pedigree or genomic relationship matrix

Priloga A1: Ocene komponent skupne genetske variance in variance ostanka ter razmerja (+ standardne napake)* za pare lastnosti mle¢nosti in mesnatosti** pri nemski
lisasti in italijanski lisasti populaciji na osnovi analize z rodovniki ali z genomsko matriko sorodstva

Variance Ratio
Trait Genetic, o2 Residual, o2 Genetic, h? Residual, e?
Pedigree Genomic Pedigree Genomic Pedigree Genomic Pedigree Genomic
German Fleckvieh (n=4,105)
MY 24872.3+7415.8 207677.0+8296.0 5458.0+2850.4 251274+2627.4 0.98+0.01 0.89+0.01 0.02+0.01 0.11+0.01
FY 337.0+£9.3 290.0+11.6 22.343.5 31.7£3.6 0.99+0.01 0.90+0.01 0.01+0.01 0.10+0.01
NG 133.4+10.1 131.6+6.9 53.8+5.7 48.8+2.8 0.714+0.04 0.734+0.02 0.294+0.04 0.274+0.02
CQ 5.0£0.4 4.9+0.3 2.7+0.2 2.5+0.1 0.65+0.04 0.66+0.02 0.35+0.03 0.34+0.02
Italian Pezzata Rossa (n=511)
MY  224303.6.0£2567.3  199404.7+£2161.8 4835.3£5818.9 24726.5+8084.6 0.98+0.07 0.89+0.03 0.02+0.02 0.11£0.03
FY 377.6+42.4 337.0+42.7 28.2428.2 51.3+28.8 0.93+0.07 0.87+0.08 0.07+0.07 0.13+0.08
NG 112.2+19.6 87.6£17.1 33.8427.5 73.4+22.6 0.77+0.16 0.54+0.12 0.23+0.16 0.46+0.12
CQ 95.8+14.9 89.1+13.8 27.24+17.3 30.7+15.7 0.78+0.13 0.78+0.12 0.224+0.13 0.26+0.12

*values represent averages from multiple bivariate analyses; **MY = milk yield; FY = fat yield; NG = net daily gain; CQ = carcass quality
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Annex A2: Estimates of total genetic and residual covariance components and correlations (+ standard errors) for the pairs of dairy and beef traits* in the German
Fleckvieh and Italian Pezzata Rossa population based on the analysis with the pedigree or genomic relationship matrix

Priloga A2: Ocene komponent skupne genetske kovariance in kovariance ostanka ter korelacije (+ standardne napake) za pare lastnosti mlecnosti in mesnatosti* v
populacijah nemske lisaste in italijanske lisaste pasme na osnovi analize z rodovnikom ali z genomsko matriko sorodstva

) Covariance Correlation
thsz. Genetic, 0, 4, Residual, 0, ¢, Genetic, 1, 4, Residual, 7, o,
Pedigree Genomic Pedigree Genomic Pedigree Genomic Pedigree Genomic
German Fleckvieh (n=4,105)
MY:FY 6677.4+228.4 5556.4+269.0 -64.1£79.2 624.3+83.8 0.7440.01 0.7240.01 -0.41+0.68 0.72+0.04
MY:NG 541.24204.9 484.2+169.3 93.9+104.9 109.3+59.0 0.09+0.03 0.09+0.03 0.20£0.21 0.10+0.05
MY:CQ -171.7+£38.9 -108.7+34.0 59.8+£20.2 23.3£12.0 0.16+0.04 -0.11+0.03 0.52+0.15 0.09+0.04
FY:NG 17.4+7.2 7.246.2 -3.0+3.6 3.8+2.1 0.08+0.04 0.04+0.03 -0.28+0.33 0.10£0.05
FY:CQ -6.6+1.4 -5.5%1.3 1.4+£0.7 0.9+0.4 -0.16+0.04 -0.15+0.03 0.51+0.23 0.11£0.05
NG:CQ 14.9+1.6 13.7£1.1 4.6+0.9 5.1£0.5 0.57+0.04 0.53£0.03 0.39+0.05 0.46+0.03
Italian Pezzata Rossa (n=511)
MY:FY 7268.6+520.8 6438.8+520.5 -170.4+530.9 512.14+460.1 0.90+0.03 0.91+0.04 -0.25+0.96 0.40+0.25
MY:NG 510.94+378.7 411.8+403.8 -290.9+£228.9 -122.3+£387.0 0.10+0.08 0.10+0. 09 -0.95+0.27 -0.09+0.27
MY:CQ -1030.9+£367.8 -1032.6+329.8 610.94244 .4 833.6+358.1 -0.24+0.09 -0.25+0.09 0.95£0.16 0.97+0.03
FY:NG -4.4+20.2 -13.3+£18.0 5.3£18.0 18.9+16.1 -0.02+0.10 -0.08+0.11 0.22+0.73 0.31+0.26
FY:CQ -48.5+£16.8 -28.7+16.8 39.7+17.0 29.6+13.5 -0.27+0.11 -0.17+0.11 0.97+0.08 0.70+0.30
NG:CQ 46.8+13.3 47.2+11.9 15.8+14.5 12.5£10.7 0.42+0.09 0.51+0.09 0.71£0.39 0.31+0.25

*MY = milk yield; FY = fat yield; NG = net daily gain; CQ = carcass quality
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Table A3: Total genetic and genome-wide covariation for the pairs of dairy and beef traits* in the German Fleckvieh population based on a random subset
Tabela A3: Skupna genetska in genomska kovariacija za pare lastnosti mlecnosti in mesnatosti* v populaciji nemske lisaste pasme na osnovi nakljucnega podseta
podatkov

Trait combination MY : FY MY : NG MY : CQ FY : NG FY : CQ NG : CQ
Total genetic covariation German Fleckvieh (n=1,000)

Correlation 0.77 = 0.03 0.18 = 0.03 -0.06 + 0.05 0.15 £ 0.05 -0.12 £ 0.05 0.50 = 0.09
Genome-wide covariation

Positive versus negative, % 976 : 24 67.9 : 32.1 499 . 50.1 62.6 : 374 455 : 545 92.0 : 8.0
Large versus small, % 88 : 912 6.6 93.4 3.6 96.4 4.3 95.7 39 ¢ 96.1 95 : 905
Positive large, % / no. markers 7.7 1 44 4.8 / 31 22/ 14 33/ 20 2.1/ 15 9.5/ 6
Positive small, % / no. markers 89.9 / 28,901 632 / 20,377 47.7 / 18,482 593 / 19,696 434 / 17,965 82.5 / 23914
Negative small, % / no. markers 1.3/ 8,156 302 / 16,694 48.7 / 18,608 364 / 17,391 527 / 19,122 8.0 / 13,146
Negative large, % / no. markers 1.1/ 6 1.8 / 14 14/ 12 1.0 / 9 1.8 / 14 0.0 / 0

*MY = milk yield; FY = fat yield; NG = net daily gain; CQ = carcass quality
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Annex A4: Genome-wide covariance contribution of each chromosome against its physical length for pairs of
dairy and beef traits in the German Fleckvieh (GFV) and Italian Pezzata Rossa (IPR) population

Priloga A4: Prispevek posameznega kromosoma k skupni genetski kovarianci v primerjavi s fizicno dolzino
za pare lastnosti mlecnosti in mesnatosti pri nemski (GFV) in italijanski (IPR) lisasti populaciji
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Annex AS5: Genome-wide covariance plot between milk yield (MY) and fat yield (FY) in the German
Fleckvieh (GFV) and Italian Pezzata Rossa (IPR) population. Red dots indicate SNP markers with
sizeable genetic covariance

Priloga AS: Grafi¢ni prikaz genomske kovariance med koli¢ino mleka (MY) in koli¢ino mascobe (FY)
pri nemski lisasti (GFV) in italijanski lisasti (IPR) populaciji. Rdece pike oznaéujejo SNP oznacevalce z
vecjo genetsko kovarianco
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Annex A6: Genome-wide covariance plot between milk yield (MY) and net daily gain (NG) in the
German Fleckvieh (GFV) and Italian Pezzata Rossa (IPR) population. Red dots indicate SNP markers
with sizeable genetic covariance

Priloga A6: Grafi¢ni prikaz genomske kovariance med koli¢ino mleka (MY) in dnevnim neto prirastom
(NG) pri nemski lisasti (GFV) in italijanski lisasti (IPR) populaciji. Rdece pike oznacujejo SNP
oznacevalce z vecjo genetsko kovarianco
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Annex A7: Genome-wide covariance plot between milk yield (MY) and carcass quality (CQ) in the
German Fleckvieh (GFV) and Italian Pezzata Rossa (IPR) population. Red dots indicate SNP markers
with sizeable genetic covariance

Priloga A7: Grafi¢ni prikaz genomske kovariance med koli¢ino mleka (MY) in klavno kakovostjo (CQ)
pri nemski lisasti (GFV) in italijanski lisasti (IPR) populaciji. Rdece pike oznacujejo SNP oznacevalce z
vecjo genetsko kovarianco
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Annex A8: Genome-wide covariance plot between fat yield (FY) and net daily gain (NG) in the German
Fleckvieh (GFV) and Italian Pezzata Rossa (IPR) population. Red dots indicate SNP markers with
sizeable genetic covariance

Priloga A8: Grafi¢ni prikaz genomske kovariance med koli¢ino mascobe (FY) in dnevnim neto
prirastom (NG) pri nemski lisasti (GFV) in italijanski lisasti (IPR) populaciji. Rdece pike oznacujejo
SNP oznacevalce z vecjo genetsko kovarianco
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Annex A9: Genome-wide covariance plot between fat yield (FY) and carcass quality (CQ) in the
German Fleckvieh (GFV) and Italian Pezzata Rossa (IPR) population. Red dots indicate SNP markers
with sizeable genetic covariance

Priloga A9: Grafi¢ni prikaz genomske kovariance med koli¢ino mascobe (FY) in klavno kakovostjo
(CQ) pri nemski lisasti (GFV) in italijjanski lisasti (IPR) populaciji. Rdece pike oznacujejo SNP
oznacevalce z vecjo genetsko kovarianco
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Annex A10: Genome-wide covariance plot between net daily gain (NG) and carcass quality (CQ) in the
German Fleckvieh (GFV) and Italian Pezzata Rossa (IPR) population. Red dots indicate SNP markers
with sizeable genetic covariance

Priloga A10: Grafi¢ni prikaz genomske kovariance med neto dnevnim prirastom (NG) in klavno
kakovostjo (CQ) pri nemski lisasti (GFV) in italijanski lisasti (IPR) populaciji. Rdece pike oznacujejo
SNP oznacevalce z vecjo genetsko kovarianco
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Annex Al1: Genomic location of SNP markers (red triangle for negative covariance and green triangle for
positive covariance), QTL (blue line), and known genes (blue triangle) affecting dairy and beef traits by
chromosome

Priloga A11: Lokacija SNP oznacevalcev na genomu po kromosomih (rde¢ trikotnik za negativno kovarianco
in zeleni trikotnik za pozitivno kovarianco), QTL (modra ¢rta) in znani geni (moder trikotnik), ki vplivajo na
lastnosti mle¢nosti in mesnatosti



