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Abstract

Abstract

Cattle production is of high economic importance to agriculture in Ireland. For more
than a decade, significant effort focused on the improvement of the selection of
economically important traits in beef and dairy breeds. The application of genomics
technologies has greatly improved our ability to detect genetic markers related to
important traits.

This study identified novel Single nucleotide polymorphisms (SNP) between
aurochs and cattle in micro-RNAs (miRNA) and miRNA-binding sites. This study also
identified SNPs in miRNAs then SNPs in miRNA 3’ untranslated region (3'UTR)
targets between cattle breeds.

One polymorphic miRNA gene active region and 1606 polymorphic miRNA
target genes have been identified between aurochs and modern cattle. These
polymorphic miRNA and miRNA-binding sites, which arose since domestication,
showed associations with important functions such as neurodevelopment and food
metabolism that could have been selected by humans. These polymorphisms may
represent potential DNA based biomarkers for improving these specific traits in cattle.

The screening of SNPs in miRNA between cattle breeds identified 89 miRNAs,
which have different sequences compared to the reference miRNAs. Out of these 89,
25 had SNPs in their miRNA binding region. The analysis of change of targets and their
related function highlighted three candidates of interest: mir-2419, mir-449b and mir-
29e. These three candidate miRNAs have polymorphisms, which modify their binding
properties to target genes, related to milk production. Some of these miRNA SNPs have
been included into an association study on 914 Holsteins for which the traits of their
50,000 daughters had been quantified. However, only one SNP has been weakly
associated with milk traits. This SNP is located in mir-2419-3p and is weakly associated
with rear udder height.

The screening of polymorphisms in 3' UTR of cattle breeds allowed the
identification of 726 genes containing 1097 different SNPs in their miRNA-binding
sites. The analysis of these genes showed links with various functions of economic
importance in cattle. The SNPs identified in the 3' UTRs of TARBPI, GUCA2B and
CYP3A5 were associated with milk production traits in a candidate genes association
study on Holstein breed. Furthermore, a SNP in the 3' UTR of PRKAG was identified,

which created a change in a miRNA-binding site. This could have implications for milk

Xi



Abstract

production, considering that PRKAG1 was previously shown to be associated with this
trait. Moreover, three other polymorphic miRNA-binding target genes, BTS2B,
GIMAPI and LAMTOR? have been related to immune response in cattle. These SNPs
identified in miRNA-binding sites warrant further investigation.

Analysis of miRNA-related polymorphisms in the aurochs ancestor and the
commonly used beef and dairy breeds of cattle facilitated the discovery of candidate
DNA markers useful for the better understanding and the improvement of traits in beef
and dairy breeds. These novel SNPs could, (following validation on very large
population of cattle) contribute to the national genome selection of beef and dairy
breeding programme. These SNPs have been included on previous version of the
International Dairy and Beef SNP-Chip (1 and 2) as well as the latest version (v3), used

for the national genomic evaluations of beef and dairy herds in Ireland.
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1 General Introduction

1.1 The origin of cattle breeds

1.1.1 The aurochs, the ancestor of modern cattle

Genomic analysis of the wild ancestor of domesticated animals is of major interest to
decipher the domestication process. The improvement of genome sequencing methods
allowed the access to genomic information of domesticated animals and their ancestors,
facilitating a greater understanding of how natural and artificial selection leads to the
variation in the modern domesticated bovine population (Groenen, 2012; Larkin, 2012;
Schubert, 2014).

The Aurochs (Bos primigenius) is considered as the progenitor of modern
taurine cattle (B. taurus) and zebu (B. indicus). The distribution of aurochs covered
most part of Eurasia, from west Europe to India and Northern Africa as well as North
and South Asia excluding Northern Russia (Figure 1). Three main subspecies have
been identified based on archaeological artefacts. These include B. primigenius
primigenius in Eurasia, which is suggested to be the progenitor of the taurine, B. p.
namadicus in the Indian subcontinent thought to be the progenitor of the zebu and B. p.
opisthonomus in Africa, which is considered to be the progenitor of some African

breeds (Grigson, 1978, 1980).
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Bos primigenius subspecies

[0 Bos primigenius primigenius

[ Bos primigenius namadicus

[0 Bos primigenius opisthonomus

Figure 1 — Distribution of Bos primigenius subspecies. Based on archaeological
discoveries, three subspecies of B. primigenius have been identified in Africa (B. p.
opisthonomus, yellow), in Eurasia (B. p. primigenius, orange) and in the Indian

subcontinent (B. p. namadiscus, Blue). (Adapted from Van Vuure, 2005)
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The morphology of aurochs is similar to modern cattle and was described by
Gaius Julius Caesar in the Commentarii de bello Gallico: “[...] a little below the
elephant in size, and of the appearance, the colour and shape of a bull. Their strength
and speed are extraordinary, they spare neither man nor wild beast which they have
espied”. The aurochs bull, has been estimated from bone remains to reach up to 2 m at
the shoulder while the aurochs cow was around 1.50 m. The aurochs is recognisable
from its horns as it displays a specific shape, curving forward from the skull and inward
(Figure 2). The last recorded animal of the species died in 1627 in the area of the
Jaktorow forest in Poland (Rokosz, 1995).

Figure 2 — Skeleton of Bos primigenius. This skeleton from Copenhagen museum
(Marcus Siimnick, Creative Commons licence BY-SA 2.0) shows the specific horn
shape that helped to distinguish wild aurochs from domestic cattle, along with size and

bone structure.
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The domestication of cattle from aurochs has been identified in two separate
geographical areas. One event happened in the Near East, giving rise to the taurine
lineage (B. taurus) including the European and African breeds when the second event
took place in south Asia giving rise to zebuine lineage (B. indicus) including the Indian
breeds (Loftus, 1994; Troy, 2001; Chen, 2010). Since these cattle domestication events,
multiple cattle breeds have emerged through selection of traits of interest for different
environment and human needs. For example, the remains of Neolithic domesticated
bulls showed that these first animals were much smaller than the aurochs (Van Vuure,
2005), but later selection brought some modern breeds to a similar size to the aurochs

(Figure 3).

aurochs neolithicum Middle Ages 17th century modern cattle

Figure 3 — Variation of size from aurochs to modern cattle through domestication.

(Adapted from (Ajmone-Marsan, 2010)) Copyright © 2010 Wiley Periodicals, Inc.

1.1.2 The domestication of cattle

The earliest record of cattle domestication from archaeological material can be traced
back to the 9™ millennium BCE in the Near East and the 8" millennium BCE in the
Indus valley. The first traces of domesticated cattle in Europe were found in southern
Europe dating from the 7" millennium and from the 6™ millennium in the rest of Europe
(Ajmone-Marsan, 2010). The analysis of mitochondrial DNA (mtDNA) showed high
diversity for B. indicus in the Indian sub-continent and for B. taurus in the so-called
fertile crescent, supporting claims for early domestication occurring in these regions
(Troy, 2001; Bradley, 2006; Edwards, 2007). A hyper-variable region in the mtDNA,
called the D-loop, has been used to identify polymorphisms between different cattle
breeds and confirmed the existence of two main haplogroups: haplogroups I for zebu
and T for taurine (Achilli, 2009). The analysis and comparison of this mtDNA region
between B. indicus and B. taurus, showed that differentiation occurred before
domestication (Loftus, 1994). This study, identified and analysed two major

hypervariable regions in the mtDNA D loop in European, African and Indian breeds.
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They found a high level of divergence between Indian and European breeds while
European and African breeds were closely related. They estimated that the divergence
between Afro-European breeds and the Indian breeds occurred between 740,000 and
1.04 Myr. This divergence suggests that two independent domestication events
occurred in different locations, and involving two different aurochs subspecies.
Furthermore, the close relationship between European and African cattle breeds
suggested a common ancestry, in opposition to what have been previously thought. The
phenotypical resemblance of some African breeds to zebu is thought to be due to cross
breeding from male zebu imported during the Arabic invasion (Ajmone-Marsan, 2010).

The origination of European cattle breeds from Near East aurochs, received
further support from the sequencing of the mtDNA variable regions in 112 samples
from Bos species (Edwards, 2007). These samples were composed of 83 aurochs-
labelled bones and other Bos species, taurine and possibly bison or buffalos from
archaeological sites across Europe and Near Eastern region. They identified a majority
of P haplotype, the marker of European aurochs, but also a new haplotype designated
as E from a German site. The phylogenetic tree, reconstructed from these sequences
with taurine and zebu haplogroups, showed that the P haplogroup is closer to the T
haplogroup (taurine) than the I haplogroup (zebu). The E haplogroup is clustering
outside of these groups but is close to the T and P haplogroup clusters. Furthermore,
they identified a T haplogroup in a sample from Syria labelled as B. primigenius from
the archaeological record, dated between 10,700 and 10,300 years ago. This sample
could correspond to an early domesticated taurine or an aurochs from the early
Holocene. Even though the identity of the exact species could be debated, they
presented it as a common European breed haplogroup, found in the suggested
domestication origin region in early Neolithic, confirming the Near Eastern origin of
modern European cattle.

Recent progress in ancient DNA handling and analysis techniques facilitated
the first sequencing of the full nuclear genome (Park, 2015) and mitochondrial genome
(Edwards, 2010) of B. primigenius. The contribution from this thesis to the Park et al
analysis of the nuclear genome for the miRNA and miRNA binding sites is presented
in the chapter 2 and will be discussed further in that chapter. “Nuclear sequencing
revealed important new information regarding the origins and functional evolution of

modern cattle, and discovered that the interface between early European domestic
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populations and wild aurochs was significantly more complex than previously thought”
(Park et al., 2015).

The genomes were extracted from a British aurochs bone pre-dating Neolithic
period in Britain, and the sequence of the mtDNA showed variation corresponding to
the P haplogroup. A phylogenetic comparison of the aurochs mtDNA coding sequence
with the 148 cattle mtDNA sequences available in 2010 confirmed the clustering of the
T and P haplotypes in different groups, showing that their divergence predated the
divergence within the T haplogroup (Edwards, 2010). The analysis of the aurochs
nuclear genome compared with different cattle breeds showed differences in genes
related to the immune system, metabolism and the neurological system, which may be
linked to domestication traits. Although this study suggested that the Northern
European aurochs is an outgroup of domesticated cattle, it also showed level of
admixture within domestic cattle herds from Northern Europe, mainly with British and
Irish local breeds, when tested for post-domestication hybridisation on 79 breeds (Park,
2015). This showed that even if the major haplogroup of European cattle breeds
originated from middle east, hybridisation between aurochs and ancient domesticated
cattle happened and could have played a role in the selection of traits present in modern

cattle.

1.1.3 The origin of cattle breeds

As discussed previously, analysis of mitochondrial genome markers from different
cattle breeds and the European wild aurochs showed different haplogroups, termed T,
I, P, E,R and Q (Figure 4) , corresponding to the different origins of the modern taurine
(Achilli, 2009) and zebuine. Haplogroup T represents the modern taurine, including the
sub-haplogroup T3, which includes most of the European breeds (Troy, 2001) while
indicine cattle (zebu) belong to haplogroup I (Chen, 2010).
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Figure 4 — Phylogenetic representation of the Bos genus haplogroups. The figure
represents the phylogenetic tree of the different Bos species (extinct aurochs and
modern cattle) based on haplogroups identified from mtDNA (adapted from Achilli
2009).

Among haplogroup T, haplotype T1, which contains six sub-clades designated
T1a-T1f, is present to a small extent in European breeds but is highly represented in
African and Creole breeds (Bonfiglio, 2012). However, not all European breeds are
directly linked to haplotype T and its sub-clades. For example, haplogroup Q is a rare
group, poorly differentiated from T3 sub-clade, which has been identified in Neolithic
German, French, Iberian and Turkish cattle (Bonfiglio, 2010; Lopez-Oceja, 2015) as
well as in modern local breeds from south-western China (Lai, 2006; Cortés, 2008).
These data suggest that the presence of haplogroups Q and T in modern cattle, due to
their evolution proximity, could have been part of the aurochs population from the Near
East region, which was involved in the domestication event. Haplotype R is also a rare
novel haplotype that has been identified in Italian breeds such as Agerolese or
Romagnola. However this haplogroup diverges earlier in the phylogenetic tree than

haplogroup P (specific to European aurochs), which has been suggested to result from
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interbreeding between native Italian aurochs females and domesticated bulls, allowing

the transmission of aurochs mitochondrial DNA to Italian breeds (Achilli, 2008).

1.2 Genetic and genomic methods development for cattle breeding

and selection improvement

1.2.1 Introduction to genetic marker in livestock breeding

Early in the history of cattle husbandry, animal with traits recognisable visually such
as sturdiness or behaviour for draught purpose were selected to improve cattle
characteristics without knowledge of their genetics and genomics control (Ajmone-
Marsan, 2010). To improve the traits and their transmission, breeders and evolutionary
biologist developed methods of prediction. Quantitative genetics began by predicting
how the mean value of a traits is transmitted, through the “breeder's equation™:

R = h%S

This equation represents the selection response (R) by including the relationship
with heritability (h®) expressed as the ratio of the phenotypic variability to the genetic
variability and the selection differential (S) expressed as the average trait difference
between the whole population and the selected parents gemeration (Slatkin, 1970;
Roughgarden, 1972; Lande, 1976). Heritability is a useful statistic for quantifying the
response to selection (Visscher, 2008). This equation is present in different forms
representing more specific variables over the years and led to the introduction of
Bayesian models (Sorensen, 2002).

The heritability of traits are variable, a general trend has emerged as
morphological traits are more heritable than growth rate which itself is more heritable
than reproductive traits (Hill, 2010). The identification of genetic and genomic
variations is representing an important challenge to be able to understand, improve and
maintain the different traits of economic interest in cattle and other livestock species.

To be able to measure this heritability and predict the transmission of traits,
different techniques have been used. The first one was blood and protein test, giving
some information on which were the parents of a given cattle, then linking recognised
traits in the parent and the progeny to these first markers (Neimann-Sorensen, 1961;
Stormont, 1967). Then the discovery of microsatellite, DNA motif of which repetitions
are varying from one individual to another, became available as markers (Litt, 1989;

Weber, 1989) and made the parentage identification and the trait recognition in cattle
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more accurate (MacHugh, 1994). This new type of marker linked to heritable traits
helped to identify specific locus related to a phenotype, improving the understanding

of the underlying genomics.

1.2.2 Quantitative trait loci (QTL)
The quantitative trait locus (QTL) is the link between a DNA portion of the genome of
a species and the variation in a quantitative trait. The need to have a better
understanding of polygenic interaction on traits started to be answered with the methods
to identify QTL. To map a QTL on a genome it is necessary to identify variations in the
genome of inbred strains and detecting the phenotypic differences, using statistics
methods like analysis of variance (ANOVA) or minimum likelihood (ML) methods
(Mackay, 2001; Hill, 2010). Linkage disequilibrium (LD) is defined as the non-random
association between two variable loci on a given chromosome. Two loci are in LD when
the probability of the frequency of one allele at a locus depends on the probability of
the presence of another allele at a different genetically linked locus.

(Lewontin, 1960). LD also allows the mapping of genes associated with complex traits.
The LD also help to define haplotype block. A haplotype block is a section of the
genome where all alleles are in strong LD such as an allele associated with a phenotype
suggest that all the alleles of the haplotype block are associated (Slatkin, 2008).

The first markers identified for selection, which were based on blood typing,
have been used in one of the first study on QTL identification in livestock (Neimann-
Sorensen, 1961). Phenotypic differences among breeds and between domesticated
species and their wild ancestor seemed to be caused essentially by small genetic
changes. For example, the difference in size between white leghorn chickens and its
wild relative, the red jungle fowl, could be explained by only four QTLs (Kerje, 2003)
. However, the effect of QTL on traits and epistatic gene interaction are biased due to
the small number of individual analysed. Microsatellite markers, consisting of small
sequence repeats of variable number along the genome, have also been used for
association with traits in cattle such as the identification of QTL controlling milk
production in dairy cattle (Georges, 1995). This method is now routinely used for the
identification of QTLs in recorded traits through array chips, due to the increase of

genetic markers identified (Berry, 2011). Another approach to identify QTL is by
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investigating candidate genes, which have known functions and biological processes
(Glazier, 2002).

The investigation of QTL in cattle, human and other animals produced a
significant amount of data, which led to the creation of a database: Animal QTLdb
(www.animalgenome.org/QTLdb/, 2016). The role of this database is to gather
information from published work for livestock with the aim of facilitating comparative
genome studies and the discovery of polygenic traits (Hu, 2007). Since the first release
in 2006, the size of the database increased reaching 57,414 QTLs for six animal species:
cattle, chicken, horse, pig, sheep and rainbow trout (Hu, 2016). The cattle database
contains, at the last update, 42,019 QTLs from 646 publications, representing 482
different traits.

The analysis of QTL in livestock is an important topic to understand phenotypic
variation in breeds and led to the discovery of causal genes affecting specific traits
(Andersson, 2004). The double-muscle phenotype in cattle has been linked to the
myostatin gene using genomic mapping in the muscular hypertrophy locus on
chromosome 2 revealing a deletion of 11bp creating a premature stop codon (Grobet,
1997). The identification of a QTL in Holstein cattle, located on the chromosome six
and linked to fat and protein concentration in milk, resulted in the localisation of a
polymorphism in ABCG2 gene (Cohen-Zinder, 2005). This candidate gene has been
further studied and is of great importance in milk quality by influencing the transfer of
xenobiotic such as enterolactone, riboflavin, flavonoids and antibiotics in milk
(Wassermann, 2013; Otero, 2015).

Therefore, the identification of loci and their link to specific traits in cattle
helped to improve selection by discovering causal polymorphisms. Furthermore the
identification of specific polymorphisms related to a phenotype led to the notion of

Quantitative Trait Nucleotide (QTN) (Ron, 2007).

1.2.3 Single Nucleotide Polymorphisms (SNPs) improvement of the genomic
selection

The sequencing of cattle genome started as early as 2003 with the bovine genome

sequencing project, following sequencing of human genome in 2001 (Venter, 2001).

The bovine genome project was led by the Human Genome Sequencing Centre using

BAC and whole genome sequencing of a Hereford cow and the first assemblies

10
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(Btau3.1 and Btau4.0) have been published as part of the Bovine HapMap consortium
(Consortium, 2009; Liu, 2009).

The Bovine HapMap consortium aimed to identify variation in cattle, using 497
animals from 19 breeds across the world. It helped to decipher the structure of cattle
breeds from which they identified 50 necessary SNPs for parentage identification. At
the same time the results from the consortium have been used to create a high density
SNP assay for cattle (Matukumalli, 2009). This study led to the creation of the Illumina
BovineSNP50 chip containing at the time 58,336 SNPs. The high density of SNPs
present has resulted in a mean distance of 37kb between SNPs, which was below the
estimated minimum (100kb) thus improving the amount of haplotype block under
linkage disequilibrium identified, improving the accuracy of genome wide association
studies.

Although the high density chip allowed the identification of many markers
useful for cattle selection and association studies, it was hindered by the high cost of
this platform. For that reason, algorithms have been developed to impute unknown
animal genotypes from lower density genotypes based on high density genotype
population and linkage disequilibrium (Druet, 2010; Daetwyler, 2011). This led to the
creation of the lower density chip such as the Illumina BovineLLD ( v1.0: 6,909 SNPs),
improving the previous GoldenGate Bovine3K (Boichard, 2012).

Following these first steps, other bovine genome assemblies such as UMD
(Zimin, 2009) gave a new insight into the identification of genetic variation through
SNPs. The last reference assemblies, UMD3.1 and Btau4.6, also allowed the
assessment of the potential and accuracy of the different variation previously identified
(Y. Hou, 2012). Moreover, the development of next generation sequencing (NGS)
technology increased the potential number of animals sequenced, therefore the number
of variants detectable. This increase in the identification of markers also increased
QTLs identification, for example the identification of three major carcass weight QTLs
in Japanese Black Cattle, which accounted for the third of the genetic variance, used an
association study method based on the BovineSNP50 BeadChip (Nishimura, 2012).
Another study, which was part of the 1000 bull genome project, sequenced 234 bulls
with the aim to improve association studies and genomic prediction. They identified
two QTLs associated with early-lactation fat content in Fleckvieh and Holstein-Friesian

near two genes with strong links to this traits (Daetwyler, 2014).

11
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These polymorphisms associated with linkage disequilibrium can predict
variation in important traits and consequently the breeding value of candidates
(Meuwissen, 2010). SNPs have become the predominant markers used for selection due
to their relative low cost on a high number of individual and their higher accuracy for
complex traits. By building a reference population from animals with measured traits
and SNP based genotyping, an equation can be estimated to predict the breeding value
of the animals. This estimation can be represented by model such as the Best Linear
Unbiased Prediction (BLUP) for SNP effect normally distributed with small effect or
BayesA assuming a small probability of moderate to large effect (Meuwissen, 2001).
Then this equations can be used to predict breeding values of animals only based on

their genotype (Hayes, 2013).

12



Chapter 1: General introduction

1.2.4 SNP discovery in cattle

The identification of polymorphisms in cattle represents an important challenge for
understanding variations amongst breeds and improving their selection. This purpose
has been facilitated with the use of SNP chips (Figure 5). The methodology itself is
based on microarray technique. It uses DNA probe hybridisation by nucleotide
complementarities. The probes are designed to identify specific SNPs. The first
commercially available chip was produced by Affimetrix, which was developed for

human genome applications and contained 1494 SNPs.

illumina illumina

3390006

LAV ATRATTE

BovineHD BeadChip BovineSNP50 BeadChip

Figure 5 — Example of SNP chip from Illumina

The improvement of SNPs array techniques and developments in sequencing of
whole genome in cattle allowed the use of these methods for bovine applications. Now
many companies provide genotyping platforms for cattle:

- Illumina has three types of whole genotyping chips namely BovineHD (high
definition), = BovineSNP50 and BovineLD (Low  definition)
(‘www.illumina.com’, 2016). The BovineHD is a high definition chip
containing 777,000 SNPs from beef and dairy breeds and spanning through

the cattle genome in a uniform way. The BovineLD (v2.0) contains 7,931

13
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SNPs, which have been selected for improved imputation to estimate
breeding value, mainly focused on dairy breeds (Boichard, 2012). The
BovineSNP50 (v3.0) contain 53,714 highly informative SNPs identified in
the major dairy and beef breed (Matukumalli, 2009).

Affymetrix provides two types of arrays for cattle, the Axiom® Genome-
Wide BOS 1 Bovine Array and the Eureka™ Bovine Parentage Panel. The
Axiom is a HD chip containing 640,000 markers from 20 different dairy and
beef breeds (including zebu) aimed for performance trait identification and
research (Rincon, 2011). Eureka is a much smaller chip of 122 SNPs
designed for parentage identification (‘www.affymetrix.com’, 2016).
Neogen is providing a range of SNPs related to performance traits through
their GeneSeek Genomica™ (GGP) arrays commercialised by Illumina on
their Infinium custom arrays. The GGP Chips are designed in both low
definition, containing 42,000 markers and high definition, containing
150,000 markers. They offer chips designed specifically for dairy or beef
and also on specific HD chip for the Angus breed

(www.genomics.neogen.com, 2016).
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1.2.5 The International Dairy and Beef SNP Chip

The advance in genomics, as mentioned previously and the requirement of deeper
genetic information for parentage verification, the lack of a platform containing genetic
tests for genetic malformations and disease and the high cost and lack of accuracy of
the commercially available SNP chips, led to the development in 2012 by Teagasc and
ICBF of a custom SNP chip for use by breed societies, DAFM, Irish farmers and
researchers. The ultimate aim of developing this chip was to improve the genetic gain
of the Irish beef and dairy cattle populations. The development of the custom SNP-chip,
called International Dairy and Beef (IDB), aimed to reduce the cost of genotyping cattle
for parentage verification by improving an Illumina low density chip (6,909 SNPs),
designed to be able to impute the information from microsatellite (MS) genotyping,
high density chip genotyping and facilitate the identification of congenital diseases
(Mullen, 2013).

Until recently, MS were the only means of verifying the parentage of
individuals, but the cheaper SNP genotyping, currently available on the IDB chip has
tended to replace it. However, the familial link between animals can only be established
if they are genotyped with the same process. To promote the transfer from MS to SNP
genotyping, the IDB contributed 2,176 SNPs dedicated for the imputation of parentage
from MS (McClure, 2012). Furthermore 5,500 SNPs were included to impute from
high-density genotyping SNP-chip (HD) and 424 were included to identify diseases or
major production genes variations such as myostatin or  casein. Finally, 1,873 SNPs
were included for research purposes, containing some of the SNPs identified in chapter
3. A second version of the IDB was released in 2014 upon which extra novel SNPs
have been included while also containing some of the SNPs identified in chapter 4.
More recently, a third version of the chip, containing the previous SNPs, has become

available and contains over 50,000 SNPs.

1.2.6 Association studies

With the multiple assemblies of cattle genome and the development of genotyping, the
information to identify QTL has increased and has led to a refinement in the confidence
interval towards Quantitative Traits Nucleotide (QTN) through Genome-wide
association studies (GWAS). The mapping by linkage of causal genes has been widely
used so far but shown to be weaker when multiple loci were involved. GWAS is a

method which uses genome wide sequencing, to identify polymorphisms associated to
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phenotypes in a population. This method allows the identification of markers which are
more often used in marker-assisted selection (MAS). GWAS is based on population-
wide LD, due to mutation, drift or selection, between genotyped variants in different
loci as well as allele frequencies (Visscher, 2012). The GWAS methodology gained in
popularity in the identification of QTL, due to a higher SNPs density available and cost
reduction of the method (Berry, 2011).

Many studies have used GWAS to identify genes or region involved in the
variation of traits and has a considerable impact on cattle breeding. A study on two
dairy breeds, Holstein and Jersey, associated up to 461 SNPs in a GWAS with milk
production traits, validated on 386 Holstein and 364 Jersey using the BovineSNP50
BeadChip (Pryce, 2010). This dairy breeds study allowed the identification of a
haplotype, linked to a fertility QTL identified in both breeds in the chromosome 18.
The results showed associations with milk protein and fat percentage for the candidate
genes DGATI and ABCG?2 variants, confirming causal mutations already identified in
these genes. Another study used the same SNP chip on 313 Korean cattle breed and
identified 5 SNPs associated with marbling score, back thickness and muscle eye area.
The last trait is associated with a SNP located in DVL I, related to muscle development
(Kim, 2011). An association analysis has been conducted for polymorphisms in
imprinted genes in 848 Holstein-Friesian based on candidate genes for the evaluation
of 17 SNPs. This study revealed that nine SNPs showed significant association with a
wide range of traits from fertility to carcass weight. Most specifically two genes have
been noted: PEG3, a paternally expressed gene, associated with calving and calf
performance and ZNF215, a zinc finger protein associated with milk protein percentage,
progeny carcass weight, culled cow carcass weight, angularity, body depth, rump width
and animal stature (David A Magee, 2010). Two studies identified bovine tuberculosis-
related QTLs. The first study identified three significant SNPs located in the
chromosome 22 in the intron and upstream of the gene coding for the taurine transporter
TauT and associated to susceptibility to tuberculosis (Finlay, 2012). The second more
recent study identified a locus in Holstein-Friesian in chromosome 13, presenting a
SNP block in strong LD and one SNP in chromosome 2, related to resistance to
tuberculosis. SNPs in the locus of the chromosome 13 were linked to PTPRT, a gene

coding for a receptor protein tyrosine phosphate. Furthermore, one SNP was present in
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the intron of MYO3B, hence suggesting a polygenically regulated trait (Bermingham,
2014).

The use of GWAS in cattle has assisted in understanding the association
between SNPs and economic traits of interest and in turn gene function in beef and
dairy breeds. This new technique represents valuable data allowing improvement on
parentage identification, selection and estimated breeding value in comparison with the

previous micro-satellite method.

1.2.7 Genomic Selection

Genomic selection refers to selection decisions that are based on breeding values
predicted using genome wide marker data such as SNPs (Meuwissen, 2001). The
approach aims to increase the selection accuracy and accelerating genetic improvement
by focusing on the SNPs the most strongly correlated to a given phenotype, although
the genes and sequence variants directly affecting the phenotype remain largely
unknown (Snelling, 2013).

Unlike phenotype based genetic evaluation, genomic prediction has the capacity
to predict genetic merit of selection candidates at birth before phenotypes become
available, which offers great promise in the prediction of genetic potential of selection
candidates for traits that are difficult and expensive to measure such as feed efficiency
and fertility. The success of genomic selection largely depends on the accuracy of the
predicted genomic breeding values. However, genomic prediction accuracy in beef
cattle is still not sufficiently high to allow selection of candidates without appropriate
phenotypic measurement (Bolormaa, 2013).

Overall there are still challenge to overcome for genomic selection such as
improving the accuracy of the genomic breeding value, integrating genetic information
in genetic evaluation at national level and across countries as well as managing the
genetic gain on a long term basis (Hayes, 2009). Inbreeding should also be considered
in genomic selection as it can reduce the fitness of certain traits when improving a
selected one. This fact is illustrated by the selection of milk traits in Holstein which led
to a reduction of fertility associated with inbreeding (Mc Parland, 2007, 2009).
However, the genome-wide selection method, assuming a high density of marker, has
been shown to potentially reduce the inbreeding rate in comparison with traditional

method like BLUP (Daetwyler, 2007).
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1.3 Cattle breeding in Ireland

1.3.1 Dairy and beef production are an important part of Irish industry

The cattle industry is of high importance for the Irish economy. Beef exports
represented €2.41 billion in 2015 consisting of 88% of the production (564,000 tonne
produced) while dairy exports represented €3.24 billion, with 6,982 million litres
produced (www.bordbia.ie, 2015). Cattle production has been steadily increasing since
1987 reaching a plateau around 1997 consisting of 110,000 cattle farms in the 2010
June census (Renwick, 2013) and the Animal Identification and Movement (AIM)
counted at total of 6.13 million animals in 2014. This 2014 census reported seven main
breeds in Ireland: Holstein-Friesian (FR), Limousin (LI), Charolais (CH), Aberdeen-
Angus (AA), Hereford (HE), Simmental (SI) and Belgian-Blue (BB), with Holstein-

Friesian accounting for almost 40% of the animals (Figure 6).
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Figure 6 — Distribution of the main breeds in Ireland (Animal Identification and
Movement (AIM) statistic report 2014). Total number of animals per breed. FR: Holstein-
Friesian; LM: Limousin; CH: Charolais; AA: Aberdeen-Angus; HE: Hereford; SI: Simmental;
BB: Belgian Blue

18



Chapter 1: General introduction

1.3.2 Important cattle breeds

In total, 990 cattle breeds are currently recognised worldwide, nevertheless, Food and
Agriculture Organisation (FAO) reports on cattle diversity showed that many of these
are endangered (Rischkowsky, 2007). However, high genomic diversity still exists and
represents an important resource for preservation, and for potential future breeding
programs.

The development of cattle breeds rose in the 19™ century, giving birth to most
part of the current modern breeds (Felius, 2011). The need to increase the production
capacity in European cattle herds led to a diminution of the cattle breeds diversity used
today, due to the selection of a small population of elite progenitors through artificial
insemination (Georges, 1996). The main breeds used worldwide are of European origin
with Holstein the breed with the widest distribution, currently present in 128 countries
(Rischkowsky, 2007). In this thesis data from six main modern domesticated breeds

have been used, namely:

1.3.2.1 Holstein-Friesian

Often abbreviated as Holstein, this dairy breed is the most widely distributed in the
world. The statistics from the Irish Department of Agriculture, Food and the Marine for
the year 2014 counted 2,320,533 heads representing 37.8% of the entire Irish cattle
herds. The Holstein, breeds originated from the Netherland while the first Friesian in
Ireland came from England and Scotland after the second world war. When the Holstein
came from Canada in the mid 70’s, this led to the actual Holstein-Friesian breed as
present in current dairy herds (Dillon, 2008). This breed is considered to be the highest
milk producer worldwide, having a black and white or red and white coat and is known
for its easy handling due to its gentle behaviour. It has however been shown to be poorly
resistant to high temperature and diseases (De Vaccaro, 1990; Kadzere, 2002).
Furthermore, selection based on milk related traits in Holstein breeding programmes
over the past few decades has led to an increase in inbreeding and a decrease in fertility

(Royal, 2000; Mc Parland, 2007).

1.3.2.2 Jersey
The jersey breeds, originated from Jersey Island, UK, is the second widest distributed
dairy breed in the world according to the FAO report. It is of smaller stature than the

Holstein breed and is an ancestral breed, known for its high yield and richness of milk
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as well as it grazing efficiency (White, 2001; Prendiville, 2010). Jersey is a robust breed
easily adapted in different climate (Arrillaga, 1952) and can have a wide range of coat
colour. The temperament of the cow is described as rather docile when the bull is
considered as the least docile amongst the common cattle breed (Oklahoma State
University, 1997b). A study on the genetic structure of the Jersey breed in its original
island population has found than even if no importation of other breeds has occurred,
the estimated heterozygosity is high and comparable with other continental breeds but
displaying small amount of genetic diversity within the population (Chikhi, 2004).
Similar result for heterozygosity in Jersey and the similarity with other common breeds

has been previously shown in another study (Loftus, 1999).

1.3.2.3 Aberdeen-Angus:

Aberdeen-Angus, shortened as Angus, is robust Scottish beef breed cattle formerly used
as draught animals and characterised by being polled (hornless). This breeds arise in
Aberdeenshire, from local Scottish polled animal around the 19" century and is widely
exported (Oklahoma State University, 1997a). The Angus is known for the high quality
of its beef, with a distinctive fat marbling (Chambaz, 2003).

1.3.2.4 Limousin

The Limousin is a beef breed originated from the Limousin region in France. The breed
has been widely exported since the 1960°s and is found in 70 countries. The Limousin
breed is known for its calving ease traits (Comerford, 1987) and its heavier carcass and

meat quality (Chambaz, 2003).

1.3.2.5 Romagnola

The Romagnola is a grey breed, primarily used for draught but subsequently became a
beef breed. The meat is considered to be of high quality. The inbreeding of the
Romagnola due to its restricted population led to apparition of genetic diseases such as
cataract, lethal developmental dysplasia or pseudomyotina which are actively

investigated in gene tests (Murgiano, 2012, 2014; Testoni, 2012).

1.3.2.6 Fleckvieh
The Fleckvieh breed is a central European breed used for both milk and beef production

(i.e. dual purpose) and originated from Austria. They are known for fast bull growth,
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easy calving, udder health and resistance to different climates (Fleckvieh Society of

Australia, 2011).

1.3.3 Irish programs for breeding improvement

To increase the production of dairy and beef cattle, different programs have been
implemented in association with governmental bodies and farmers. The Irish Cattle
Breeding Federation (ICBF), financed by farmers and the Department of Agriculture
Food and Marine (DAFM), was established in 2000 with the objective to improve dairy
and beef cattle production. Since then, ICBF has gathered valuable information about
genetic markers, traits and bull performance from different breeds of cattle throughout
Ireland. In addition, economic indexes have been developed in association with Teagasc
such as the Maternal Index, Terminal Index and Dairy Beef Index, which assist the
farmers in selecting better animals for breeding. This information has been collected
and collated to create the Economic Breed Index (EBI) (Veerkamp, 2002). The EBI is
based on the relative breeding index (RBI), which already consists of component data
related to milk fat, protein yield and protein content but was lacking information about
calving interval and further survival. These two last components, also related to milk
production performance, have been incorporated to the EBI (Pryce, 2001). These
parameters were linked to the economic value with the aim of tackling reduced fertility
rates which was observed with the increase of milk yield in dairy cows (Royal, 2002).
The GEN€ IRELAND program is focused on dairy cattle since 2005 and 2007 for beef
with a rise in the latter since 2014, concentrating on testing young bulls for their
progeny to increase their reproductive value. In 2010, the rise of genomic information
and tools for cattle led to the creation of a new database in Ireland called IGenoP
standing for International Genomic Partnership. The role of this database is to share
Illumina SNP genotyping results obtained from different bi-lateral programs between
ICBF and other countries. These programs, now interconnected and profiting from the
findings of each other, have improved the genetic merit of dairy cattle in Ireland and

are currently focusing now on beef breed improvement (Cromie, 2014).

1.3.3.1 Dairy breeding programmes
The program for cattle genetic improvement was first developed for dairy breeds,
focusing mainly on Holstein-Friesian but also incorporating other dairy breed such as

Jersey in an across-breed scheme. The first task was to collect information about cattle
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traits in herds on a large scale, which led to the establishment of the ICBF database in
2002. Different traits related to dairy cattle have been introduced to the database since
its foundation, to improve the Economic Breeding Index (EBI) for farmers. These traits
firstly consist of production data such as milk yield were expanded over the years to
include fertility and calving traits and also health traits such as somatic cell count, which
represents a major indicator of infection in dairy breeds. It also included ancestry and
genetic information. All this information facilitated improvement of the EBI index over

the years increasing the value and genetic gain of the Irish herds (Figure 7).
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Figure 7 — EBI averages by birth year for females and for bulls on active bull list
in each year (ICBF annual report 2014). The Economic Breeding Index (EBI)
represents a metric primarily based on dairy cattle and regrouping data related to milk
production. The graph shows the increase in value of the dairy cattle due to successful

genomic selection programmes.

The rise of genomic analysis brought a new dimension to dairy cattle
improvement. The information gathered allowed the improvement of bull selection for
artificial insemination hence increasing the EBI, therefore increasing the productivity
of the dairy offspring and the profitability for the farmers. In 2014, 59% of dairy
inseminations were from genomically selected bulls, which directly correlated with an
improvement in EBI. Furthermore, the genotyping of young heifers became a routine
procedure helping the farmers to identify the best animal and at the same time,

improving the genetic and genomic tools implemented.
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1.3.3.2 Beef breeding programmes

The first step for genetic improvement for beef cattle was, as for the dairy cattle, to
record the traits present in the herd and integrate them into a database. This was
achieved in 2004 in the ICBF database and is still increasing at the present time. Traits
specific to beef such as carcass weight but also fertility, calving, weaning and maternal
weaning weight have been investigated following the same procedure as for dairy cattle.
Specific services have been developed for beef breeders such as GROW® or Genetic
Recording of Weanlings in 2002, to develop an across breeds score evaluating different
weight traits for pedigree and non-pedigree animals, assisting the farmers to improve

beef selection.

Interbeef is a program in development with the aim of gathering international
information for evaluation of beef breeds and related traits. Furthermore, the decrease
of the Maternal Index in beef is a major challenge for Irish farmers and led to a focus
on maternal traits for genomic analysis leading to the launch of the Beef Data Genomic
Program (BDGP) by DAFM in 2014. The BDGP is a six-year programme with €300M
in funds available. The Maternal index, which represents the level of fertility, has been
shown to decrease with the increase of beef trait performance. Such negative effects of
selection have already been identified in dairy cows where the selection for high
performance milk production traits has been linked to a decrease in fertility (Royal,

2002).

The aim of the BDGP is to improve beef herd management and genetic merit as
well as a reduction of the amount of greenhouse gas produced. This will be achieved
by collecting phenotypic and genetic data from suckler cow to select better animals and

improve the breeding index.

Interbull is an organisation part of the International Committee for Animal
Recording (ICAR) regrouping 17 countries around the world including Ireland. The
Interbull centre is located at the Department of Animal Breeding and Genetics (HGEN)
of the Swedish University of Agricultural Sciences. The role of Interbull is to collect
data from different countries to improve the genetic merit of cattle through different
tools. The Multiple Across Country Evaluation (MACE) is a tool gathering national
evaluation data of different cattle breeds across countries and rank them according to
their traits. Genomic Multiple Across Country Evaluation (GMACE) introduces the

genomic information for across country evaluation of estimated breeding value (EBV)
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increasing the efficiency of the evaluation. Intergenomics regroup the genomic
evaluation from the different countries and is deregressing each country’s GEBV to
create multi-country results.

All these organisations aimed to increase the use of genomic evaluation of beef

and dairy breeds to continue improving the economic value of cattle herds in Ireland.
1.4 The role of micro-RNAs and their importance in livestock

1.4.1 Discovery of microRNAs

The first mention of miRNA followed the observation of differences of expression of
LIN-14 protein effect on cell lineage patterns during developmental stage of C. elegans
(Ambros, 1984, 1987). In these studies, Ambros and Horvitz. observed that an allele of
the gene /in-14 caused a “gain of function” of /in-14 leading to the developmental L1
larval stage phenotype and another allele caused the “loss of function” of /in-14 leading
to the developmental L2 larval stage phenotype.

These alleles leading to the gain and loss of function were linked respectively
to the high presence of the LIN-14 protein in L1 stage cell and to an almost undetectable
level in L2 stage (Ruvkun, 1989). Furthermore, a null mutation in /in-4 gene led to the
same “gain of function” and L1 stage phenotype (Chalfie, 1981) which suggested that
lin-4 gene is a regulator of /in-14 (Ambros, 1989). The mutations in /in-14, leading to
a gain and loss of function phenotypes, have been identified in the 3' UTR of the /in-14
gene as insertions, deletions, and also point mutations (Wightman, 1991).

These findings motivated the investigation of the mechanism of lin-14
regulation by /in-4. Two studies by Lee and Wightman, conducted the analysis of the
molecular mechanism modifying the expression of /in-14. They found that the change
of expression was due to post-transcriptional regulation. They showed that /in-4 gene
codes for two different untranslated RNAs of 22 and 61 nucleotides and presents
complementary sequence with seven patterns in /in-14 3' UTR. They showed that the
RNA pairing between lin-14 and lin-4 was sufficient for expressing the “loss”
phenotype (Lee, 1993; Wightman, 1993).

Although the term miRNA was not mentioned in these studies, the
characteristics and secondary structure of this small RNA were already described. In
2000 a second small RNA, /et-7, showed an interaction with the 3' UTR of five genes

including /in-14, modifying their expression and the regulation of developmental stage
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of C. elegans (Reinhart, 2000). The first mention of the term micro-RNA was in a report
on small interfering RNA in 2001 which regrouped miRNA identification from human
and drosophila (Lagos-Quintana, 2001). The research following the first description of
miRNAs in 1993, led to the identification of these small RNAs in many plants and
animals and deciphered their molecular mechanisms (Hutvagner, 2001; Llave, 2002;

Carrington, 2003).
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1.4.2 MicroRNA structure

Further studies on miRNAs confirmed that they are small regulatory RNAs, ranging, in
their active form (mature miRNA), between 16 to 26 nucleotides in length in cattle and
are processed from a longer hairpin-loop structure called pre-miRNA. The pre-miRNA
is processed from the primary transcript called pri-miRNA.

The nomenclature of miRNA, apart from the ones identified earlier such as /in-
4 or let-7, is composed of the prefix “mir” plus a number, for example mir-206, as
described in the miRNA database miRBase (Griffiths-Jones, 2006). To distinguish
between species, a three or four letter code can be added to specify to which species the
miRNA is related, for example, cattle miRNA have the prefix ‘bta’ such as in bta-mir-
1. The number of the miRNA between species is usually consistent with orthology
between these miRNA, such as hsa-mir-101 (human) and mmu-mir-101 (mouse) are
orthologues. When the miRNA is referenced as its shorter active form, it is written with
a capital “R” and is not italicised such as miR-2419. The mature miRNAs, which are
paralogous, with one or two nucleotides differences have an extra letter added such as
miR-29a to miR-29e (five paralogs in cattle) and identical mature miRNAs which
originated from different loci have a numeric suffix added such as miR-6526-1, miR-
6526-2 and miR-6526-3.

Finally, the hairpin-loop structure of the pre-miRNA contains the mature
miRNA in its stem where potentially two complementary active miRNAs are present.
The mature miRNA from the 5° end of the pre-miRNA is identified as 5p and the one
from the 3 end as 3p (Figure 8). The mature miRNA main active domain is the 6
nucleotides from position 2 to position 7 creating the binding region to the 3' UTRs and

called seed region.
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Figure 8 — Representation of the miRNA nomenclature with bta-mir-2419
example. This representation of the product of bta-mir-2419 gene shows the different
nomenclature of the transcription products. The hairpin-loop is the pre-miRNA mir-
2419, which will be cleaved to give the two mature miRNA miR-2419-5p from the
5’end (blue) and miR-2419-3p from the 3’end (red). The darker outline represents the
main binding region (the seed region) in each of the mature miRNA at the 5’ end of

miR-2419-5p (dark blue line) and miR-2419-3p (dark red line). (Image: Martin Braud)
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1.4.3 MicroRNA biogenesis

The miRNA genes are transcribed in animals by the polymerase Pol-II. The product
obtained is the pri-miRNA, which can be composed of a cluster of miRNA hairpin
loops of several kilobases long. This structure is then cleaved to release a single hairpin
loop, the pre-miRNA. This function is processed by a nuclear RNase III, called Drosha,
in association with the co-factor DiGeorge syndrome Critical Region gene 8 (DGCRS).

miRNA gene
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Figure 9 — Biogenesis of miRNA from the pri-miRNA transcription to the binding
of the mature RNA to the 3' UTR (Figure adapted from Kim et al. (2009))
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The pre-miRNA is then transported from the nucleus to the cytoplasm with the
aid of exportin 5, which is mainly dedicated to this function. In the cytoplasm, the pre-
miRNA is loaded in Dicer with two proteins TRBP and PACT which help to remove
the loop structure, leaving the duplex of miRNA-3p and miRNA-5p and starting the
formation of the RISC complex. The duplex is then loaded in an Argonaute protein
(AGO) and one of the strands is eliminated forming the mature RISC complex. In most
cases, only one specific strand of the miRNA duplex is selected but in some cases, the
strand selected can be alternatively the 3p or the 5p strand (Yang, 2011). In human,
only AGO2 seems to have the slicer activity, removing one of the strand but AGOI1, 3
and 4 seems to be able to load miRNAs (Figure 9). The AGO protein helps the mature
miRNA to bind to the 3' UTR of the target messenger RNA, by pairing to exact
complementary sequence to the seed region. However, some part of the 3’end of the
mature miRNA can also bind to the 3' UTR. The binding of the miRNA leads to the
repression or the degradation of the messenger RNA (Kim, 2009).

1.4.4 Role of miRNA in livestock economically important traits

Many studies in livestock studied the role of different miRNAs and their expression for
important economic traits. In Japanese black cattle breed, miR-885 and miR-196a were
found to be differentially expressed in slow-type and fast-type muscle (Muroya, 2013).
It also has been shown in Piedmontese cattle breed that double-muscle phenotype is
correlated with a higher expression of mir-206 in comparison with Friesian breeds
(Miretti, 2011). A study on chicken also showed that an overrepresentation of the
mature miR-206 and miR-10b is associated with skeletal muscle development (T. Li,
2011). In Chinese cattle breed Quinchuan, highly expressed miRNAs (miR-1, -133a, -
206, and -378), targeting genes involved in muscle development, have been identified
in longissimus dorsi muscle. In the same study, some highly expressed miRNAs (miR-
199a-3p, -154c¢, -320a and -432) related to back fat tissues have also been identified
(Sun, 2014).

Moreover, other studies showed an association between mir-378 with back fat
thickness (Jin, 2010; Morris, 2010). It also been shown that increase of miR-143 in in-
vitro Holstein muscle culture enhanced the maturation of fibroblast-like adipocytes
from intramuscular preadipocytes (H. Li, 2011). In Simmental beef, a study on
subcutaneous and intra-muscular fat tissues showed an accumulation of miRNA

expression and highlights four miRNAs (miR-143, miR-145, miR-2325¢ and miR-
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2361) involved in different pathways and targeting genes which may regulate fat
deposition (Wang, 2015).

Mammary gland and milk production traits are also of high impact in dairy
production. The importance of 359 miRNAs as biomarkers has been cited for such traits
in database gathering potential biomarkers for milk production and mastitis (Ogorevc,
2009). During different lactating periods, it has been shown that miRNA expression
varies; 12 miRNAs are over expressed during the late lactating period and one during
early lactation (Wang, 2012). MiRNAs have been shown to be present in micro-vesicle
in milk, and suggested to have an influence on digestive metabolism and health in
calves (Hata, 2010). Other studies shown that miRNAs are differentially expressed
during different lactation stages and targets of these miRNAs suggested a role in
immune system (Izumi, 2012; Y. Gu, 2012).

Mastitis is a major infection in dairy cattle leading to a reduction in milk
production. Many studies have been performed on this infection in which miRNAs are
suggested to be involved. Five miRNAs, targeting a leukocyte antigen gene (BOLA-
DQAZ2) have been reported as differentially expressed between healthy and infected
mammary glands (Hou et al., 2012). Other studies reported differences in the
expression of various miRNAs during udder infection confirming the role of miRNA
in the response to mastitis (L. Li, 2012; Naeem, 2012). A more recent study on miRNA
expression in peripheral blood vessels in healthy and mastitic Holstein cows showed a
significant differences in the expression of 173 miRNAs and the most differentially
expressed were related to immune pathways (Li, 2014). Apart from mastitis, miRNAs
have also been identified to play a role in various infections. In the case of bovine
tuberculosis, mir-155 has been identified to be over-expressed at the early stage of
infection in non-vaccinated cows when the vaccinated cows presented this over-
expression only at a later stage after infection and could be used as an infection marker
(Golby, 2014). It also has been shown that miRNAs play a role in heat-stressed
Holsteins. The comparison of expression of these miRNAs showed a difference
between heat-stressed and control animals and seems to be related to stress response
and the immune system (Zheng, 2014).

MiRNAs have also been shown to be involved in fertility traits by regulating
genes in oocytes, sperm and gonadal tissues (Hossain, 2012). Studies on expression

level of miRNA in cattle ovaries showed that mir-106 was more expressed in oocytes
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than in cumulus-oocytes complex and granulosa cells (Miles, 2012) corresponding to
the expression of the predicted target genes of miR-106 which was decreased in oocytes
and not in cumulus-oocytes complex. The importance of miRNA in oocytes has been
suggested as various miRNAs showed differential expression at different maturation
stage of oocytes (Tesfaye, 2009; Tripurani, 2010; Abd El Naby, 2013). A study on
Holstein bulls analysing low and high fertility animals, showed that seven miRNAs
were differentially expressed in spermatozoa (Govindaraju, 2012). MiRNAs are also
important in embryo development. Indeed, a miRNA profiling study on embryo early
stage development showed that miR-21 and miR-130a expression increased from one-
cell to eight-cell stage (Mondou, 2012). A study on placental development of cloned
cattle showed a differential expression of numerous miRNAs, which have been linked
to abnormal placental development (Liu, 2014). The miRNA family mir-34 is
composed of three members (a, b and c) and present in ovaries, testis, sperm oocyte and
embryo of cattle, in different ratios. The study on mir-34 members showed that mir-34c

seemed to be the best candidate as a bull fertility biomarker (Tscherner, 2014).

1.4.5 Polymorphisms in miRNA

As mentioned previously, the discovery of miRNA has been directly linked to
polymorphisms. Indeed, the first miRNA /in-4 and its target /in- 14, have been identified
as such due to mutation in /in-4 and in the 3' UTR of /in-74. Although the major
characteristics of miRNAs for their annotation is their high level of conservation of the
mature sequence across many species (Wang, 2005), polymorphisms in miRNA genes
and 3' UTR target sites are not absent.

In Human, the screening of miRNA polymorphisms have been widely
investigated even if it has been suggested to be rare (Saunders, 2007). The
polymorphism related to miRNA genes and the targeted 3' UTRs have been shown to
be involved in may diseases in Human (Sethupathy, 2008). A polymorphism in the 3'
UTR of Slit and Trk-like 1 (SLITRKI) have been identified to be significantly
associated with Tourette’s syndrome and corresponded to a target site for miR-189
(Abelson, 2005). Another study on congenital cataracts identified a SNP in the seed
region of miR-184, expressed in the central cornea. miR-184 is known to compete with
miR-205, rescuing the knock down of /NPPL-1 by miR-205. The mutation in miR-184
impair its target binding leading to the repression of /NPPL-I by miR-205 and the

familial keratocomus syndrome provoking cataract (Hughes, 2011). A locus, which has
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been linked to progressive hearing loss, led to the identification of SNPs in miR-96.
These mutations, located in the seed region not only impaired the binding of the miRNA
but also have been shown to destabilise the hairpin structure of the pre-miRNA and
reduce the processing into mature miRNA. Five genes having a perfect match with wild
type version of mir-96 and expressed in the inner ear were selected and their in-vitro
expression have been shown to increase with the mutant miR-96 in comparison to the
wild type (Mencia, 2009). These three studies showed the role of polymorphisms in
miRNA genes and 3' UTR targets in impairing binding sites and the subsequent
dysregulation of the expression of genes leading to the modification of the phenotypes.
It also showed that SNPs can also modify the secondary structure of the pre-miRNA
impairing the processing into mature miRNA.

A wide range of studies in human showed the high impact of miRNAs and
miRNA polymorphisms in different types of cancer such as breast, colon or prostate
cancer, which made miRNA studies an important factor in oncogenetics (Xu, 2010;
Zhang, 2011; Srivastava, 2012).

The SNPs in miRNA and miRNA targets have also been studied in livestock
identifying their impact on productive traits. The most well-known study has been
carried out in sheep. The Texel sheep has developed a trait in livestock called double-
muscle phenotype, presenting higher muscle development than other breeds. In this
study they identified a QTL associated with this trait in chromosome 2 using
microsatellite sequencing of crossed Texel and Romanov sheep. The Romanov breed
was used as a control as it was not presenting the double-muscle phenotype. The locus
identified was refined and a specific marker was selected. This marker was known to
be close to the GDF8 gene, coding for the myostatin protein. Variants of GDF§ were
already known to create over-muscle phenotype in human, mouse and cattle. The
analysis of the coding sequence did not show any SNPs, but the analysis of the flanking
region revealed the presence of variants. They have been able to identify a SNP in the
3' UTR of GDF§ and showed that this SNP created a binding-site for miR-1 and miR-
106. This two miRNAs are highly expressed in muscle tissue, proving that these
miRNAs were effectively inhibiting the expression of GDF'§, dysregulating the control
of muscle growth (Clop, 2006).

The Texel sheep study, showed the potential impact of miRNA variations for

livestock selection. Other studies also identified economically important traits such as
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meat, milk and calving efficiency in pig and cattle, associated with miRNA and

miRNA-binding site polymorphisms (J.-S. Lee, 2013; Sasaki, 2013; Mahmoudi, 2015).

1.5 Bioinformatics tools for identification of miRNA targets

The discovery of structure and function of miRNA and the increase in whole genome
sequencing resulted in the development of prediction tool for the binding of miRNA to
the 3' UTRs. There are many tools using different approaches for their identification
and the main ones developed are miRanda, PicTar, Diana-microT, RNAhybrid and

TargetScan, summarised below.

1.5.1 miRanda

The first published tool to identify miRNA targets is miRanda, published in 2004. It
has been designed based on Drosophila data. The identification of the targets is made
in three phases: sequence match, free energy calculation and evolutionary conservation.
The sequence match is based on the Smith-Waterman algorithm but modified for the
identification of complementary nucleotides and considering G:U wobble. It gives a
score based on the complementarity of each nucleotide of the mature RNA to the 3'
UTR, with few mismatches allowed and gap penalties. The free energy is calculated
with the Vienna package to assure the thermodynamic stability of the RNA-RNA
interaction (Wuchty, 1999). Then the conservation of the target is assessed by the
comparison of the binding site between different species (different Drosophilae in this
study). It requires that a miRNA match independently orthologous UTRs, the target
sites need to have a higher identity score than a specified threshold and the position of
the targets have to be similar when the UTRs between species are aligned (Enright,

2004).

1.5.2 Diana-microT

Shortly after miRanda, a second program, Diana-microT, was developed to predict
miRNA-binding sites in human and mouse. Two criteria have been used for the
identification of the target sites: the minimum energy of the complementary region and
the loop and bulges present in the miRNA/miRNA-binding site duplex. They use
experimentation on their first set of predicted miRNA-binding sites to refine their

algorithm by adding a filter based on these experimental results (Kiriakidou, 2004).
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1.5.3 RNAhybrid

RNAhybrid uses a former secondary structure prediction algorithm (Zuker, 1981)
updated for two sequences. It is mainly focus on the minimum free energy (MFE) to
determine stable hybridization. It filters out artefactual secondary structure and detects
the seed region as a perfect match between nucleotides 2 to 7 of the miRNA and the
target 3' UTR. For each site, the probability of the MFE and the number of sites
identified for one miRNA is estimated to determine if this configurations can happen

by chance (Rehmsmeier, 2004; Kriiger, 2006).

1.5.4 PicTar

The prediction of targets by PicTar is firstly based on a region of seven nucleotides,
called nucleus. They defined a “perfect nucleus” as a perfect pairing of the seven
nucleotides from the first or the second nucleotide of the miRNA. They allow
mismatches in the seed region as well as G:U wobbles if the free energy does not rise
above a fixed value, defined then as an “imperfect nucleus”. Then PicTar calculates a
maximum likelihood score for the binding of a miRNA to a 3' UTR target. The
probabilities are calculated for each subsequence of a given 3' UTR to be a target by a
miRNA. Then a score is also given based on other species orthologous 3' UTR by
averaging the score of each species for a given nucleus, which give the final score for

a 3' UTR to be targeted by a given miRNA (Krek, 2005).

1.5.5 TargetScan
TargetScan is a tool developed in its first version in 2003 (Lewis, 2003) and has been
continuously updated, with the last version TargetScan7 released in August 2015
(Agarwal, 2015). The first version of TargetScan aimed to identify miRNA targets in
vertebrates. The first algorithm includes RNA:RNA thermodynamic interaction with
comparison across species for conservation and searches 3' UTR for a perfect 7
nucleotides match from 2™ nucleotide to 8" nucleotide of the miRNA, extending it as
far as possible allowing G:U wobble but no mismatches. When the seed is identified,
the 3' region of the miRNA is tested for matches in the 35 nucleotides following the
seed region pairing. Finally it assigned a score based on the number of seed identified
in the 3' UTR and the MFE (Lewis, 2003).

The following version (TargetScan2) added the recognition of adenosine

flanking the seed region in the 3' UTR and reduced the primary seed region to 6
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nucleotides. These adenosines where found to be present more often in conserved
predicted miRNA-binding sites (Lewis, 2005). The next major change happened in
version 4 in which many components for improving miRNA-binding sites detection
have been added and led to the creation of the context score. This new version takes
into account the increased repressive effect of more than one miRNA-binding site in a
3' UTR for a given miRNA, the presence of AU rich pattern flanking the seed region,
the pairing of the 3’ end of the miRNA from the 13" to 16" nucleotides, the distance of
the sites to the stop codon and the preferential location of target sites in both ends of
the 3' UTR. These features have been identified using microarray analysis of miRNA
repressive activity on constructed 3' UTR containing these different features. The
fraction of repression of each feature has been assessed and is constituting the context
score, implemented from TargetScan4 reflecting the repressive potential of each
miRNA target sites.

The version of TargetScan used in this thesis is TargetScan6.1. This version
contains an updated calculation of the context score called context+. This new scoring,
resulting from microarray analysis, assessed the role of Target Abundance (TA) and
Sites-Pairing Stability (SPS). It was observed that a low SPS and high TA were
correlated in mRNA repression by miRNA. These observations of expression led to the
update of the context score to context+ score including both TA and SPS (Garcia,
2011). Recently a newer version, TargetScan7 has been released and assessed the site
accessibility for miRNA-binding, leading to the new context++ score (Agarwal, 2015).

The long-term development of TargetScan facilitated a wide range of
improvement compared with other methods. The many features of miRNA and miRNA
targets identified for binding-sites prediction, the flexibility on conserved sites,
allowing research of off-site targeting and the scoring system supported by
experimental assays made TargetScan6.1 the most appropriate algorithm for the present

study.
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1.6 Research hypothesis and objectives

Research hypothesis

The cattle industry is of high economic importance in Ireland through beef and dairy
production. Milk exports is the second highest agricultural product exported,
representing 28% of these exportations. The foundation of ICBF was dedicated to
improve cattle breeding and the value of cattle products by identifying valuable allele
for the selection of superior animals and the improvement of genetic gain in the
population. SNPs in micro-RNA binding sites, responsible for positive agronomic traits
such as the double-muscling phenotype in sheep, highlighted the potential importance
of miRNA as a tool for MAS. Furthermore, the advance in genetics and genomics
allowed the full cattle genome sequencing leading to improvement of association
studies. These factors facilitated the identification and characterisation of genes and
polymorphisms explaining important traits variations and helped to improve cattle
selection and breeding. The analysis of non-coding RNAs and particularly miRNAs is
arapidly developing field which already showed their importance in animal models like
fly or mouse, is extensively studied in human and presented potential application for

livestock.

Research hypothesis

In the thesis three chapters are presenting the research done on miRNA and miRNA
binding sites variants between Bos taurus and Bos primigenius and also between cattle
beef and dairy breeds, with the objective to investigate to the following hypothesis:

Genetic variants in miRNA and miRNA binding sites between Bos faurus and
Bos primigenius are responsible for modification of the regulation of genes involved in
the domestication process.

Genetic variants in miRNA sequences between beef and dairy cattle breeds
modify the regulation of genes involved in important economic traits and thus could be
used as candidate for genomic selection.

Genetic variants in 3' UTR between cattle breeds modify miRNA binding sites

in these genes and are involved in the differential expression of important economic
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traits, thus they could serve as useful candidates for genomic selection.

Research objectives:

- Identify the variants between aurochs and modern cattle in miRNA and miRNA

targets

In this project, the access to the genome of aurochs (Bos primigenius), the ancestor of
modern cattle, is of importance to discover variants which arise in cattle that could be
specific to domestication and breeding process. For that purpose, the comparison of
consensus sequences of Bos taurus and Bos primigenius has been done to identify the
variants located in miRNA sequences and miRNA target sequences. To identify the
miRNA targets a review of existing tools has been done and TargetScan has been
selected. An algorithm has been developed to identify the targets having
polymorphisms between the two species and to summarise and rank the genes based on
the multiple results given by TargetScan. The ranking system helped to prioritise the
genes having variants which could modify the most their function. Furthermore, the
functions of these genes has been investigated using enrichment analysis on pathways

and QTLs databases, publically available.

- Identify variants between different cattle breeds in miRNA genes and predict
their function

The access to breed specific SNP is important for the deconvolution of the variants
which are specific to beef breeds or dairy breeds. To investigate the variant present in
miRNA sequences in different breeds, the algorithm developed for the analysis of Bos
taurus and Bos primigenius has been adapted. The adaptation of the algorithm was
orientated to compare more than two species. In this case the different breeds were
treated in TargetScan as different species to be able to distinguished the different
sequences. The same ranking system has been used and similar enrichments on
pathways and QTLs have been done to decipher the functions of the polymorphic
miRNAs. The ranking system has also been used to select the best candidates to be
included into genotyping and association study of national breeding programmes such

as the International Dairy and Beef SNP chip.

- Identify variants between different cattle breeds in miRNA targets and predict
their functions

Finally, the tools developed in the two previous research objectives have been adapted
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to the variation in binding sequences of miRNA targets and predict their potential
function and importance in breeding. The same cattle breeds have been used and the
algorithm for variant targets comparison has been modified in the similar way than in
second objectives to consider multiple groups. The list of genes having variants in their
binding sites has been ranked in the same way and used for enrichment in pathways and
QTLs. The best candidates based on the ranking system has been used in the breeding

programmes genotyping and association study.
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2 Genome-wide microRNA and microRNA binding site
variation between extinct wild aurochs and modern cattle
identifies candidate microRNA-regulated domestication

genes

2.1 Introduction

The wild aurochs is considered as the ancestor of modern cattle. Many studies on
microsatellite and mitochondrial genome retrace the evolution of modern cattle,
deciphering the origin of European cattle as progeny of middle-eastern aurochs
(Bradley, 2006; Edwards, 2007, 2010). Since their domestication from the wild aurochs
(Bos primigenius) some 10,000 years ago, cattle (Bos taurus) have been continuously
exposed to both natural and artificial selection (Bradley, 2006; Magee, 2014). These
processes, coupled with mutation and genetic drift, have produced a multitude of breeds
of extant humpless taurine and humped zebu cattle breeds (Food and Agriculture
Organisation, 2015). However, the underlying genomic factors (including genes,
regulatory elements and DNA sequence differences (polymorphisms)) contributing to
the traits selected during the domestication process remain largely unknown (Elsik,
2009; Canavez, 2012; Kemper, 2012; Womack, 2012; Utsunomiya, 2015; Gutiérrez-
Gil, 2016).

Recent studies have highlighted the importance of microRNAs (miRNAs)—
short non-coding RNAs that post-transcriptionally regulate gene expression—in
regulating a wide range of biological processes in mammalian species including
domestic livestock (McDaneld, 2009; Liu, 2010; Fatima, 2013; Wang, 2013). Non-
coding miRNA genes are initially transcribed to produce primary and then precursor
miRNA molecules. The precursor miRNA is then processed into the short mature
miRNA which is the molecule that can target and down regulate expression of other
transcripts (Kim, 2009). In mammals, miRNA targeting has predominantly been
associated with the 3' UTR region of transcripts derived from open reading frames
(ORFs), typically leading to down-regulation through triggering RNA degradation,
RNA instability and/or reduced translation (Winter, 2009; Krol, 2010; Huntzinger,
2011).

40



Chapter 2: Genome-wide microRNA and microRNA binding site variation between extinct wild

aurochs and modern cattle identifies candidate microRNA-regulated domestication genes

DNA sequence polymorphisms occurring within the targeted miRNA-binding
site of genes can have influence phenotypic traits of economic importance in
mammalian livestock (Clop, 2006; Sasaki, 2013; Hou, 2015; Rong, 2015; An, 2016). It
also has been shown in a study on rabbit domestication that regulatory region
polymorphisms are likely to play an important role in the domestication process in the
modification of traits in a polygenic fashion (Carneiro, 2014). Consequently, it has been
hypothesized that polymorphisms affecting miRNA gene and miRNA-mediated gene
regulation are associated with pre- and post-domestic differences in B. taurus,
particularly for traits under natural and artificial selection within the ~10,000 years
timeframe of B. faurus domestication (Larson, 2014, 2014; MacHugh, 2016).

Using sequence data from the recently published B. primigenius genome (Park,
2015) and sequenced genomes of modern-day B. taurus (Zimin, 2009), a ranking metric
[Score Site ratio (SSr)] has been developed to identify the miRNA-targeted bovine
genes that display the greatest sequence difference in their miRNA binding sites
between domesticated taurine cattle breeds and wild aurochs. Using this approach,
genes displaying high levels of miRNA binding site DNA sequence differences
(polymorphisms) between orthologous gene pairs have been identified, where one gene
is from the wild aurochs and the other is from domesticated taurine cattle. Genes
displaying post-domestication variation in miRNA binding sites are shown to be
involved in mammalian growth and development (e.g., ephrin signalling and androgen
signalling) and cellular function and metabolism (e.g., cholesterol biosynthesis). It has
been considered that some of the miRNA binding site polymorphisms identified here,
which are either absent or specific to the aurochs genome, modulate expression of
candidate domestication genes associated with traits that have been selected during or
subsequent to domestication.

The aim of this study is to test the hypothesis that genetic variants in miRNA
and miRNA binding sites between Bos faurus and Bos primigenius are responsible for
dysregulation of genes involved in the domestication process. The first objective is to
identify the SNPs between B. primigenius and B. taurus located in miRNA and miRNA
binding sites. The second objective is to identify the targeted genes which are different
between the two species and evaluate their potential as marker of domestication.

The results of this chapter have been published in two articles. The results of
the analysis of the variation in miRNA sequence between B. primigenius and B. taurus

have been included in the functional analysis section of the aurochs genome study done
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by Park et al. and published in Genome Biology (Park, 2015). The results of the analysis
of miRNA binding sites in polymorphic 3'UTR between B. primigenius and B. taurus
have been published in Frontiers in Genetics (Braud, 2017).

2.2 Materials and methods

2.2.1 B. primigenius genome sequence data

All B. primigenius genome sequence data was retrieved from the Sequence Read
Archive database (accession number SRX1266623). The laboratory and bioinformatics
methods used for DNA extraction, purification and sequence analysis of the CPC98
aurochs specimen have been described previously (Park, 2015). The genome sequence
data is from an archaeologically verified B. primigenius specimen retrieved in 1998
from Carsington Pasture Cave in Derbyshire, England, and radiocarbon dated to 6,738
+ 68 calibrated (cal.) years before present (yBP). The authenticity of the CPC98 genome
sequence was verified using a number of different approaches that are detailed by Park
et al. (2015). The high-quality single nucleotide polymorphisms (SNPs) that were used
for the analyses described here were identified using a stringent computational

workflow as fully described in Park et al. (2015).

2.2.2 Workflow for the identification and comparison of polymorphic binding
sites

To identify miRNA binding sites which are polymorphic between B. primigenius and

B. taurus, a workflow has been developed. This workflow can consider SNPs in

miRNA mature sequences and also SNPs in 3' UTR. If miRNAs are, considered the

row headers in the final file will contain the miRNA names and if the 3' UTR are

considered the row headers will contain the gene name.

The pipeline is divided into three main components (Figure 10). The first
component (A) consists of the identification of the sequences needed for the analysis
namely: the 3' UTR reference sequence and variant sequence, here respectively B.
primigenius and B. taurus and similarly the miRNA mature sequences and the seed
region sequences. The second component (B) is the identification of the binding sites
and the scoring using TargetScan on the entire set of sequences identified. Finally, the
third component (C) is the sorting of the TargetScan results and the final scoring with

the SSr method.
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Figure 10 — Workflow for the identification of polymorphic miRNA binding sites.

The workflow is taking both reference (here B. primigenius) and variant (here B. taurus)
miRNA and/or 3' UTR sequences to identify the miRNA binding sites. Section A
identifies and reconstructs the variant sequences, section B identifies the binding sites
base on these sequences and section C sorts the bindings sites for each gene/miRNA

and calculate for each of them the corresponding SSr score.
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2.2.3 B. primigenius miRNA identification

B. primigenius miRNAs were identified by mapping the B. faurus miRNA coordinates
onto whole genome sequence alignments between the B. faurus genome (UMD3.1) and
the B. primigenius consensus sequence. The pre-miRNA sequence of B. primigenius
and B. taurus were compared using a python script and the polymorphisms were
identified. To verify if the polymorphic sequence formed a stable hairpin loop each
sequence was analysed with RNAfold (Hofacker, 2003) to predict its secondary
structure. The minimum free energy, measuring the stability of the predicted RNA
structure, given by RNAfold were also used to compare polymorphic hairpins between
B. taurus and B. primigenius.

To identify mammalian miRNAs in the genome of B. primigenius that are un-
annotated in the genome of B. taurus, the mature sequences of the mammalian miRNAs
(across all available species) were used in conjunction with the B. primigenius
consensus sequence and putative miRNA genes were identified using MapMi (Guerra-
Assuncao, 2010). The putative B. primigenius miRNA genes were compared to the
closest mammalian homologues as defined by MapMi scores. These putative genes
were then searched for in the B. faurus genome aligned sequence and the miRNA

having polymorphisms in their mature sequences were filtered in (Figure 10-A).

2.2.4 Identification of B. primigenius 3' UTR sequences

To identify miRNA binding sites in target genes, 3' UTR sequences and associated
bovine genome coordinates were obtained from Ensembl using the Biomart retrieval
tool (Hubbard, 2002; Kinsella, 2011) and the B. taurus UMD3.1 reference genome
assembly (Zimin, 2009). The information for the 3' UTR sequence from B. taurus
UMD3.1 annotation has been used to predict and retrieve the 3' UTR sequences from
the B. primigenius genome consensus sequence, using the exact coordinates associated
with each B. faurus 3' UTR (Figure 10-A). Then each B. taurus and B. primigenius 3'
UTR pairs has been aligned with clustal W and formatted to be treated with TargetScan.
All B. taurus and B. primigenius 3' UTR pairs were then used to identify sequence
polymorphisms within putative miRNA binding site for B. taurus and B. primigenius,
using the differential results from TargetScan through a custom script screening each
3' UTRs pair for nucleotide differences in the sequence. In addition, the SNP data from
the sequencing of 49 B. taurus cattle samples from the aurochs genome study have been

used to confirm the fixation of the SNPs identified between B. tfaurus and B.
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primigenius across different breeds (Angus, Holstein, Jersey, Limousin, Romagnola,

Fleckvieh, N’Dama).

2.2.5 [Identification of miRNA complementary binding sites in 3' UTR using
TargetScan
To identify miRNA target binding sites in B. taurus and B. primigenius 3' UTR
sequences and compare them, the TargetScan 6.1 software package was used (Lewis,
2005). Targetscan has been previously shown to be an accurate predictor of miRNA
binding sites (Baek, 2008; Ulitsky, 2010). The prediction score for each miRNA
binding site incorporates the evolutionary conservation of a predicted miRNA binding
site among different species (Friedman, 2009). It also takes into account the presence
of many structural motifs in mRNA sequences related to miRNA binding to infer a

particular score for each site (Figure 10-B).

2.2.5.1 TargetScan results treatment pipeline

The TargetScan 6.1 package consists of two main Perl scripts: targetscan_60.pl and
targetscan_60 context scores.pl. The first script, targetscan_60.pl, identifies only the
primary seed region recognition motif composed of six nucleotides (positions 2 to 7 in
the mature miRNA) and one additional flanking nucleotide (position 1 or 8 of the
mature miRNA) to identify four types of seed region (six nucleotides, seven nucleotides
(6 + 1 adenosine), seven nucleotides, and eight nucleotides (7 + 1 adenosine)). The
script targetscan_60.pl takes for inputs the sequence alignments of the 3' UTRs and the
list of miRNA seed regions for B. taurus and B. primigenius miRNAs. For each
alignment the script returns an output containing the miRNA seed regions that have
been identified in the 3' UTR and their corresponding positions (Figure 10-B).

The output of this script was parsed using a custom Python script that reads
through the output files and extracts the information contained in each line of the file.
This includes the binding site nucleotide location in the 3' UTR and the group of species
that have a site at the same position in the 3' UTR multiple alignments. The B. taurus
and B. primigenius seed regions that were identified, yet containing ambiguous
nucleotides in the B. primigenius 3' UTR were removed from the analysis. Any seed
sites overlapping with a previously identified seed site for the same miRNA were also

removed (Figure 11).
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Figure 11 — Representation of the target sites locus restriction. When a given
miRNA is identified to have overlapping target in the same locus, only one site is
retained. This figure shows the distance restriction of 20 nt, flanking the last seed region

nucleotide, set to avoid overlapping sites for an identical miRNA.

The second Targetscan Perl script, targetscan_60_context scores.pl, generates
a score for each site taking into account the position of the seed region in the 3' UTR,
its nucleotide composition, the pairing of the miRNA in its 13-16 position with the UTR
and the composition of the flanking region of the binding site. The Targetscan context
score corresponds to a prediction, based on experimental miRNA repression, expressed
as log-ratios (Grimson, 2007; Garcia, 2011). For this script, the results files from the
first Targetscan script (catalogued as either a gain, a loss, an increase or a decrease of
miRNA target sites), the alignments and the list of mature miRNA sequences specific
to either B. taurus or B. primigenius were used as inputs.

To parse the results, a custom Python script was used to generate two results
files: a file containing genes with miRNA binding sites polymorphism between aurochs
and domestic taurine cattle and a second file with shared miRNA binding sites across
the two taxa (Figure 10-B). All results in which ambiguous nucleotides were present
in the UTR target region (complementary to the 3' end region of the mature miRNA)
were removed. For miRNAs with multiple binding sites, the score for each
gene/miRNA pair was generated by summing the individual context scores (calculated

by TargetScan for each site).
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2.2.5.2 Score Site ratio (SSr): development of a metric for the comparison of
polymorphic binding sites
The analysis of miRNA binding sites produces a large amount of results, with each
miRNA potentially targeting several genes (Enright, 2004; Chen, 2006). Similarly, a
gene can be targeted by more than one miRNA and one miRNA can have multiple
binding sites in one given gene. To compare the effect of a SNP in a binding site or in
miRNA seed region, it is necessary to give an overall weight for each polymorphic gene
or miRNA. This weight will allow a ranking of the results highlighting the genes most
affected by the polymorphisms including an overall value of a given target compared
to the number of targets for other miRNAs in a given gene. To rank the targeted genes,
an additional score, termed the Score-Site ratio (SSr) has been developed. The SSr
facilitated the analysis to which extent miRNA binding sites polymorphisms between
B. taurus and B. primigenius, relative to those that were common to both B. faurus and
B. primigenius, affected the potential expression of targeted genes. The SSr was
calculated by summing all context scores for each predicted miRNA binding site across
each 3' UTR and multiplying this sum by the ratio of the number of polymorphic sites
over the number of common sites between B. faurus and B. primigenius (Figure 10-

C). The SSr statistic is calculated using the following equation:

n AY/]
SSr = Z}_l score, L5
= csn

where 7 is the number of miRNA binding sites identified for a particular gene 3'UTR;
score; is the score for each predicted site; psn (polymorphic site number) represents the
number of miRNA binding sites polymorphic between B. taurus and B. primigenius for
a particular gene; and csn (common site number) represents the number of miRNA
binding sites common to B. taurus and B. primigenius for a particular gene.

The SSr score was used to rank genes according to the extent of their miRNA
site polymorphisms differentiating B. primigenius and B. taurus. This provided a basis
to compare the genes according to the extent of dysregulation of their miRNA binding
sites between aurochs and modern cattle. In addition, the SSr statistic provides a
weighting for each gene, which combines both the number of different miRNA binding
sites (ratio of number of sites) and their possible impact (sum of TargetScan scores)
between B. taurus and B. primigenius and facilitates normalization of the number of
discovered sites, which can depend on the size of the 3' UTR. The calculation of the

ratio of number of sites in the SSr score helped to emphasise genes having
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polymorphisms creating a new binding sites in comparison with the reference gene. If
the considered gene presented many other non-polymorphic binding sites, the score will
be then reduced and the gene will be ranked down. Alternatively, when it contains few
to no non-polymorphic binding sites, the related gene with a new polymorphic binding

site will be ranked up.

2.2.6 Analyses of biological pathways involved in differential miRNA targeting
of Bos taurus genes relative to B. primigenius
To identify the biological function that are the most affected by miRNA binding site
variation between the 3' UTRs of B. faurus and B. primigenius genes, Ingenuity
Pathway Analysis (IPA — www.ingenuity.com) was used. B. faurus genes with variant
miRNA binding sites (when compared with B. primigenius) were used as the input to
IPA. The IPA core analysis evaluates enrichment of the selected genes in different
pathways, returning a P-value for each pathway identified, which was then corrected
for multiple used to rank enriched pathways and identify the ones that are statistically
significant (P-value < 0.05). A pathway score was then assigned to each significant
pathway corresponding to the sum of the SSr score for each gene associated with a

particular pathway.

2.2.7 Analysis of transition/transversion ratios

To determine if SNPs identified between B. taurus and B. primigenius could be due to
post-mortem deamination the transition/transversion ratio (ti/tv) were calculated. To
calculate the ti/tv in the 3' UTR miRNA binding site SNPs, the fixed SNPs identified
in the miRNA binding sites were sorted in two mutational classes based on the variants
observed: a transition class (A«<~>G, C<T) and a transversion class (A<C, A-T,
CeG, GeoT). Using a custom python script, the number of variants were summed for

each group and the ti/tv ratio was calculated.
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2.3 Results

2.3.1 Identification and conservation of microRNAs in the B. primigenius genome
To identify and determine the extent of conservation of precursor microRNA genes
between domesticated cattle (Bos taurus) and wild aurochs (Bos primigenius), all 672
annotated B. taurus pre-microRNAs (http://miRBase.org/, release 18) were mapped
using whole genome alignments of B. primigenius consensus sequence and B. faurus
genome (UMD?3.1) and miRNA annotation file from miRBase.

The majority (554, 82.44%) of annotated domestic B. taurus pre-miRNAs were
identified to have 100% coverage of the B. primigenius draft genome. In contrast, 32
(4.76%) B. taurus pre-miRNAs were not detected in the B. primigenius consensus
sequence. Of those pre-miRNAs that mapped to the consensus sequence of B.
primigenius, 508 (91.7%) were identical to their corresponding B. faurus pre-miRNA
sequence. Of the remaining 46, 23 contained ambiguous nucleotides in the B.
primigenius sequence. The other remaining 23 contained a single SNP difference
between the pre-miRNA in B. taurus and the predicted pre-miRNA in B. primigenius,
with the exception of three pre-miRNAs that had more than one SNP difference; bta-
mir-769 (two SNPs), bta-mir-2417 (three SNPs) and bta-mir-2284d (three SNPs).

All of the 23 B. primigenius pre-miRNA sequence that have been predicted and
containing a SNP, formed a stable hairpin loop structure comparable to their
corresponding B. faurus pre-miRNA sequences. Out of the 23 polymorphic pre-
miRNAs, five predicted B. primigenius pre-miRNAs have been identified to contain
SNPs in their mature miRNA sequences (bta-mir-769, bta-mir-940, bta-mir-2391, bta-
mir-2469 and bta-mir-2893) relative to their B. taurus genome homologues. Of these
five, one miRNA, bta-mir-2893, found on the plus strand of chromosome 17
(17:73346080-73346140) contains a SNP at position 7 of the 7mer seed region (position
8 of the mature miRNA) (Figure 11).
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bta-mir-2893 1 -GUGGAGGAGAAUGCCCGGGG- - - ---=---==--===--==-conmn- 20
FEVTEET- TRt

bpr-mir-2893 1 CGUGGAGGCGAAUGCCCGGGGCGUGCUGGGCGGUGCGGGCUGGGCUGGCA 50

bta-mir-2893 20 seemneeenes 20

bpr-mir-2893 51 GCUCCUCCCUC 61

Figure 12 — Predicted pre-miRNA of mir-2893 in the B. primigenius (bpr) genome
aligned to the B. taurus (bta) mature sequence of mir-2893.The presence of a SNP, in
position 8 (A/C) of the mature miRNA (position 7 of the seed region), leads to a modification

of the miRNA targeting between B. primigenius and B. taurus.

2.3.2 Precursor microRNA genes have not been lost in the B. taurus genome

relative to the wild B. primigenius genome
To determine whether any conserved microRNAs had been lost in the B. faurus genome
during the domestication process from B. primigenius, a pipeline has been developed
to test for loss of conserved miRNAs in domestic B. faurus relative to wild B.
primigenius. All mammalian microRNAs that did not have an annotated gene family
member in the B. taurus genome were retrieved, and putative pre-miRNA sequences
were searched for in the genomic consensus sequence of the B. primigenius using
MapMi (Guerra-Assuncao, 2010) and the mature miRNA sequences of each
mammalian member of the gene family annotated in miRBase (http://miRBase.org/,
release 18). The settings used allowed three mismatches in the mature miRNA
sequence, a maximum of 0.05% low complexity sequence, and a minimum MapMi
score of 40.

344 mammalian miRNA-families were identified as having no annotated
miRNA-family member in the B. faurus genome. Of these 344 microRNA families, 59
miRNA-families (matching to 74 mature sequences) were identified as having 153
putative miRNA genes in the B. primigenius genome. Furthermore, all of the 153
putative miRNA genes in the B. primigenius genome had a minimum free energy of
less than -22 kcal/mol, which is in the range of the including cutoff value employed in
miRNA identification studies (Lai, 2003; Bonnet, 2004; Wang, 2005). 111 of these
putative B. primigenius miRNAs had at least one SNP in the mature sequence and nine

contained a single SNP in the seed region (each SNP found in position 7 of the seed)

50



Chapter 2: Genome-wide microRNA and microRNA binding site variation between extinct wild

aurochs and modern cattle identifies candidate microRNA-regulated domestication genes

when compared to their closest mammalian homologue. One B. primigenius miRNA
had an indel in its mature sequence compared to its closest mammalian homologue.
To determine whether these 153 putative B. primigenius miRNA genes were
genuinely absent from the domesticated B. taurus genome, or are just un-annotated in
the B. taurus genome, the consensus sequence from the genome of B. faurus (UMD?3.1)
was retrieved. Each B. taurus sequence from the appropriate region for each miRNA
was then tested to identify whether it had a putative pre-miRNA structure. Each of the
153 B. taurus sequences was found to form a stable hairpin structure (RNAfold, MFE
< -22 kcal/mol). The predicted pre-miRNAs from both B. taurus and B. primigenius
were aligned. Fifteen of the 153 (un-annotated) putative pre-miRNAs identified
contained SNPs between B. taurus and B. primigenius (a further 21 contain ambiguous
nucleotides in the B. primigenius). In all cases, none of the SNPs in the pre-miRNAs
were located in the mature sequence region of the miRNA gene. This result indicates
that these 153 predicted pre-miRNAs in the B. taurus genome represented un-annotated
miRNA genes rather than miRNA genes that were once in the genome of B. primigenius
genome but lost in the B. taurus genome during domestication. Hence, there was no
evidence of any loss of precursor miRNA genes from the B. primigenius genome

relative to the B. taurus genome.

2.3.3 Bta-mir-2893 contains a SNP between domesticated B. taurus and wild B.
primigenius (bpr-mir-2893) that leads to differential targeting
As indicated, only five predicted B. primigenius pre-miRNAs contain SNPs in the
mature miRNA sequences (bta-mir-769, bta-mir-940, bta-mir-2391, bta-mir-2469 and
bta-mir-2893) relative to domesticated Bos taurus. To determine the extent of any
differential miRNA targeting due to polymorphisms in mature miRNAs between B.
primigenius and B. taurus, the predicted 3' UTRs were extracted from the B.
primigenius consensus sequence using the B. taurus 3' UTRs annotation as a guide.
Using TargetScan target detection software with a strict 5° seed pairing requirement,
all potential 3' UTR targets were identified for bta-mir-769, bta-mir-940, bta-mir-2391,
bta-mir-2469 and bta-mir-2893, using the corresponding B. primigenius and B. taurus

mature sequences (Table 1).
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Table 1 — Number of predicted 3' UTR targets for mature miRNAs (bta-miR-769,
bta-miR-940, bta-miR-2391, bta-miR-2469, bta-miR-2893) having polymorphic

pre-miRNA between B. taurus and B. primigenius.

B Overlap Overlap (% of OOfV;rlap %%
miRNA B. taurus oL (number B. taurus C L,

primigenius | . target) target) f:;lg:tg)emus
mir-769 573 572 570 99 5 99 7
mir-940 1246 1241 1233 99 0 99.0
mir-2391 349 344 343 98 3 98 3
mir-2469 712 705 701 98 5 98 5
mir-2893 1148 1077 610 531 531

The overlap of the predicted targets between B. faurus and B. primigenius, for

bta-miR-769, bta-miR-940, bta-miR-2391 and bta-miR-2469, corresponded to 98.3%

to 99.7% of all targets. In contrast, the same overlap, in the case of bta-miR-2893/bpr-

miR-2893 (where position 7 of the seed region differs) corresponded to 53.1% of all B.

taurus targets and 56.6% of all B. primigenius targets, indicating that polymorphisms

in the bta-miR-2893 leads to a divergence of targeting of genes and pathways between

B. primigenius and B. taurus.
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2.3.4 The SNP present in miR-2893 leads to loss and gain of gene targets between
B. taurus and B. primigenius potentially dysregulating PHYHIP, FADS?2
and FCRL]1 expression

Using the worflow incorporating Targetscan and the SSr ranking system which has

been developed, the genes having the greatest difference in their miR-2893 targets

between B. taurus and B. primigenius were identified. 1030 new miR-2893 targets have

arisen in 931 B. taurus genes. Among these 931, 558 have orthologous genes in B.

primigenius, which are not targeted at all by the B. primigenius mir-2893 variant.

Furthermore, 940 miR-2893 binding sites in 849 genes were lost in B. taurus in

comparison with B. primigenius orthologous genes, among which 474 genes did not

have any binding sites at all for miR-2893 in B. taurus in comparison with the B.

primigenius orthologues. These genes have been ranked using the SSr described

previously (Supplementary table 1). Considering the highest SSr ranked genes, three
genes stand out as important candidates having functions, which could have been
selected during domestication, namely PHYHIP, FADS2 and FCRLI. PHYHIP and

FADS?2 genes were identified as not targeted in B. faurus by miR-2893. In contrast,

FCRLI is newly targeted in B. faurus by miR-2893. The miR-2893 regulatory

polymorphisms for these three genes could lead to an upregulation of PHYHIP and

FADS?2 and a downregulation of FCRLI (Table 2). The gene FADSI, a paralog of

FADS2, had been shown to be dysregulated between the domesticated chicken and wild

fowl (Li et al., 2012). The dysregulation via mutations in miR-2893 could have played

a role in the artificial selection transition from B. primigenius to B. taurus.
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Table 2 — Top ranked genes differentially targeted by bta-miR-2893 and bpr-miR-
2893

PS: Polymorphic Sites; CS: Common Sites; TgS sum: TargetScan score sum of all sites
identified; Gain: unique sites in B. faurus; Lost: unique site in B. primigenius, Increase:

extra sites in B. taurus; Decrease: extra sites in B. primigenius

Ensembl ID gene name PS CS TgSsum SSR event

ENSBTAG00000023551 MOB3C -0.591 -1.773 Decrease
ENSBTAG00000015572 YTHDC1 -0.823 -1.646 Increase
ENSBTAG00000011539 PCGF2 -0.541 -1.623 Increase
ENSBTAG00000002985 KCNMB1 -0.519 -1.557 Lost
ENSBTAG00000003595 FAM216B -0.732 -1.464 Increase
ENSBTAG00000015757 PHYHIP -0.484 -1.452 Lost
ENSBTAG00000003595 FAM216B -0.719 -1.438 Decrease
ENSBTAG00000000080 GRWD1 -0.467 -1.401 Increase
ENSBTAG00000007415 SLC7A8 -0.697 -1.394  Increase
ENSBTAG00000015200 L2HGDH -0.672 -1.344  Decrease
ENSBTAG00000018999 MGRN1 -0.326 -1.304 Decrease
ENSBTAG00000026242 BAALC -0.631 -1.262 Increase
ENSBTAG00000039335 ARRDC2 -0.61 -1.22 Decrease
ENSBTAG00000007415 SLC7A8 -0.404 -1.212 Decrease
ENSBTAG00000016805 SGMS2 -0.603 -1.206 Increase
ENSBTAG00000000097 KIAA0494 -0.593 -1.186 Increase
ENSBTAG00000021799 RCN3 -0.584 -1.168 Decrease
ENSBTAG00000014944 TBXA2R -0.566 -1.132 Increase
ENSBTAG00000015200 L2HGDH -0.548 -1.096 Increase
ENSBTAG00000004556 SLC2A3 -0.544 -1.088 Increase
ENSBTAG00000047314 PPIE -0.542 -1.084 Increase
ENSBTAG00000013607 WDR1 -0.534 -1.068 Decrease
ENSBTAG00000021969 KLHL29 -0.524 -1.048 Decrease
ENSBTAG00000005891 FCRL1 -0.521 -1.042 Gain
ENSBTAG00000033679 HLCS -0.51 -1.02 Increase
ENSBTAG00000027654 EIF4EBP1 -0.507 -1.014 Decrease
ENSBTAG00000017251 SLC26A8 -0.504 -1.008 Increase
ENSBTAG00000003209 BLCAP -0.503 -1.006 Increase
ENSBTAG00000010775 POGK -0.503 -1.006 Increase
ENSBTAG00000004603 PHC2 -0.499 -0.998 Increase
ENSBTAG00000014916 GJC2 -0.328 -0.984 Increase
ENSBTAG00000021879 VCL -0.479 -0.958 Decrease
ENSBTAG00000018362 TMEM109 -0.465 -0.93 Increase
ENSBTAG00000015505 FADS2 -0.296 -0.888 Lost
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2.3.5 Neurodevelopment, fertility and pigmentation pathways are enriched for
genes targeted by miR-2893
The pathways which were enriched in genes, targeted by bta-miR-2893 and its B.
primigenius variant, were identified using IPA software (Figure 13, Figure 14). Genes
having polymorphic targets for miR-2893 were significantly enriched in 48 pathways
in B. primigenius and 89 in B. taurus, with 32 pathways in common. More specifically,
amongst the 57 pathways specific to B. tfaurus some pathways clearly related to the
domestication process. For instance, the gain of B. taurus-specific targets by miR-2893
were implicated in axonal guidance signalling and androgen signalling. Moreover, the
B. primigenius-specific pathways, which were potentially less targeted by miR-2893 in
B. taurus, are sucrose degradation and melanocyte development and pigmentation
signalling. Reduced targeting by miR-2893 of these pathways could therefore have

been selected through the process of domestication and subsequent artificial selection.
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2.3.6 Comparison of B. taurus and B. primigenius 3' UTR sequences revealed a
large number of DNA sequence polymorphisms
Of the 19,994 annotated protein-coding genes in the taurine cattle genome (assembly
UMD3.1), 11,761 had an annotated 3' UTR (59%). To identify all SNPs differentiating
the 3' UTRs of B. taurus and B. primigenius genes, we compared these 11,761 3' UTRs
sequences from B. taurus with the corresponding mapped regions in B. primigenius. It
has been determined that 3,066 (26%) of these genes contained one or more SNPs, and
identified a total of 6,355 SNPs that were different between B. taurus and B.
primigenius in the 3,066 3' UTRs. Analysis of the numbers of SNPs in the 3' UTR of
each gene yielded a mean of 1.92 SNPs per 3' UTR, with a median value of 1.00 SNPs
per 3' UTR and a maximum of 27 B. taurus/B. primigenius SNPs for the methionine

adenosyltransferase I, alpha gene (MATAI).

2.3.7 DNA sequence polymorphisms differentiating B. taurus and B. primigenius

3' UTRs generated altered miRNA binding sites
Of the 3,066 3' UTRs exhibiting SNPs differentiating the two taxa, a total of 2,634
SNPs located in miRNA binding sites within 1,620 genes were identified. Notably,
DNA sequence polymorphisms in the 3' UTR of the protein kinase, AMP-activated,
gamma 3 non-catalytic subunit gene (PRKAG3) produced the highest number of
miRNA binding site changes across all of these 1,620 genes. For the PRKAG3 3' UTR,
the analysis demonstrated that 23 different miRNAs had a modification of their binding
potential (gain or loss). These 23 miRNAs were associated with 15 distinct miRNA-
binding sites that differ between the B. taurus and B. primigenius PRKAG3 genes.

In the analysis of polymorphisms in 3' UTRs, individual miRNA binding sites
were classified as a “gain” when SNPs between B. taurus and B. primigenius generated
new miRNA binding sites in B. taurus 3' UTRs, and as a “lost” when they lead to loss
of an existing miRNA binding site in the B. taurus genome. In some cases, a
polymorphic miRNA binding site can be considered simultaneously as a “gain” and a
“loss” when one or more SNPs generate new binding sites for one particular miRNA
and eliminate a binding site for another miRNA. An additional scenario were
considered when a miRNA gains a new binding site in B. faurus but also had another
common binding site between B. taurus and B. primigenius. Such miRNA binding site
copy number “amplification” were categorised as an “increase,” while a reduction of

binding site copy number was categorised as a “decrease.”
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Among the 1,620 genes with SNPs in the 3' UTR, 892 genes had lost their
miRNA binding sites (including up to 13 losses for the membrane-spanning 4-domains,
subfamily A, member 7 gene (MS4A47) in the B. taurus lineage. Moreover, 885 genes
that had gained a miRNA binding site in B. taurus, which is not present in B.
primigenius have been identified (including a gain of up to 11 new miRNA binding
sites for the 3-hydroxy-3-methylglutaryl-CoA synthase 2 gene (HMGCS?2).
Furthermore, an overlap of 322 genes that have both a gain and loss of miRNA binding
sites in B. taurus has been identified. Finally, 306 genes in B. taurus had a number of
miRNA-binding sites that have increased in number for at least one miRNA (up to
seven miRNA binding sites for the ubiquitin specific peptidase 33 gene, USP33), while
250 genes had a decrease in miRNA binding site copy number (up to 11 miRNA
binding sites for the MAT1A4 gene in comparison to B. primigenius (Figure 15).
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Lost Increase

Figure 15 — Polymorphisms between B. taurus and B. primigenius in 3' UTR create
or impair miRNA-binding sites. The Venn diagram represents the number of genes having
polymorphisms in their 3' UTR between B. taurus and B. primigenius, modifying miRNA
binding sites. Gain (blue) or lost (yellow) corresponded respectively to the gain or loss of all
miRNA-binding sites identified for a given miRNA. Increase (green) and decrease (red)
corresponded respectively to an augmentation or diminution of the number of target sites for a
given miRNA. The intersection in loss and gain represented these SNPs in 3' UTR which
created a binding site for one miRNA and impaired it for another one in the same gene

sometimes for the same binding site.
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2.3.8 Using SSr scores to rank the 3' UTRs that had undergone the most extensive
miRNA binding site modifications between B. primigenius and B. taurus
The hypothesis in this study is that selection processes (both natural and artificial)
during and after domestication may generate major changes in the miRNA binding sites
of genes whose expression contributes to variation in complex traits in B. taurus. To
identify which miRNA targeted genes and cellular pathways that displayed the most
miRNA targeting divergence between B. taurus and B. primigenius, the SSr score have
been used to rank the different genes (Supplementary table 2). Notably, several of the
top 10 SSr-ranked genes were shown to play key roles in important metabolic,
physiological and reproductive processes. These included: (1) the guanylate cyclase
activator 2B (GUCA2B) gene, in which the binding sites for five miRNAs (bta-miR-
541, bta-miR-2433, bta-miR-1777a, bta-miR-2454, bta-miR-2327) were absent in B.
taurus but present in B. primigenius with only one common binding site between both;
(2) the mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase (HMGCS?2) gene, in
which the binding sites for 11 miRNAs were present in B. faurus but absent in B.
primigenius with also the number of binding sites increased for two miRNAs in B.
taurus; and (3) the membrane-spanning 4-domains subfamily A (MS4A47) gene, in
which the binding sites for 13 miRNAs were absent in B. faurus and present in B.
primigenius representing the most important loss of potential binding of miRNAs of
the entire dataset. Three metabolically relevant genes: glutathione peroxydase type 5
(GPX5), kappa casein-3 (CSN3) and S-adenosylmethionine synthetase type-1
(MATI1A), that displayed DNA sequence polymorphism differences between the B.
taurus and B. primigenius lineages in their associated miRNA binding sites have also

been identified (Table 3).
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sites between B. taurus and B. primigenius

Gene
Rank SSr MiRNA targeting polymorphic site Event
name
bta-miR-541:bta-miR-2433:bta-miR-1777a:bta-miR-2454:bta-

GUCA2B | 1 -5.200 Lost:5
miR-2327
bta-miR-17-5p:bta-miR-2284p:bta-miR-221:bta-miR-222:bta-

MS4A7 5 -1.156 miR-93:bta-miR-20b:bta-miR-433:bta-miR-20a:bta-miR- Lost:13
302d:bta-miR-106:bta-miR-302b:bta-miR-302c:bta-miR-106b
bta-miR-301b:bta-miR-301a:bta-miR-2375:bta-miR-454:bta-miR-
152:bta-miR-148b:bta-miR-148a:bta-miR-130a:bta-miR- Increase:2

HMGCS2 | 10 -0.905
130b:bta-miR-2317:bta-miR-2329-3p:bta-miR-199a-5p:bta-miR-  Gain:11
199b
bta-miR-2302:bta-miR-345-5p:bta-miR-2311:bta-miR-2309:bta-
miR-2329-3p:bta-miR-542-5p:bta-miR-2917:bta-miR-141:bta- Increase:6
miR-2330:bta-miR-200a:bta-miR-1343:bta-miR-2397:bta-miR- Decrease:1

PRKAG3 16 -0.659
429:bta-miR-2285b:bta-miR-200c:bta-miR-200b:bta-miR- Gain:6
491:bta-miR-2888:bta-miR-873:bta-miR-2383:bta-miR-764:bta- Lost:10
miR-369-3p:bta-miR-2442
bta-miR-677:bta-miR-449d:bta-miR-26¢:bta-miR-33a:bta-miR- Increase:1

GPX5 28 -0.298 2294:bta-miR-33b:bta-miR-18b:bta-miR-18a:bta-miR-217:bta- Gain:8
miR-2461-5p:bta-miR-2319b Lost:2
bta-miR-2459:bta-miR-495:bta-miR-423-3p:bta-miR-2388:bta- | ]

ncrease:
miR-2406:bta-miR-2427:bta-miR-2450b:bta-miR-194:bta-miR- b ]
ecrease:

MAT1A 30 -0.293 2888:bta-miR-2327:bta-miR-491:bta-miR-152:bta-miR-148b:bta- ) Gain:2

ain:
miR-1777a:bta-miR-148a:bta-miR-2454:bta-miR-2433:bta-miR- Lost5
ost:
2416:bta-miR-1434
Gain:1

CSN3 53 -0.193 bta-miR-2312:bta-miR-2301:bta-miR-1603:bta-miR-2337 Lost:3

ost:

62



Chapter 2: Genome-wide microRNA and microRNA binding site variation between extinct wild

aurochs and modern cattle identifies candidate microRNA-regulated domestication genes

2.3.9 Identification of networks, pathways, and functions enriched in genes
having polymorphic miRNA targets sites between B. taurus and B.
primigenius

Ingenuity Pathway Analysis (IPA) knowledgebase was used to gain further insight into

the biological functions, canonical pathways and biological networks enriched by the

genes with polymorphic miRNA binding sites between B. taurus and B. primigenius.

For this, the 1,606 polymorphic 3' UTRs identified have been uploaded to the IPA

server to identify functions, canonical pathways and networks based on their associated

p-value (as generated by IPA). Using this approach, 25 networks, 73 pathways and 500

functions, significantly enriched in B. faurus relative to B. primigenius have been

identified.

The two main networks identified are metabolism and neurological diseases.
Among the significantly enriched canonical pathways differentially regulated by the
miRNAs were pathways involved in immunobiology (for example, the /L1, CXCL4 and
NFAT pathways), physiology and development (for example, the ephrin signalling
pathway and the PTEN and PI3K/AKT signalling pathways), and reproductive
physiology (for example, the androgen signalling pathway) (Figure 16).

2.3.10 The polymorphic miRNA binding sites in aurochs 3' UTRs were not
enriched for transitions due to post-mortem deamination
The analysis of ancient DNA sequence data can be difficult due to post-mortem
deamination leading to C—T or G—A transition substitutions (Hofreiter, 2001; Briggs,
2007). To investigate whether the 2,634 SNPs (that were polymorphic in the miRNA
binding sites in aurochs 3' UTRs) could be enriched for transitions due to post-mortem
deamination, the ti/tv ratio was calculated for the set of 2,634 SNPs located in miRNA
binding sites and was determined to be 1.93:1.00. Previously, for the entire CPC98
aurochs genome, 2,009,261 biallelic SNPs were examined (73.3 % of which were
homozygous) and it has been determined a transition to transversion (ti/tv) ratio of
2.19:1.00 (Park, 2015), which is very similar to ti/tv ratios obtained for female and male
Holstein genome sequences: 2.18:1.00 and 2.16:1.00, respectively (Kdks, 2013, 2014).
The lower ti/tv ratio detected for the 3' UTR miRNA SNPs is consistent with published
ti/tv ratios calculated for mammalian 3' UTRs (Chen, 2015), and suggests that post-
mortem deamination is not a confounding factor for SNPs within miRNA binding sites

located in aurochs 3' UTRs.
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2.4 Discussion

The analysis of whole genome sequence data from mammalian livestock and their wild
ancestors have revealed genetic loci and genetic changes associated with the
domestication process (Groenen, 2012; Carneiro, 2014; Schubert, 2014). Indeed, these
studies have highlighted how natural and artificial selection, together with genetic drift,
have shaped post-domestication patterns of genetic variation, that contribute, in part, to
the wide range of phenotypic variations observed in modern breeds such as tameness,
increased fertility, decreased body size and coat colour modification (Vigne, 2011).
Notably, recent work has shown that miRNAs play a key role in regulating a wide range
of biological processes at the post-transcriptional level in mammals while DNA
sequence variation in the miRNA-binding sites of mammalian genes can also influence
phenotypic variation. Therefore, for the present study, the comparison of miRNA gene
and miRNA-binding sites of domestic B. taurus and their wild ancestor, B. primigenius,
could reveal novel DNA sequence polymorphisms differentiating the two lineages and
which may underlie key traits that have been subject to selection during and after the

domestication process.

2.4.1 Polymorphisms between B. primigenius and B. taurus affect miRNA

binding to 3' UTRs

By comparing genes annotated in B. primigenius, mapped on to the B. taurus
genome, many SNPs which were correlated with miRNA binding sites and fewer SNPs
associated with changes in miRNA genes have been identified. A major polymorphism
between B. primigenius and B. taurus in the seed region of bta-mir-2893 leading to
major difference between B. primigenius and B. taurus regarding the genes targeted by
this miRNA have been found. There is almost no study mentioning mir-2893 in any
species. However, the study mentioned by miRBase, which identified bta-mir-2893
showed that this miRNA is expressed in ovaries of domestic B. taurus (Hossain, 2009).
The SNP identified in mir-2893 in comparison with B. primigenius was specific to Bos
taurus species as was fixed across 7 different B. faurus breeds. Although the seed region
of mature bta-miR-2893 was polymorphic between B. primigenius and B. taurus, it
showed some conservation between B. primigenius and humans orthologous hsa-miR-
3197 (miRBase BLAST online tool). This conservation supported the genuine activity
of this miRNA in B. primigenius and consequently the modification of activity in the

B. taurus orthologue. Furthermore, the same miRBase online BLAST searches showed
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that there is no identified orthologue for bta-mir-2893 across all referenced species.
Thus, it led one to consider that this miRNA was spurious and that its characteristic of
miRNA is to be widely conserved across species (Altuvia, 2005). However, the fact
that this miRNA has been identified in an expression study on a specific organ in cattle
could give more confidence that this miRNA was providing some functional role,
especially as it was variable with the cattle ancestor. It was reasonable to suggest that
the SNP in the seed region of miR-2893 that appeared in B. taurus could be link with
the domestication process of B. primigenius.

More extensively, miRNA binding site polymorphisms in the 3' UTRs of 1606
genes have also been identified. The novel SSr ranking system based on TargetScan
have been developed to identify the 3' UTRs which had undergone the most miRNA
binding site divergence between B. taurus and B. primigenius. This facilitated
identification of genes which had undergone the greatest amount of miRNA regulatory
modifications between B. primigenius and B. taurus. These genes were then analysed
for any enrichment in relation to pathways, networks and functions.

By analysing the ranked genes and pathways, five main traits, have been
identified which could have been altered during the domestication of ancestral B.
primigenius via miRNA regulation, leading to current B. taurus breeds. Polymorphisms
that differ between B. primigenius and domestic B. taurus, related to miRNA regulation
were preferentially related to immunology, metabolism, physiology, development and
fertility, suggesting that these processes played a major role in the domestication of
ancestral B. primigenius via miRNA regulation, leading to development of modern B.

taurus.

2.4.2 Neurological development is affected by the modification of miRNA binding
between B. primigenius and B. taurus and could be linked to tameness
Modifications to neurological development likely led to tameness and improved

the handling of B. taurus by increased docility. One gene and two pathways which were

related to neurological regulation and signalling and showed high miRNA regulation
polymorphism between B. primigenius and B. taurus have been identified. The SNP in
bta-mir-2893 leads to differential targets for PHYHIP, which is no longer a bta-mir-

2893 target in B. taurus while it had three putative sites in B. primigenius. The protein

produced by PHYHIP is a substrate of DYRKIA, involved in neurodevelopment

(Murakami, 2009). The axonal guidance pathways, enriched in genes targeted by bta-
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mir-2893, and the ephrin pathways, which were enriched in genes having miRNA target
sites polymorphisms, have also been implicated in brain development (Soskis, 2012).
These modifications between B. primigenius and B. taurus tended to show brain
development modifications which could have resulted from selection for docile

animals.

2.4.3 Change in metabolism during domestication could be linked to the SNP in
mir-2893 and polymorphisms in miRNA-binding sites

Metabolism may have also been an important process to be modified during and after
the domestication due, primarily, to changes in the diet of animals within increasingly
organised agricultural systems over the millennia; a process that continues today (Noe-
Nygaard, 2005). Four genes and two pathways have been found related to metabolism
and have undergone extensive modification between B. primigenius and B. taurus.
FASD2, an enzyme involved in fatty acid metabolism, had lost its mir-2893 targets in
B. taurus which could led to its upregulation and increased metabolic flux of this
enzyme (Schaeffer, 2006). HMGCS2, which encodes mitochondrial 3-hydroxy-3-
methylglutaryl-CoA synthase, is targeted by miRNAs in B. taurus but not in B.
primigenius and ranked in our top ten genes. HMGCS2 is involved in ketone
metabolism, regulation of which varies depending on the food intake (Kostiuk, 2010).
The overexpression of HMGCS in transgenic mice led to an increase of ketone bodies
and a decrease of lipolysis in adipose tissue (Valera, 1994).

In addition, miRNA-binding site differences between B. taurus and B.
primigenius in the MATIA gene (methionine adenosyltransferase) have been identified.
MATIA is exclusively expressed in mature liver cells in mammals where it is involved
in the regulation of hepatic function (Mato, 2002). MATIA also played a role in S-
adenosylmethionine formation, which has been linked, in knock-down mice, to hepatic
regeneration (Chen, 2004). Polymorphisms in MAT1A4 were also related to the level of
homocysteine in dietary fatty acids (Huang, 2012).

Finally, the SSr-ranking method identified PRKAG3 as showing miRNA-
binding polymorphisms between B. taurus and B. primigenius; previous work has
shown that polymorphisms in this genes have been associated with differences in
glycogen levels (Milan, 2000) and meat quality in domestic livestock (Lindahl, 2004;
Roux, 2006). Moreover, the insulin receptor signalling pathway and valine degradation

pathways were also highly enriched in genes having polymorphisms in miRNA binding
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sites, both of which were involved in metabolism. The different metabolic genes and
pathways identified as under differential miRNA regulatory selection in B. faurus
versus B. primigenius could have had a role in the evolution of B. taurus feeding

strategies, growth rate and meat quality improvement.

2.4.4 Modification in miRNA gene and miRNA-binding sites play a role in

potential immunologic changes during domestication
Under a model of domestication, increased confinement and interaction with humans
within settlements would be expected to result in concomitant exposure of early
domesticates to novel pathogens, leading to increased selection pressure on genes
regulating immune functions (Cleaveland, 2001). In this context one highly ranked
gene, and one entire pathway, involved in immunity and related to mir-2893 variant
between B. primigenius and B. taurus have been identified. FCRLI is newly targeted
in B. taurus by miR-2893. This gene is involved in immune response and has been
shown to result to autoimmune disease if overexpressed (Baranov, 2012). The NFAT
pathway enriched for targets of the polymorphic miR-2893 is also involved in innate
immunity, which can allow fast responses to infection (Fric, 2012). A modification in
this pathway could have resulted of selection due to the increase in infection in herds
of greater size and intensification in domesticated cattle. Furthermore, analysis of
variation in miRNA-binding sites also identified the immunology-related gene, MS4A7,
which lost the most miRNA binding site in B. taurus in comparison to B. primigenius.
MS4A47 is part of the MS4A cell surface protein family (Liang, 2001), the members of
which are expressed in B lymphocytes (Pant, 2006; Zuccolo, 2013). Moreover, MS4A47
polymorphism have been linked to differential expression of this gene in human B cells
in response to glucocorticoid treatment (Maranville, 2011), while a recent study has
shown that a CpG epigenetic polymorphism in 3' UTR of MS447 have been associated
with the metabolism of coprostanol in humans, which is linked to cardiovascular
disease (Irvin, 2014). Polymorphism in 3' UTR between B. primigenius and B. taurus,
differentially targeted by miRNAs, have also been found enriched in the NFAT
pathway.
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2.4.5 Reproduction, fertility and lactation are important traits in the extension of
domestication of B. taurus and is linked to modification in miRNA and
miRNA binding sites

Fertility is of key importance in B. taurus improvement to allow a higher birth rate and

more effective reproduction while maintaining milk (lactation) yields. Two genes and

five pathways have been identified of relevance to fertility, which are highly ranked in
relation to SNPs in gene binding sites. Glutathione peroxidase-5 gene (GPXJ) is
targeted by eight additional miRNAs in B. taurus. The level of the GPX5 protein
expressed played an important role in spermatozoa DNA integrity maintenance

(Chabory, 2010). Moreover, GUCA2B, which is the highest ranked gene, encodes a

fertility-associated protein binding to GUCY2C, a membrane protein, which had a role

in the regulation of the concentration of cGMP. GUCA2B is also involved in the fluid
balance in intestine and kidney (Sindi¢, 2006) and the variation in expression of

GUCA2B in mice has been shown to have an effect on pregnancy and fertility

(McConaha, 2011). The androgen signalling pathways, enriched in genes containing

miRNA-binding sites polymorphisms, had impacts on both bull and cow fertility.

Conjugated linoleic acid have been shown to increase the expression of PTEN

expression and PI3K/AKT regulating roles in granulosa cell proliferation and

steroidogenesis in buffalo which could affect the ovulation and therefore the fertility

(Sharma, 2012). The IL-8 pathway is activated during theca cell differentiation and in

pre-ovulatory follicle differentiation (Walsh, 2012). The Platelet-derived growth factor

signalling pathway has also been shown to be of high importance in development and
especially in embryogenesis (Hoch, 2003). In addition, one of the highest ranked genes
showing loss of miRNA targets (rank 52/1606), CSN3, encodes kappa casein-3 which

is an important protein for milk nutrition quality and milk processing (Comin, 2008).

2.4.6 Pigmentation pathway genes are differentially targeted between B. taurus
and B. primigenius

A significant gene enrichment for melanocyte development and pigmentation

signalling has been identified to be associated with miRNA regulatory polymorphism

between B. primigenius and B. taurus. Such miRNA-regulatory effects on this pathway

can be linked to the coat colour changes that appear during domestication. The genes

involved in these pathways have also been linked to tameness, consistent with the link

between domestication and coat colour changes (Linderholm, 2013). The coat colour
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change was not an unknown phenomenon in the domestication process. Various studies
on the process of domestication of mammals observed this phenomenon. A study focus
on coat colour related genes in horse showed that variation in colour appeared during
domestication, the analysis of these genes suggested Eurasian steppe origin of horse
domestication (Ludwig, 2009). Similarly a study comparing the genome of the wild
boar and the domesticated pig found region under positive selection overlapping gene
related to coat colour as well as muscle development with a variant of the gene having
low frequency in a white pig breed (Amaral, 2011). It was also interesting to mention
a study on silver fox aiming to reproduce domestication event solely on tameness
selection. The process led to morphological modification as curled tail, floppy ear and
also coat colour changes (Trut, 2009). Similarly, a study on mink showed that animals
with aberrant coat colour were tamer which has been linked to a change of serotonin

level in the hypothalamus (Trapezov, 2008).

2.5 Conclusion

The sequencing of the B. primigenius genome allows the identification of genetic
differences arising from domestication and artificial selection of taurine B. taurus from
B. primigenius. Genetic polymorphisms affecting miRNA regulation can have dramatic
effects on livestock traits. MiRNA regulatory polymorphisms affecting key
domestication and economic traits would have been selected for during domestication
and subsequent artificial selection. In this study, miRNA regulatory polymorphisms
that were different between B. primigenius and B. taurus, which represented candidate
domestication mutations that helped define our current domestic B. faurus breeds, have
been identified.

This study demonstrated that, small changes in miRNA seed regions or miRNA
binding sites have led to major changes to the regulation of miRNA-targeted genes
and/or biological functions within the short time-scale of B. taurus domestication. This
observation was in line with a study in rabbit domestication, which suggested that small
modifications in regulatory domain were more likely to be marker of domestication
rather than drastic changes in coding region (Carneiro, 2014).

It has been identified that 1606 protein coding genes and one miRNA gene seed
region had SNPs between B. primigenius and B. taurus that led to dramatic changes in
miRNA gene targeting, affecting pathways and traits related to these genes. Important

traits subject to altered miRNA regulation in B. taurus relative to B. primigenius have
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been identified, including neurological development (axonal guidance), fertility
(androgen signalling, ephrin pathways), immune characteristics (FCRLI, and NFAT
pathways) and metabolism (HMGCS?2), insulin receptor and sucrose degradation
pathways. All of these miRNA-regulated pathways were highly associated with traits
selected during the 10,000 years of domestication and can be considered as potential
candidates for breeding improvement in B. taurus. A similar study on horse
domestication, sequenced two ancient horse DNA pre-dating the horse domestication
(Schubert, 2014). By comparing these sequences with modern horse and wild horse
they identified candidate genes for domestication related to various function which
suggested artificial selection by man for its own need but also behavioural traits linked
with tameness. This is could be linked with candidate variant binding sites, discovered
in this chapter, mentioning neurological development regulation. Furthermore they
emphasised deleterious variant arising with inbreeding linked with selection which was
also a concern in cattle selection where inbreeding led to decrease in production,
fertility (Smith, 1998) or survivability (Thompson, 2000).

The results from the analysis of variant in miRNA between B. faurus and. B.
primigenius were published in Genome Biology (Park et al. 2015) as part of the
functional analysis (Section 8.1). The results from the analysis of the variant in miRNA
binding sites in 3' UTR were published in Frontiers in Genetic (Braud et al. 2017)
(Section 8.2).
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3 Identification of cattle breeds polymorphisms in miRNA

sequences discover candidates for association studies

3.1 Introduction

MicroRNAs (miRNAs) are non-coding RNAs, the active form of which is a mature
miRNA that ranges in length from 16 to 26 nucleotides. According to miRBase, the
average length for miRNAs in cattle is 21 nucleotides. The first microRNAs to be
discovered was described in C. elegans as a small RNA named /in-4, which regulated
the expression of the LIN-14 protein and had antisense complementarities to the 3' UTR
region of the /in-14 gene (Lee, 1993; Wightman, 1993). Since their initial discovery in
nematodes, miRNAs have been identified in many animals and plants (Lagos-Quintana,
2001, 2003; Lee, 2001; Llave, 2002; Reinhart, 2002; Kozomara, 2013).

There are currently 797 miRNA genes identified in cattle (miRBase 21),
coding for 784 unique mature miRNAs (miRNA paralogues had the same mature
sequence). MiRNAs have been shown to regulate gene expression in animals by
complementary binding to the 3' UTR region of gene transcripts, leading to the
degradation of the targeted transcript and/or inhibition of the mRNA translation
(Carthew, 2009; Chekulaeva, 2009). The RISC complex is a ribonucleoprotein,
composed of the mature miRNA sequence and an ARGONAUTE protein, which
function was to facilitate the binding of the miRNA to its target sequence and the
degradation of the messenger RNA (Kim, 2009). The miRNA binds its target to a six
nucleotide region in positions 2 to 7 of the mature miRNA, called the seed region, which
has perfect complementarity with its target. It has also been observed that
complementarity of nucleotide 8 and the presence of an adenosine at position 1 also
enhances the target binding, triggering a higher repressive effect (Lewis, 2005). It also
has been shown than the region between nucleotides 13 to 16 of the mature miRNA can
also be complementary to the 3' UTR binding sites, again enhancing the strength of the
down-regulation (Grimson, 2007).

Studies on microRNAs in humans, livestock and other animal systems have
increased drastically in the last decade in livestock and in other organisms (Fatima,
2013). Understanding of the role of miRNAs in the regulation of gene expression and

their impacts on various traits such as development, cell death, inflammatory response
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or cancer, have become a key part in mammals genetics (Ambros, 2004; lorio, 2012;
O’Connell, 2012).

MiRNAs played significant roles in the regulation of important genes and
pathways expression in domesticated livestock. MiRNAs have been shown to have
roles in many different economically important traits in cattle such as muscle, fat
content, milk production, immunity and reproduction. The majority of studies
conducted in livestock were focused on differential expression associated with a
specific trait. For example, overexpression of mir-206 was involved in the double-
muscle phenotype in cattle (Miretti, 2011) and mir-885 and mir-196a were
differentially expressed in specific muscle type in Japanese black cattle breed (Muroya,
2013). It has also been reported that an increase of mir-743 in Holstein muscular tissue
enhanced the maturation of adipocytes (McConaha, 2011) and four other miRNAs were
linked to development of subcutaneous and intra-muscular fat in Simmental beef
(Wang, 2015).

The expression of miRNA also varies in relation to mammary gland
maintenance and milk production traits. During different lactating period in cattle, it
has been shown that 12 miRNAs were up-regulated during the fresh lactating period
and one during early lactation (Wang, 2012). Many other studies have reported
differences of expression in various miRNAs during udder infection showing the role
of miRNA in the response to mastitis and immunity (L. Li, 2012; Naeem, 2012; Li,
2014). MiRNAs have also been shown to be involved in fertility traits by regulating
genes in oocytes, sperm and gonadal tissues (Hossain, 2012).

The identification of polymorphisms and their link to different phenotype in
livestock is an important subject for selection. A lot of effort has been put into
sequencing and genotyping multiple breeds of livestock together with gathering
phenotypical information associated with these genetic variations (Charlier, 2008;
Consortium, 2009; D A Magee, 2010; Waters, 2011; Berry, 2012; Mullen, 2012). The
identification of variations in miRNAs is still in an early stage and of their role in cattle
is poorly understood. However, multiple studies have shown that polymorphisms in
both miRNA genes and miRNA-binding sites can impair miRNA-binding properties
and could therefore affect gene regulation. For instance, some SNPs in miRNAs have
been associated with production traits in pig breeds where SNPs in mir-206 and mir-
133b were associated with different muscle and fat traits (J.-S. Lee, 2013). Moreover,

recent studies identified polymorphisms in miRNA genes for vertebrates, including
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livestock, using publicly available data. These studies showed that cattle have the
greatest number of polymorphisms in miRNA genes when compared with 14 other
species of interest (Jevsinek Skok, 2013; Zorc, 2015). Therefore, genetic differences in
miRNA sequences between different cattle breeds, which could modify the regulation
of genes involved in important functions and livestock traits, could represent novel
candidates for selection during breeding programs.

To test this hypothesis, the present study aimed to identify polymorphisms in
miRNAs of cattle and investigate their potential impact on traits of economic
importance, based on their predicted targets. SNPs between six different breeds of cattle
and the reference cattle genome were obtained from a collaboration with USDA as part
of the aurochs sequencing project (Park, 2015). From this list of SNPs, the SNPs in all
cattle miRNA binding sites were identified. The SSr scoring system was used to
prioritise the miRNA target polymorphism and identify potential candidates, some of
which have been included in the International Dairy Breed SNP chip (IDB) (Mullen,
2013) in collaboration with Teagasc and the Irish Cattle Breeding Federation. The
genotyping with IDB gave the allelic ratio of the selected SNPs for a wider range of
breeds. The SNPs were included in a second Teagasc study to be genotyped as part of
an association study on Holstein-Friesian bulls for which daughters’ phenotypes had

been determined by ICBF.
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3.2 Materials and Methods

3.2.1 Flowchart of identification of SNPs in miRNA for association study
candidates

The SNPs data were retrieved from dbSNP and USDA cattle sequencing. The pipeline

of identification and categorisation of the miRNA variant and their target is similar to

the one developed in Chapter 2. The genotyping on 25 breeds was part of the IDB

project led by Teagasc and ICBF. The association study with the identified miRNA

variant from dbSNP is part of a study on Holstein bull led by Teagasc (Figure 17).

3.2.2 Identification of Single Nucleotide Polymorphism in miRNA genes

To identify polymorphisms in miRNA genes, data from dbSNP, available in 2010
(dbSNP build 130, BTau.4.1) and containing 9,493,419 SNPs, were used. MiRNA
general feature format file (gff) were then retrieved from miRBase and Ensembl
(BTau.4.1). The SNP loci were compared to the miRNA gene loci and those which
overlapped with pre-miRNA transcripts were extracted. Each polymorphic pre-miRNA
was reconstructed using a custom python script. Finally, the miRNA in which the
polymorphisms were located in the mature sequence themselves were filtered in and
the mature sequence and seed region were extracted for inclusion in the corresponding
input TargetScan file (Supplementary table 3, Supplementary table 4). For the
genotyping, which was performed subsequently the BTau4.1 coordinate were
converted to the more recent UMD3.1.

In addition, a second set of SNPs identified in the resequencing of 45 animals
from six European cattle breeds from low coverage sequencing (Park, 2015) were used
(Table 4). These new set provided a total of 24,032,577 SNPs, a much higher number
compared with those identified in dbSNP in 2010, as well as breed information.
Comparison with the sequences of pre-miRNA, mature miRNA and seed regions were

conducted as described previously.
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Figure 17 — Flowchart of identification of SNPs in miRNA for association study

candidates

This represents the workflow leading to the identification and characterisation of SNPs
in miRNA sequences. The pipeline consists of miRNA binding site identification

(Chapter 2, Figurel0-B) and scoring (Chapter 2, Figure10-C).
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Table 4 — Description of the six cattle breeds sequenced.The number of animals is
the total of individuals, which were sequenced and from which the SNPs were extracted

by Park et al (Park, 2015).

Number of
breed animals type
Angus (AN) 10 | beef
Limousin (LM) 10 | beef
Romagnola (RO) 3 | beef
Fleckvieh (FL) 1 | dual purpose
Holstein (HO) 10 | dairy
Jersey (JE) 10 | dairy

3.2.3 Prediction of the secondary structure of polymorphic miRNA

The hairpin loop secondary structure of pre-miRNA is important for mature miRNA
production. It has been shown that polymorphisms in the hairpin loop can modify their
stability and impair the maturation of pre-miRNA (Khvorova, 2003; Schwarz, 2003;
Zeng, 2003; Iwai, 2005). Indeed differences in thermodynamic stability have been
shown to modify the loading efficiency of pre-miRNA by the ARGONAUTE protein
(Gu, 2011). To determine if polymorphisms in cattle miRNA genes can modify the
hairpin loop structure of pre-miRNA, the secondary structures of each breed variants
and reference pre-miRNAs were predicted using RNAfold (Hofacker, 2003) by
determining the lowest minimum free energy (MFE) structure for each miRNA. The
free energy was quantifying the stability of a DNA or RNA secondary structure hence
the lowest one is the most stable. The MFE have been used to compare the differences

produced by the SNPs in the hairpin structures.

3.2.4 Construction of 3' UTRs alignment
To identify miRNA target sites, TargetScan software was used. Alignments of 3' UTR
were recovered and formatted as in Chapter 2 and used as the basis for TargetScan

analysis.
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3.2.5 Identification of the targets of the polymorphic miRNAs

As noted previously, the variant and the reference mature miRNA and seed region files
were created and formatted similarly to those provided by TargetScan. Sequences with
identical seed regions were grouped into families. For each polymorphism of each breed
identified in seed region the variant sequence for each breed was added to the reference
seed region file. For TargetScan to be able to group the similar binding sites, a unique
identifier number for each breed was introduced instead of the species number usually
used by TargetScan (B. taurus was originally tagged 9913). This unique identifier is
designated as the breed tag namely: Holstein: 9913.1; Jersey: 9913.2; Angus: 9913.3;
Limousin: 9913.4; Romagnola: 9913.5; Fleckvieh: 9913.6 while the reference
sequenced was kept as 9913. Furthermore, the miRNA names in the file were given
prefixes corresponding to the breed abbreviation (and “bta” for the reference) to allow
each sequences to be distinguished. The identification of the binding sites was done

using the same pipeline described in Chapter 2 (Figure 10-B).

3.2.6 Sorting and SSr-scoring of miRNAs variants

The results obtained from TargetScan were treated with the same pipeline described in
Chapter 2 (Figure 10-C) with minor modification of the python and R scripts to handle
more than two different taxa (here the six breed variants). The SSr scoring was similar,
considering each variant miRNA in comparison with the reference one and summing

the score of all targeted genes for each miRNA.

3.2.7 Pathway enrichments using IPA

To identify the likely functions of each miRNA, enrichment of the targeted genes in
different biological pathways was conducted using the IPA software. The software was
provided with a list of targets, common and polymorphic, for each miRNA variant and
each corresponding reference sequence. The p-value obtained for each analysis of
miRNA target enrichment was adjusted using the Benjamini-Hochberg method. The
scoring and ranking of the pathways was performed as in Chapter 2. As more data could
be derived from the use of multiple miRNA variants, the pathways were grouped into
four categories (Figure 18):

Pathways specific to a single miRNA: these are enriched in novel targets (Lost

or Gain) of one unique variant miRNA. These pathways were not identified as
significant level in other specific variant miRNA targets (Lost or Gain) nor in the

reference miRNA.
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Pathway specific to multiple miRNAs: are similar to the single variant miRNA

described previously except that more than one variant miRNAs of the same target type
(Gain or Lost) is involved.

Pathway specific and common: are similar to the specific pathways for single

or multiple miRNA except that they are also targeted by another variant miRNA (Gain)
and the corresponding reference one (Lost).

Gain and Lost common pathways: these are enriched in novel targets for

different miRNAs variants for Lost and Gain targets.
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Pathway specific single miRNA - pathway pecific and Common Gained targets enriched in pathway

pathway specific multiple miRNA Gain and Lost common pathways ~ sessssss Lost targets enriched in pathway

Figure 18 — Representation of the different groups of pathway enrichment. This is
an example of how pathways enriched in genes differentially targeted by variant form
of mir-449b and mir-29e were grouped. The pathways were grouped, depending of the
type of targets they are enriched with. The type of targeted genes and enriched pathways
were defined as “Lost” if the binding sites were all impaired in a given miRNA variant
identified in comparison with the reference one. Similarly, a targeted gene and enriched
pathway were defined as “Gained” if a new binding site arise from the variation of a
given miRNA and no binding sites were identified in the reference miRNA. Pathways
enriched in genes targeted both by variant and reference miRNA are defined as

“Common”.
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3.2.8 Genotyping with the IDB SNP chip of 25000 cattle for frequency analysis

Genotyping analysis was conducted in collaboration with Teagasc with the first version
of the IDB project, integrating the seven SNPs identified in this chapter from the dbSNP
data. These SNPs have been genotyped across 18 breeds (Supplementary table 5)
using a custom made SNPchip. This chip was used to analyse 25000 animals, in

association with the farmers.

3.2.9 Genotyping for gene association

A gene association analysis was also conducted in collaboration with Teagasc as part
of a dairy cattle association study. A total of seven SNPs identified during the in silico
analysis were genotyped across 914 Holstein-Friesian sires. The SNP genotyping was
carried out commercially using the Sequenom MassArray® iPLEX Gold assay
(Sequenom, San Diego, CA, USA). As a quality control measure, 25 animals,
originating from 25 different samples of extracted genomic DNA were genotyped twice
for all SNPs. Mean concordance across all SNPs and all duplicates was 99.8%. Where
discordance existed, the genotype for the sample in question was discarded. The

following method was developed and conducted by the Teagasc collaborators.

3.2.9.1 Data editing and phenotypes

An iterative algorithm was used to simultaneously discard both SNPs and individuals
with poor genotype call rates (Waters et al 2011). This resulted in genotypes of 66
individuals and two SNPs being discarded.

Daughter yield deviations (expressed on the scale of predicted transmitting
ability; PTA) and PTAs, as well as associated data reliabilities, for a range of
performance traits evaluated by the Irish Cattle Breeding Federation in the January
2009 domestic genetic evaluations, were available for inclusion in the analysis. Models
used in genetic evaluations in Ireland, as well as variance components, are summarized
in detail by Berry et al. (Berry, 2007). Daughter yield deviations (DYD) for 305-day
milk, fat and protein yield as well as geometric mean SCS (log. somatic cell count) are
estimated in Ireland using a repeatability animal model across the first five lactations.
PTA for calving interval and survival are estimated using a multi-trait animal model,
including data from the first three lactations. PTA for milk yield is used to adjust
survival for differences in genetic merit of milk yield; hence, this survival trait is
functional survival. PTA for cow carcass weight, progeny carcass weight, progeny

carcass fat score and progeny carcass conformation score, measured at slaughter, are
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estimated in a multi-trait animal model that includes weaning weight, live-weight of
the animal between 300 and 600 days of age, feed intake, and skeletal and muscular
linear traits. Cows slaughtered between 875 and 4,000 days of age were included in the
evaluation of cow carcass weight while male progeny slaughtered between 300 and
1,200 days of age and female progeny slaughtered between 300 and 875 days of age
were included in the evaluation of the remaining three carcass traits. Genetic
evaluations for linear type traits are undertaken as part of a joint evaluation in the UK
and Ireland. The estimated breeding values (EBVs) were standardized to the mean and
standard deviation of the base population. PTAs were de-regressed using the procedure
outlined by Berry et al (Berry, 2009):
y=RR"'+AMa

Where ¥ is the deregressed PTA, a is a vector of PTAs from the genetic evaluations, R is a

diagonal matrix where each element is ! , and A is the
(Reliability of the respective animal —1)

numerator relationship matrix.
Parental contribution to the reliability of each DYD or PTA was removed using the
approach of (Harris, 1998):

RTRAD _RPA
RTRAD 'RPA +1_2RPA

R =

Where R is the reliability less the parental contribution, Rrap is the reliability
from the traditional genetic evaluation (i.e., includes information from all relatives),
Rpa is parental average reliability.

Only sires with a reliability (less parental contribution) of >60% for the trait under
investigation were retained for inclusion in the association analysis. A total of 742 sires
fulfilled these criteria for inclusion in the analysis of milk, fat and protein yield as well
as milk fat and protein concentration; the number of sires included in the association
analysis with SCS, calving interval and survival was 703, 501, and 477, respectively.
The number of sires with a reliability of >60% for the carcass traits was 446 and the
number of sires with a reliability of >60% for the linear type traits varied from 484 to
551. Out of the seven SNPs, only five passed the genotyping platform criteria while the

two others were considered to present discordance.
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3.2.9.2 Statistical analysis

The association between each SNP and performance was quantified using weighted
mixed models in ASREML (Gilmour, 2009) with genotyped individual included as a
random effect and average expected relationships amongst individuals accounted for
through the numerator relationship matrix. Year of birth (divided into 5 yearly intervals)
and percent Holstein of the individual sire were included as fixed effects in the model.
In all instances the dependent variable was DYD for milk, yield, fat yield, protein yield
and SCS and de-regressed PTA for the remaining traits, weighted by their respective
reliability less the parental contribution.

Genotype was included in the analysis as a continuous variable coded as the
number of copies of a given allele.

In total, 90 statistical tests (i.e., 5 SNPs by 18 traits) were undertaken but not all
were independent because of covariance among traits. Banos et al. (2008) grouped
phenotypes based on similarities. Using this approach, the traits were categories into 5
groups: milk production, udder health, fertility, carcass and linear type traits implying

25 different statistical tests ignoring linkage disequilibrium among SNPs.
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3.3 Results and Discussion

3.3.1 Identification of miRNA SNPs from dbSNP

To identify polymorphisms in miRNA, all published cattle polymorphisms were
collected using the publically available SNP data from the NCBI dbSNP website
(1d: 130, 2010) and screened with a custom script using the annotation of mature miRNA
from miRBase. Seven SNPs located in seven pre-miRNAs were identified (Table 5).
Among these seven SNPs, two were located in the seed regions, one in miR-29¢ and
one in miR-2313-3p seed region. In addition, one SNP was located in the mature
sequence of miR-2419-3p but not in the seed region. The four other SNPs were located
in the hairpin loop of the mir-2329, mir-2284s, mir-1179 and mir-1814b. These seven
SNPs have been used for the genotyping analysis (Mullen, 2013) and association

studies, prior the access to the following USDA polymorphisms in cattle breeds.

Table 5 — List of the SNPs identified with dbSNP 130 data

miRNA name chromosome locus ref alt dbSNPid miRNA seq
bta-mir-29e ch16 73969907 T  C  rs41825418 matd“re(Sp)
see
bta-mirl179 ch21 19206160 A G rs41974457 hairpin
bta-mir-1814b | ch22 4893712 G A rs41990658 hairpin
bta-mir-2284s | ch12 53400159 T G rs43430325 hairpin
bta-mir-2313 | ch15 32789501 C T  rs41761413 Lneaetd”reBp)
bta-mir-2329 ch18 47837451 T G rs41885631 hairpin
bta-mir-2419 ch4d 68649844 G A rs43400521 mature(3p)

3.3.2 Identification of miRNA SNPs for six cattle breeds

As mentioned previously, 24,032,577 SNPs data from USDA cattle breeds genome
sequencing was retrieved. A total of 125 SNPs located in 89 miRNAs genes were
identified. In addition to the four SNPs in hairpin loop identified previously, 96 SNPs
out of 125 have also been identified exclusively in hairpin loops in 71 miRNAs (i.e. not

in the mature sequence).

Among the remaining 29 SNPs located in 25 mature miRNAs, 14 are in the seed region
of 12 miRNAs, in addition of the two already identified (Figure 19). The SNP data

presented each variation related to each animal for which the breed is known. Hence
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each SNP identified in relation to the corresponding breed was selected, in order to
reconstruct breed specific miRNAs (Table 6, Supplementary Table 6). Note that all
7 SNPs identified in dbSNP build130, were present in the USDA data.
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Figure 19 — Distribution of polymorphic miRNA genes in genome. Representation
of the polymorphic miRNAs through cattle genome (UMD?3.1) and their SNP coverage
based on USDA cattle whole genome sequencing. MiRNAs with SNPs in their seed
regions are labelled in red, those with SNPs in the mature sequence but not in seed
region are labelled in orange and those having SNP (from dbSNP) in the pre-miRNA

but neither in the seed region nor in the mature sequence are labelled in blue.
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Table 6 — List of polymorphism in miRNA genes and their location in mature and

seed region, in six cattle breeds

location
miRNA number Reference |Variant
Breeds in SNPs chr:loci
name of SNPs allele allele
miRNA
mir-1291 LM, AN, FL, JE 1 seed 5:31283924 C T
mir-1584  |FL, JE, RO 1 mature 3:9881823 G A
mir-2284e |LM, AN, HO, JE 1 seed X:61016918 C T
mir-2284y |HO, JE 1 mature  |1:83105454 G A
mir-2285m |FL, AN, HO,RO, 1 seed 5:111012132 |C T
mir-22850 |JERSEY 1 mature 12:16533036 |G T
mir-2285t |FL, JE, RO 1 seed 3:7929201 C T
mir-2313  |LM, HO, FL,JE,RO 1 seed 15:34628957 |C T
mir-2318  |LM, AN, HO 1 seed 15:78356674 |A C
22:40172551 |C T
mature
mir-2369  HO, AN 3 22:40172555 A G
seed
22:40172560 |A C
mir-2391  |tM 1 mature  [26:10964348 |A G
JE 1 mature  [26:10964356 |C G
mir-2419  |tM, HO, RO 1 mature  4:66346486 T C
JE 1 seed 4:66346535 C T
mir-2425 |LM, AN, HO, JE, 1 seed 5:30251690 G C
mir-2434 LM 1 mature 5:64962222 C A
mir-2446  |AN 1 mature 6:99976591 C T
mir-2450c |HO, AN, JE 1 seed 6:107741122 |G A
mir-2467 |FL, AN, HO,RO, 1 mature 8:1172076 A G
AN, HO 1 seed 14:48094695 |A G
mir-2883 |AN,HO,RO,LM 1 seed 18:8166103 C T
LM 1 seed 18:8166104 G A
mir-2893 |RO 1 mature 17:73346081 G A
mir-29d HO 1 mature 16:77562609 |A G
mir-29e FL, AN, HO, RO, 1 seed 16:77562055 [T C
mir-449b JE 2 mature 20:23967292 |G T
mir-653 LM, AN, HO, JE 1 mature  4:10653589 A G
mir-940 LM, AN, JE 1 mature 25:1792942 C T

List of miRNAs containing SNPs located in mature miRNA or seed region and the related

breeds. HO: Holstein, JE: Jersey, AN: Angus, LM: Limousin, FL: Fleckvieh, RO: Romagnola.
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Interestingly, the SNPs present in some of the seed regions of cattle miRNA
corresponded to other reference miRNA seed region in cattle and other species (Table
7). Of the 16 miRNAs with SNPs in their seed regions, eight of them have identical
seed regions to other miRNA genes, suggesting a potential conservation of function.
For example, the SNP in mir-29e modified the reference seed region into the seed
region of the reference mir-29a, mir-29b, mir-29c and mir-29d across 12 species
including cattle. The polymorphisms in miRNA genes are present in cattle and more
precisely are different among breeds, which could suggest a link between selection of
animals and variation in miRNA. Moreover, correlation of variation in the seed regions
with other miRNA suggested that these polymorphic miRNAs could be still functional

and therefore modify the related function.

Table 7 — List of miRNAs having SNPs creating a seed region identical to another
miRNA

Polymorphic miRNA with
breeds species
miRNA ID identical seed
miR-2489 HO miR-2372 bta
miR-2284y JE HO miR-2284g miR- bta
miR-2318 HO AN LM miR-675-3p mmu
miR-29e AN HO LM FL [miR-29c miR-29b eca hsa xtr mml bta cfa
i RO JE FL LM | . .
miR-2313-3p miR-4277 miR-3600 |hsa bta
HO
miR-2434 LM miR-3602 bta
miR-940 JE AN LM miR-664 miR-456 bta gga

List of polymorphic B. taurus miRNA, which SNPs in the seed region creating an identical
seed region to another miRNA in cattle and other species referenced in TargetScan. Each
miRNA mentioned are found in all species listed except for miR-3600 and miR-644
corresponding to bta, miR-456 corresponding to gga and miR-4277 corresponding to hsa; eca:
Equus caballus; has: Homo sapiens; xtr: Xenopus tropicalis; mml: Macaca mulatta; bta: Bos
taurus; cfa: Canis familiaris; mmu: Mus musculus; mdo: Monodelphis domestica; ptr: Pan

troglodytes; gga: Gallus gallus; rno: Rattus novergicus; oan: Ornythorhynchus anatius.
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3.3.3 Pre-miRNA secondary structure modifications in variant miRNA
Pre-miRNAs with polymorphisms in their sequences had their secondary structure
predicted with RNAfold and the corresponding MFEs were compared. The average
MEFE for the variant pre-miRNAs ranged from -9.4 kcal.mol™ to -51 kcal.mol™ while
the average MFE for the reference pre-miRNAs ranged from -11.3 kcal.mol™ to -52.1
kcal.mol™ (Supplementary table 6 — List of polymorphism in miRNA genes and their
location for hairpin, mature and seed region, in six cattle breeds

Supplementary table 7). The comparison of MFE between the reference miRNA and
the reconstructed variant for the different breeds were carried out by calculating the
absolute AMFE for each pair. 21 unique miRNA gene variants out of 89 screened,
showed an increase in absolute MFE value of more than 1 kcal.mol™. In contrast, 42
miRNA gene variants showed a reduction in MFE by more than 1 kcal.mol™ (Figure
20). Among these, three miRNAs (mir-2489, mir-2467, mir-2419) had AMFE values
which could be either positive or negative depending on the SNP found in each breed.
In the case of mir-2467 and mir-2419, both showed an opposite value of AMFE,
respectively positive (+1,8) and negative (-2.6) in the variant form found in the genome
of Jersey cattle compared to those of the other breeds. These two miRNAs had SNP
specific to Jersey breeds, mir-2467 had one SNP in its hairpin region while all other
breeds tested had two, and mir-2419 had a SNP specific to Jersey. Finally, 14% of the
miRNAs hairpin variant (13/92) had a AMFE > 5 (6/13) or AMFE < -5 (7/13). A study
on SNP in miRNA suggested that a difference of 2 kcal.mol” could affect the
processing of the pre-miRNA (Gong, 2012). This show that the polymorphisms
modified the stability of the hairpin structure of the pre-miRNA and could impair its

maturation process even with slight changes in stability.
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Figure 20 — Heatmap of the impact of polymorphism in pre-miRNA on their

thermodynamic stability

The heatmap represents all polymorphic pre-miRNA in each breed with a difference of
minimum free energy (AMFE). This value represents the difference of absolute MFE
between the reference and the variant pre-miRNA. Breed abbreviation: JE: Jersey, FL:
Fleckvieh, RO: Romagnola, AN: Angus, LM: Limousin, HO: Holstein.
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The predicted hairpin structures of 50 variant miRNAs differed from the
reference one. It was noticed loss or gains of internal loops and bulges (with
modification of the size of these elements) which could alter the maturation of the
miRNAs. For example, mir-2456 and mir-2895 are the two miRNAs which underwent
the most modification in their hairpin loop structure due to SNPs (Figure 21). These
two variant structures prediction present extra hairpin loops included in the stem, which
could interfere with the processing of these two miRNAs. Indeed a study showed that
secondary structure and thermodynamic stability changes in small hairpin RNA
processed by Dicer have an impact for their biogenesis and thus their repressive
potential (Krol, 2004). Another study on pre-miRNA structures showed that
mismatches affected the pre-processing by Dicer. The presence of bulges or internal
loops in pre-miRNA appeared to increase the cutting precision of Dicer reducing the
amount of non-canonical miRNA and off-set targeting, following the “loop counting
rule” (S. Gu, 2012). Finally, two studies showed the impact of SNPs in miRNA hairpin
loops in the processing of miRNAs creating off-targets and modifying the regulated
functions (Sun, 2009; Xiong, 2013). Our results showed that the polymorphisms in
cattle pre-miRNA can modify the structure and the thermodynamic stability, potentially

impairing the targeting function of these miRNAs.
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G/A

Holstein variant of mir-2456
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Reference mir-2895 Romagnola variant of mir-2895

Figure 21 — Secondary structure of mir-2456 and mir-2895 is modified in their
variants. Based on the RNAfold analysis, it has found that both mir-2456 and mir-2895
had a hairpin loop structure which is highly disrupted, leading to the possibility that
their functions are similarly perturbed. The polymorphic bases are highlighted in pale

green, and the mature miRNA in pale blue (as defined in miRBase).
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3.3.4 Identification of new target sites for polymorphic mature miRNA

To further investigate the role of polymorphisms in miRNA, the SNPs located in mature
miRNA sequences were examined, focusing on those which had the potential to modify
the targeted genes and thereby disrupt their biological function. To identify these
changes of targets, the TargetScan algorithm was used to predict the targets of the
reference and of the corresponding polymorphic miRNAs and to calculate the scores
associated with. After filtering based on the score, a total of 12,025 unique sites, which
were newly targeted by 23 polymorphic miRNAs and 7117 unique sites from which
targeting is lost due to polymorphisms in 21 miRNAs have been identified
(Supplementary table 8). Among the polymorphic miRNAs, 10 mature miRNAs
(miR-1291, miR-2489 miR-29¢, miR-2369, miR-2883, miR-2450c, miR-2285m, miR-
2419-5p, miR-2284e, miR-2425-3p) had no or few common target sites with their
reference one (Table 8). This meant that the SNPs in these miRNAs totally switched
their binding sites in comparison to those targeted by the corresponding reference

miRNAs.
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Table 8 — List of polymorphic miRNA identified in cattle breeds and their

predicted binding sites with no common target with the reference

1 - Gain
(breed)miRNA ID PS CS score sum SSr

HO-miR-2883 1400 0 -164.25 -229943
AN-miR-2883 1398 0 -164.01 -229281.79
RO-miR-2883 1398 0 -164 -229267.81
LM-miR-2285m 1346 0 -141.07 -189876.18
HO-miR-2285m 1344 0 -140.9 -189364.22
FL-miR-2285m 1343 0 -140.87 -189183.04
RO-miR-2285m 1343 0 -140.87 -189183.04
AN-miR-2285m 1343 0 -140.86 -189177.67
JE-miR-2285m 1342 0 -140.63 -188728.14
JE-miR-2419-5p 1240 0 -137.99 -171103.88
RO-miR-1291 960 0 -170.57 -163751.04
JE-miR-1291 959 0 -170.57 -163574.71
AN-miR-1291 960 0 -170.28 -163469.76
LM-miR-1291 958 0 -170 -162860
HO-miR-29e 909 1 -170.07 -155256.26
RO-miR-29e 910 0 -170.32 -154992.11
FL-miR-29e 910 0 -170.32 -154991.2
JE-miR-29e 909 1 -170.27 -154772.7
AN-miR-29e 909 0 -170.22 -154733.62
LM-miR-29e 909 1 -170.13 -154644.53
AN-miR-2450c 781 1 -100.52 -78509.24
HO-miR-2450c 780 0 -100.24 -78186.42
JE-miR-2450c 779 0 -100.15 -78019.97
LM-miR-2883 883 0 -88.1 -77792.3
LM-miR-2284e 764 0 -95.64 -73072.78
AN-miR-2284e 762 0 -95.44 -72722.99
JE-miR-2284e 761 0 -95.29 -72516.45
HO-miR-2284e 761 0 -95.29 -72513.41
AN-miR-2425-3p 638 0 -98.32 -62725.61
RO-miR-2425-3p 638 0 -98.31 -62719.87
JE-miR-2425-3p 638 0 -98.3 -62717.31
LM-miR-2425-3p 637 0 -98.27 -62596.72
HO-miR-2425-3p 637 0 -98.26 -62593.53
HO-miR-2489 790 0 -76.58 -60501.36
HO-miR-2369 578 0 -82.16 -47486.17
AN-miR-2369 578 0 -81.92 -47346.87

93



Chapter 3: Identification of cattle breeds polymorphisms in miRNA sequences discover candidates for

association studies

2 - Lost

(breed)miRNA ID| PS CS score sum SSr
AN-miR-1291 1243 0 -262.73 -326570.9
JE-miR-1291] 1243 0 -262.73 -326570.9
LM-miR-1291 1243 0 -262.73 -326570.9
RO-miR-1291 1243 0 -262.73 -326570.9
HO-miR-2489 870 0 -109.55 -95307.63
AN-miR-29¢ 755 0 -122.28 -92322.16
FL-miR-29¢ 755 0 -122.28 -92322.16
RO-miR-29e 755 0 -122.28 -92322.16
JE-miR-29¢ 754 1 -122.21 -92145.59
LM-miR-29¢ 754 1 -122.21 -92145.59
HO-miR-29e 754 1 -122.21 -92145.59
AN-miR-2369 445 0 -64.33 -28625.52
HO-miR-2369 445 0 -64.33 -28625.52
AN-miR-2883 249 0 -56.65 -14106.6
HO-miR-2883 249 0 -56.65 -14106.6
RO-miR-2883 249 0 -56.65 -14106.6
LM-miR-2883 248 0 -56.48 -14007.78
HO-miR-2450c¢ 214 0 -46.5 -9949.93
JE-miR-2450c¢ 214 0 -46.5 -9949.93
AN-miR-2285m 225 0 -43.9 -9876.6
FL-miR-2285m 225 0 -43.9 -9876.6
HO-miR-2285m 225 0 -43.9 -9876.6
JE-miR-2285m 225 0 -43.9 -9876.6
LM-miR-2285m 225 0 -43.9 -9876.6
RO-miR-2285m 225 0 -43.9 -9876.6
AN-miR-2450¢ 213 1 -46.33 -9867.23
JE-miR-2419-5p 103 0 -25.99 -2677.07
AN-miR-2284¢ 103 0 -23.01 -2370.03
HO-miR-2284¢ 103 0 -23.01 -2370.03
JE-miR-2284¢ 103 0 -23.01 -2370.03
LM-miR-2284¢ 103 0 -23.01 -2370.03
AN-miR-2425-3p 73 0 -18.76 -1369.63
HO-miR-2425-3p 73 0 -18.76 -1369.63
JE-miR-2425-3p 73 0 -18.76 -1369.63
LM-miR-2425-3p 73 0 -18.76 -1369.63
RO-miR-2425-3p 73 0 -18.76 -1369.63

1- List of ranked miRNA variant which gained sites. 2- List of the ranked miRNA variant which
lost sites. PS: number of polymorphic sites; CS: number of common sites; score sum: sum of

the TargetScan score of the PS; SSr: Site Score ratio used for ranking the miRNAs.
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Moreover, these ten miRNAs showed few common gene targets between the
variant and the reference alleles (Figure 22). For example, mir-2489 had two different
mature miRNA variants for Holstein-Friesian and Angus while the Holstein variant had
a similar number of targets compare with the reference and the Angus variant showed
a reduction in the number of targeted genes. Furthermore, the miRNAs were ranked
following the SSr score described in the material and method. According to the SSr
ranking, the top polymorphic miRNA which gained targets was mir-2883 and the top
one for loss of targets was mir-1291. This analysis confirmed that polymorphisms in
miRNA had a strong impact on the number of potential targeted genes (Gong, 2012;
Jevsinek Skok, 2013). Moreover, SNPs for a given miRNA showed differences
between the investigated breeds, potentially leading to specific gene expression and

modification of biological pathways regulation linked with selection and breeding.
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Figure 22 — Comparison of the number of targeted genes between the reference
and variant miRNAs. The stacked histogram represents the number of genes targeted
for each miRNA. The name of the breeds to which the variant is related is mention at
the end of each bar. The light blue square represents the genes targeted in both variant
and reference miRNAs when the medium blue represents the number of targets for the
reference allele and the dark blue represents the targets for the variant allele. In the case
of miR-2489, the two variant Angus (AN) and Holstein (HO) are different, hence
represented separately. The miRNAs showing mainly common targets (light blue bar)
are miRNAs having variation outside of their seed region therefore do not present any

difference of targets based on TargetScan algorithm.
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3.3.5 Pathways enriched for miRNA targets are different between reference and
variant miRNAs.

To identify which function could be affected by the change of targets due to SNPs in
mature region of miRNAs, the potential enrichment of these targets in biological
pathways was investigated. To identify the pathways targeted by different miRNAs,
Ingenuity Pathway Analysis (IPA) software was used and the significantly enriched
pathways, corrected with Benjamini-Hochberg method (adjusted p-value < 0.01), were
compared between the reference and the variant. Of the 25 miRNAs, which displayed
SNPs in their mature sequences, nine polymorphic miRNAs showed differences in the
number of pathways enriched in targets in comparison with their corresponding
reference.

Only miRNA having SNPs in their seed region showed differential enrichment
pathways for their targets. To investigate the extent of modification due to miRNA
polymorphisms, the pathways targeted by a given reference miRNA were compared to
the pathways targeted by its variant. In total 39 pathways were specifically enriched in
targets of miRNA variant and 132 pathways were specifically enriched in targets of
reference miRNAs (Supplementary table 9). Thirteen pathways were significantly
enriched only for targets of the variant miRNAs and 73 pathways were significantly
enriched for targets of the reference miRNAs. Moreover, among the 73 pathways
enriched only in reference miRNA targets, 21 were targeted by more than one miRNA.
By applying the score system used to rank the polymorphic miRNAs, a score has been
associated to each pathway enriched corresponding of the average score of all variant
binding sites of genes involved in each pathway.

Among the miRNA differentially targeted pathways, the variants for miR-449b
and miR-29e were the most represented. They respectively lost target enrichment for
30 and 40 unique pathways out of the 73 pathways enriched only in reference miRNA
targets. These pathways corresponded to 135 targets for miR-449b and 82 targets for
miR-29¢ out of 373 unique genes differentially targeted by a unique variant miRNA

and involved in significantly enriched pathways (Figure 23).
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Figure 23 — Number of differentially enriched pathways in polymorphic miRNAs
and number of their related targets showed a higher rate of lost pathways
enrichment and lost targets. Representation of the variant miRNAs with significantly
enriched pathways differing from those of their reference miRNAs. “Gain” represented
the pathways enriched for gained targets and “Lost” the pathways enriched for lost
targets. Unique pathways represented pathways significantly enriched only by one
specific variant miRNA targets and common represent pathway enriched by more than

one variant miRNAs targets.
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Moreover, the variants of the miR-449b/miR-29e pair lost target enrichment for
15 pathways out of the 21 differentially targeted by more than one variant miRNA.
Similarly, the miR-2313-3p variant, pairing with either miR-29¢ or miR-449b, lost
targets for 7 pathways. Among the 15 pathways enriched in targets for miR-29¢ and
miR-449b pair, four pathways may be of interest to the dairy breed, which were present
in both mir-449b (Jersey specific) and mir-29e variants. These four pathways were, in
score ranking order: Interleukin-17 (IL-17) Signalling, ErbB Signalling, p70S6K
Signalling and Prolactin Signalling pathways.

Out of all pathways significantly enriched, IL-17 had the highest score for miR-
29e targets and these targets represented more than 10% of the total molecules involved
in this pathway (14.8% for miR-449b targets). Based on the representation of the
pathway of IL-17 Signalling, it was observed that lost targets of miR-29e and miR-449b
variant did not totally overlap, four lost targets were specific to miR-29¢ and five were
specific to miR-449b variant allele, which could suggest a complementarity of these
two miRNAs (Figure 24). The IL-17 is a family of homodimeric glycoprotein,
conserved through species and produced by T lymphocyte involved in the inflammatory
response (Moseley, 2003). IL-17 has a role in immune response and has been shown
(as well as Interleukin 6, also present in the ranking) to be highly expressed in milk
somatic cell during mastitis, induced by S. aureus in cattle and correlated to milk yield
(Tao, 2007). Another study in dry-off dairy cow, a sensitive period for infection,
investigated the gene expression level during Streptococcus infection leading to
mastitis. They observed an increase of IL-17 expression supporting the inflammatory
role of this protein during mastitis (Bruno, 2010). The role of IL-17 in defence against
E. coli intrammary infection has been investigated. It was observed an increase of
expression of IL-17 inducing a pro-inflammatory and anti-microbial response during
mastitis (Roussel, 2015). Finally, another study on mastitis in dairy cow integrated
GWAS with transcriptomic study aiming to identify pathways directly linked to the
mastitis immune response. They found IL-17 signalling pathway as one of the highest
ranked, linked with an eQTL related to cell movement and cell-to-cell signalling
(Lewandowska-Sabat, 2012). This showed that the control of expression of the IL-17
pathway is important during mastitis in dairy cow, therefore highlighting the role of
mir-29e and mir-449b as potential regulator of this pathway.

ErbBs were part of a receptor tyrosine kinase, and their signalling pathway is

involved in organogenesis of heart and neural cell, muscular neurosynapses and
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epithelial morphogenesis (Burden, 1997; Yarden, 2001). The different ErbBs form
heterodimers acting as receptors for neuregulin, a member of the epithelial growth
factor molecules (EGF). The ErbBs have been shown to be involved in mammary gland
development each one at different stage of development (Schroeder, 1998). The EGF
receptors have also been identified in cattle mammary tissue and lactating glands
(Spitzer, 1987; Sheffield, 1998).

The p70 ribosomal protein kinase was a major substrate of mammalian target of
rapamycin (mTOR) involved in cell proliferation and growth (Dann, 2007; Shin, 2011).
Myostatin has been shown to inhibit the Akt/mTOR/p70S6K protein synthesis
pathway, which mediates both differentiation in myoblasts and hypertrophy in
myotubes (Trendelenburg, 2009). Moreover mTOR/p70S6K have been shown to be
down-modulated by IL-6, modifying the myogenic differentiation (Pelosi, 2014).
Moreover ErbB2, involved in breast cancer through angiogenesis, has been shown to
increase the vascular endothelial growth factor production by activating p70S6K (Klos,

20006).
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Finally, the Prolactin pathway is also enriched for lost targets for miRNA-449b
and miR-29¢ (Figure 25), many of which are shared with the IL-17, ErBb and P70S6k
pathways. Prolactin had an important role in mammary gland development and
differentiation and had been reported to play a role in the maintenance of mammary
gland function (Forsyth, 1986; Accorsi, 2002). It should be noted that the role of
Prolactin in lactogenesis, is not as important as that of growth hormone in ruminants
compared to other mammals like rodents (Knight, 1986; Madon, 1986), but it is still
likely to play a role in this process. Indeed, a study on photoperiod length related to
prolactin and milk yield in dairy cows, suggested a link between the sensitivity and
responsiveness to prolactin during transition to lactation and increase of the subsequent
milk yield (Auchtung, 2005). It has also been shown that prolactin presence had an
effect on fatty acid synthesis, mediated by leptin in mammary glands of dairy cattle and
also increased the level of expression of a-casein and B-lactoglobulin (Feuermann,
2004).

The different genes targeted by the mir-29¢ and mir-449b variants when
compared to the reference form showed that important pathways for dairy cattle are
enriched for these targets. Moreover, the fact that the mir-449b variant was specific to
the Jersey breed suggests that these SNPs could be good candidates for selection during
breeding for related traits. Furthermore, the fact that both variants were targeting the
same pathways, strengthened the potential relaxation of the repression effect of these
pathways in vivo.

As shown in the representation of the IL-17 and Prolactin pathways, the
enrichment is significant only for one allele (reference) of miRNAs. However, some
targets are unique or common to the other allele (variant) but do not present a significant
enrichment. For example, in the prolactin signalling pathway, the reference allele of
miR-449b targets 11 genes (significantly enriched; p-value < 0.01) when the variant
one of miR-449b targets only six genes from which five targets were common to both
alleles. In the latter case of the variant, the p-value for the enrichment showed that it is

not significant.
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Figure 25 — The miRNAs mir-449b and mir-29e variants targets differently
Prolactin signalling pathway. The pathway for Prolactin signalling is significantly
enriched in lost targets for the variant haplotype of mir-449b and mir-29e. The crossed
line corresponded to the gene targeted by the reference haplotype, the dashed line
corresponded to genes targeted by both haplotype and the straight line corresponded to
the genes targeted by the variant haplotype.

As described previously the pathways differently enriched for multiple variant

miRNAs varied, and in most cases only few targets were shared between the reference
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and the variant miRNA. However, 18 pathways were identified as enriched in targets
of one specific miRNA allele (either the reference or variant form) but did not contained
any targets at all for the other allele form. Out of these 18 pathways, five pathways were
enriched in variant targets and 13 were enriched for the reference targets (Table 9). It
was found that 12 pathways were targeted by miR-29¢e and one by miR-449b, out of the
13 pathways only targeted by the reference alleles. Among these pathways, the presence
of Dopamine Receptor Signalling pathway was particularly interesting. This pathway
was targeted by the two miRNAs (miR-29¢ and miR-449b) and hence was included
into the “Pathways specific for multiple miRNAs” group. However, only the miR-29¢
reference allele uniquely targeted this pathway while both alleles of miR-449b had

targets in the pathway with only the reference allele showing enrichment.

It was also interesting to note for these “unique-allele type” targeted pathways,
the presence of significant miRNA variant allele targeted enrichments, which were
absent from the pathways specific for multiple miRNAs. The two miRNAs variant
alleles corresponded to miR-2419-5p, which targeted four pathways (Role of JAK
family kinase in IL-6-type Cytokine Signalling, Inhibition of Angiogenesis by TSP1,
Production of Nitric Oxide and Reactive Oxygen Species in Macrophages, S-adenosyl-
L-methionine Biosynthesis) and miR-1291, which targeted one pathway (Actin
Nucleation by ARP-WASP Complex). It was also found that the miR-2419-5p variant

was also specific to the Jersey breed.
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The pathway enrichment assisted in understanding the function potentially
dysregulated by polymorphisms in miRNA genes. It also helped to refine the selected
targets to important ones for breed selection. The main findings from the pathway
enrichment analysis, is the miRNA pair miR-449b and miR-29e variants. Together they
differentially target genes involved in four pathways related to mammary gland
maintenance (IL-17 pathway) and development (ErBb, Prolactin and P70S6K
pathways). Moreover, considering that the allele of miR-449b was identified in a dairy
breed, Jersey, this is supporting a functional role of mir-29e and mir-449b toward milk

production traits and their variant as important markers for dairy genomic selection.
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Table 9 — Pathways enriched in unique miRNA variant targets List of pathways
targeted uniquely by one miRNA allele, the group are as described in the method: PSS:
Pathway specific for single miRNA; PSM: Pathways specific for multiple miRNAs;
GLCP: Gain and Lost common pathways

Pathway
Pathways type miRNA breeds

group
Role of JAK family kinases
in IL-6-type  CytokineGain miR-2419-5p JE GLCP
Signalling
Ovarian Cancer Signalling |Lost miR-29¢e JE, RO, FL, HO’PSS

AN, LM

Role of JAK1 and JAK3 inLost miR-29e JE, RO, FL, HO,

yc Cytokine Signalling AN, LM PSS

gt_epcgi)tgpSignallingcoupledLOSt miR-29¢ :i\IIE\l E\SI) i HO,PSS
L”yhgi;’;‘ of Angiogenesisg iy mir2419-5p  JE PSS
Telomerase Signalling Lost miR-29¢e "i\i E\SI) FL, HO’PSS
Egsigfmia Signallirl:gyebidLOSt miR-29e :i\IIE\l E\SI) " HOpss
Gai Signalling Lost miR-29¢e :ii E\SI) FL, HO’PSS
Angiopoietin Signalling Lost miR-29¢e :ii E\SI) FL, HO’PSS
PEDF Signalling Lost miR-449b JE PSS
Histidine Degradation VI  |Lost miR-29¢e :ii E\SI) FL, HO’PSS
IL-15 Signalling Lost miR-29¢e :ii E\SI) FL, HO’PSS
cAMP-mediated signalling |Lost miR-29¢e :ii E\SI) FL, HO’PSS
g%%zmrge Receptor) . miR-29¢ jxlrle E\?’ FL, HO.pg
Actin Nucleation by ARPIGain  mir-1291 RO, JE, LI, AN PSS

WASP Complex

Production of Nitric Oxide
and Reactive OxygenGain miR-2419-5p JE GLCP
Species in Macrophages

S-adenosyl-L-methionine

Biosynthesis Gain miR-2419-5p JE PSS

106



Chapter 3: Identification of cattle breeds polymorphisms in miRNA sequences discover candidates for

association studies

3.3.6 QTL enrichment in polymorphic miRNA targets suggested influence of
miRNA in cattle traits

In addition to pathway enrichment analysis, aimed to identify potential functions, which
could be deregulated, Quantitative Trait Locus (QTL) enrichments were also
investigated to identify the potential effects of miRNA polymorphism in cattle traits.
For that purpose, the data for QTL and the associated traits provided by CattleQTLdb
(www.animalgenome.org) were retrieved, counting a total of 9,180 QTLs (April, 2014).
The enrichment was conducted using the hypergeometric test, corrected by Benjamini-
Hochberg methods (p-value <0.01). Among the 32 miRNAs which had SNPs in their
mature sequence, 12 had differentially target gene enrichments for QTLs between the
reference and the variants; these 12 miRNAs were miRNAs having SNPs in their seed
regions. In total 56 QTLs were enriched by miRNA variants and reference haplotype
target genes. Among these QTLs, 21 are enriched only in targets gained by variant
miRNA and 26 were enriched in targets lost by variant miRNAs (only targeted by the
reference haplotype). 14 QTLs, which were uniquely enriched for variants miRNA
targets and 15 QTLs which were uniquely enriched with genes not targeted anymore
by variant miRNAs, were also identified (Supplementary table 10). Moreover, three
QTLs (Spleen percentage, Blood creatinine level and Meat colour L*) were enriched
only in gained targets for more than one variant miRNA (Table 10).

In the latter set of QTLs, two traits, spleen percentage and meat colour L*
(lightness) were significantly enriched for the same group of miRNA variants (miR-
2425-3p, miR-2284e). Although these two QTLs showed significant enrichment, only
one gene was located in this QTL: PITPNB (phosphoinositol transfer protein-f: chrl7
69488675-69640595), explaining the corrected p-value of 0.

The spleen percentage QTL was identified in the Jersey and Limousin back-
cross study (McCabe, 2012) and reported in QTLdb, however it was mentioned in the
QTLdb file that this QTL was associated with a weak p-value (p-value < 0.1).

The locus associated with meat colour L* however, mentioned as LDL (L
reflectance parameter on M.longissimus thoracis et lamborum) in the study of
Esmailizadeh et al. (Esmailizadeh, 2011) on the same animals, was significant (p-value
< 0.05) and corresponded to meat brightness. The gene PITPNB codes for a protein
binding and transferring phosphatidylinositol and phosphatidylcholine between
membranes. It has been identified as a potential candidate in a chicken QTL

(chromosome 15) associated with fatness (Jennen, 2004) and two splice variants of this
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gene have been shown to be highly expressed in heart and liver of chicken in a study
on meat quality (Jorge, 2010). It should be noted that the function of the PITPNB
protein function is not well characterized and seemed to have different roles and
expression pattern in different mammalian species (Venuti, 1988; Alb, 2002; Patel,
2013). The presence of polymorphic miR-2425-3p and miR-2284e binding sites
suggested a role in the control of the expression of PITPNB on meat quality related to
transfer of certain lipids. The blood creatinine level QTL was also enriched for targets
of multiple miRNAs (miR-29¢ and miR-2419-5p). Interestingly, the variant of miR-
2419-5p, which was unique to the Jersey breed, is predicted to target HIBCH, which
was found to be located in a QTL associated to blood creatine level. In addition to
pathway enrichment analysis, QTL enrichment therefore suggested additional
information to which traits are likely to be influenced by polymorphisms in miRNA
genes. Similarly, these polymorphisms could be good candidates for improvement of

meat quality traits in cattle.

Table 10 — QTL enriched in multiple miRNA variant targets

Trait related toSNP common (unique breeds:common breeds:
unique miRNA
QTLs type miRNA |gval mean qval
LM JE HO RO AN:
Spleen miR-2425-3p
Gain miR-2883 |0.0; HO JE AN LM:AN, HO, RO: 0.0;
percentage miR-2284e
0.0;
AN HO LM FL JE
Blood creatinine miR-29e miR-
Gain miR-29d |RO: 0.0058; JE:HO: 0.0058;
level 2419-5p
0.0099;
LM JE HO RO AN:
miR-2425-3p )
Meat colour L* Gain miR-2883 |0.0; HO JE AN LM:AN, HO, RO: 0.0;
miR-2284e 0.0
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3.3.7 Genotyping of seven miRNA polymorphisms showed difference in allele
frequencies across 18 cattle breeds
The first seven SNPs identified in miRNA described previously have been integrated
into a broader genotyping analysis. At this time in the study it has been hypothesis that
miRNA polymorphisms, which differentially target genes, could be good marker for
genomic selection. To test this hypothesis, the first step was to conduct a genotyping
analysis, to investigate the distribution of the identified miRNA polymorphisms in a
wider range of cattle breeds with a higher number of animals. The genotyping of the
SNPs located in the miRNA identified on the first set from dbSNP (id:130) showed that
these SNPs were present in all breeds but with different frequencies. By testing Hardy-
Weinberg equilibrium (HWE), all the SNPs frequencies were identified as significantly
different of expected frequencies if the population was following the equilibrium for

the pooled breeds (p-value <0.01) suggesting that the SNPs could have been positively

selected (Figure 26).
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Figure 26 — Allele frequencies of miRNA SNPs in cattle breeds. Representation of
the allele frequency for each miRNAs variant across 18 breeds, the value on the top of
the bar is the p-value from the y” testing the Hardy-Weinberg equilibrium. HomoZ-alt:
homozygous for the alternate allele, HeteroZ: heterozygous allele, HonoZ-ref:

homozygous for the reference allele.
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Out of the 18 breeds genotyped, nine breeds had a number of animals ranging
from 1 to 12, therefore this made it difficult to assess these breeds independently using
the Hardy-Weinberg equilibrium. Therefore, only the breeds having a sufficient number
of animals (Aberdeen Angus: AAN, Belgian Blue: BBL, Charolais: CHA, Chillingham:
CHL, Hereford: HER, Holstein: HOL, Limousin: LIM, Parthenaise: PAR, Simental:
SIM) will be discussed here. It has been identified that alleles of miR-2329 do not show
a significant difference between the observed and the estimated frequencies. In
addition, the equilibrium was not respected in miR-29¢ for the Charolais (CHA) and
Angus (AAN), in miR-1179 for the Parthenaise (PAR), in 1814b for Simmental (SIM),
in miR-2284s for Holstein (HOL), in miR-2313 for Charolais and Holstein and in miR-
2419 for Simmental (Supplementary table 11). These results show that, even if most
of the miRNA SNPs are present in overall breeds, some specificities were identified for
certain alleles, suggesting that these SNPs could have had an influence on selected

traits.

3.3.8 Association analysis of seven miRNA SNPs in Holstein-Friesian breed

The seven SNPs identified from dbSNP were investigated for association with milk
traits. The association analysis was performed on 914 Holstein-Friesian animals for
which 42 traits were quantified. Only five miRNA SNPs went through the design stage,
discarding mir-29e and mir-2329 variants from the analysis as they were not complying
with the criteria of the genotyping platform. On the 42 traits analysed, five traits showed
a p-value smaller or equal to 0.05. However, the correction of these p-values did not
show any significant Q-value for the five SNPs considered. Nevertheless, one SNP in
mir-2419-3p and one SNP in mir-1814b showed significant p-value before correction
(equal to 0.01) for respectively rear udder height and carcass conformation (Table 11).
Even if the corrected p-value were not significant, the two SNPs in mir-2419-3p and

mir-1814b may have some effect on the related traits.
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Table 11 — Suggestive traits (p-value < 0.05) associated to the miRNA SNPs

investigated

miRNA ID |dependent |solution |level |[SE (trait |n p-value |Q-value
mir-2419-

3p ruh 0.27 1| 0.1jruh (1295 0.01 0.63
mir-1814b |cconf -0.05 1{ 0.02|cconf {1318 0.01 0.63
mir-2284s |fl -0.37 1| 0.17|fl 1380 0.02 1
mir-2284s |bd 0.29 1/ 0.14bd |1370 0.05 1
mir-1179 |civ -0.5 1| 0.25[civ  |1395 0.05 1

3.3.9 Analysis of QTLs and Pathway enrichment for mir-2419-3p and mir-1814b

Despite the fact that the corrected test for association to traits did not show any
significant results, our next analysis focused on miR-2419-3p and mirR1814b, which
show significant p-value for rear udder height and carcass conformation. This analysis
was similar to the one carried out previously on the SNPs identified using the USDA
data and aimed to browse available data to identify function and traits, which could
support weak associations.

It was found that two miRNAs were not located into the same locus of another
coding gene, which could give additional indication to their potential function. Indeed
miRNA located in intron of genes tend to have function related to the considered genes
(Flynt, 2010; Najafi-Shoushtari, 2010). Consequently, to identify potential links
between the miRNA polymorphisms and the traits identified, QTLs containing the
polymorphic miRNA as well as pathways and QTL enrichment for the targets of these
two miRNAs were investigated. For mir-2419-3p and mir-1814b, respectively 11 and
7 QTLs overlapping their locus were identified (Table 12).
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Table 12 — mir-1814b and mir-2419 were overlapping QTLs loci

bta-miR-2419-3p

Trait QTL size (nt)

Lignoceric acid content 965383
Calving ease (maternal) 7011056
Longissimus muscle area 11309757
Marbling score 11309757
Body weight (slaughter) 13341760
Milking speed 16714497
Milk protein yield 16714497
Social separation--Standing alert 56832639
Social separation--Vocalization 56832639
Milk fat percentage 59857522
Marbling score 102158362

bta-miR-1814b

Trait QTL size (nt)
Pelvic area 127710
Structural soundness (legs, feet, penis,

7200115
and prepuce)
Carcass weight 9026374
Semen volume 11844999
Teat placement 15972325
Teat placement 15972325
Milk protein percentage 15972325
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The miRNA mir-1814b is located into a region which is close to the peak of a QTL
associated with carcass weight trait (Figure 27), which could link to the carcass
conformation traits suggested association, identified for mir-1814b SNP. Mir-2419-3p
was located into three QTLs associated to milk traits (milk fat percentage, protein yield
and milking speed) which suggested a link to udder traits weak association to the SNP
in miR- 2419-3p. In addition, QTL are enriched in genes targeted by miR-2419-3p and
miR-1814b. 24 QTLs were significantly enriched in targets of miR-2419-3p (p-value <
0.01) and eight of them were still significant after p-value correction. Among these eight
QTLs, seven are associated with milk-related traits. In addition, nine QTLs were
significantly enriched in targets of miR-1814b but no p-value remained significant after
correction.

By investigating the targets of miR-1814b, it has been found that this miRNA is
targeting two important genes, namely GATM and MSTN. GATM is coding for creatine
synthesis enzyme, playing a role in the creatine blood level (Stockler, 1996). Creatine
is a precursor of creatinine, which has been positively correlated to muscle mass
characteristics as carcass weight, dressing percentage and proportion of lean meat,
which can be related to the carcass conformation traits. Moreover, MSTN coding for the
myostatin protein involved in the muscle development control (Grobet, 1997) is also a
target or miR-1814b.

In addition, six out of the eight QTLs enriched in targets for miR-2419-3p were
related to milk production traits. According to several studies, a correlation between
udder-related traits and milk production have been suggested, supporting the link
between the milk QTLs enriched in miR-2419-3p targets and the weak association with
the SNP in miR-2419-3p and rear-udder height.

Although the association found for mir-1814b and mir-2419-3p is weak, the
analysis of the location of their SNP in the genome and the function and traits associated

with their targets could supports a participation of their polymorphism with respectively
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carcass conformation and rear udder height traits identified in the candidate gene

association study.
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Figure 27 — Representation of carcass weight trait related QTL overlapping mir-
1814b gene. The SNPs of mir-1814b is located near to the peak (green line) of a QTL

associated with carcass weight (Figure extracted from AnimalQTLdb)
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3.4 Conclusions

The role of miRNA in cattle is being increasingly studied as their ability to regulated
multiple targets simultaneously can lead to broad regulation of genes, which can
influence production traits in cattle. In this study, the high rate of polymorphisms in
cattle were confirmed as described by Zorc et al. (2015) in their last version of mir
Sniper, a software identifying SNPs miRNA (Zorc, 2015). Furthermore, variability in
miRNAs throughout different breeds, confirmed through the genotyping of 18 breeds
of cattle has been identified. Moreover, the importance of the localisation of the SNPs
and the potential difference in targets hence in pathway regulation, highlighted links
between productive pathways and miRNA variations. Some miRNA polymorphisms
were observed to lead to a potentially stronger dis-regulation of many targets and
pathways. Among all the miRNA analysed mir-2419, mir-29e, mir-449b could be

retained for further in depth functional analysis.

3.4.1 mir-2419 presented two different SNPs which could have an influence on
both dairy and beef cattle.
In the case of mir-2419 both mature miRNA (5p and 3p) were annotated as expressed
and SNPs have been identified in both of them. The first SNP identified in mir-2419 is
located in the mature region of miR-2419-3p. This SNP has been identified in Holstein,
Limousin and Romagnola breeds, but the genotyping showed that it is present in all the
breeds with different allele ratios. The two alleles identified are T (UMD3.1 reference)
and C (dbSNP variant) located in the mature miRNA at position 87083333 in
chromosome 16. The variant allele is homozygous in 10% of the animals analysed but
mainly present in Hereford breed (38%) followed by the double muscle phenotype
breed Belgian Blue (16%) both being beef breed. However, the heterozygous form has
been identified in half the overall cattle population studied (Supplementary table 11).
This SNP can modify the predicted hairpin loop structure creating two small internal
loops when only one is present in the reference one. The association study on Holstein
animals shown that miR-2419-3p variant could be associated with rear udder height,
which can be linked to milk production. The targets of miR-2419-3p were enriched in
pathways and QTLs related to milk production. This suggested that the variation in the
hairpin loop could impair the proper processing of the miRNA and the regulation of the
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related targets. Although the variant identified from USDA in Holstein for mir-2419-
3p indicated, based on the shift of targeted genes, a link with milk production, the
genotyping shown that this variant is mainly present in non-milking breed with an allele
ratio similar, higher or lower to Holstein allele ratio.

The second SNP in mir-2419, identified in Jersey breed, is located in the seed
region of miR-2419-5p. The hairpin structure including this SNP is similar to the
reference one except that the internal loop is 1 nucleotide longer. The analysis of the
difference of targets, due to this polymorphism, showed that the variant has 10 times
more target sites than the reference one. Moreover, the targets of miR-2419-5p variant
are specifically enriched in ‘Inhibition of Angiogenesis by TSP1’ and ‘S-adenosyl-L-
methionine Biosynthesis’ pathways in which none of the genes are targeted by the
reference allele. Furthermore, miR-2419-5p had targets enriched in meat related QTL.
Finally, miR-2419-5p variant has been identified only in the Jersey dairy breed from
the USDA SNP data. These different enrichments could link this allele to a dairy rather
than beef oriented selection.

It is interesting to notice that the gene mir-2419 expressed two mature miRNAs,
which both seemed to have an impact on production traits in cattle and present different
allele forms, potentially modifying the processing of the pre-miRNA and the targeting

function.

3.4.2 Mir29e and mir-449b

The two miRNAs mir-29e and mir-449b contained SNPs in their seed region. Mir-29¢
had one SNP identified in the seed region of multiple breeds and mir-449b had two
SNPs, one in the seed region and one in the mature sequence, both only identified in
the Jersey breed. The variants of mir-29e and mir-449b were linked by some of their
targets, which are located in the same pathways. These pathways indicated a potential
link with dairy cattle as most of these pathways were related to mammary development
and milk production. The main difference between these two miRNA variants was the
number of targets. When the reference mir-29e and mir-449b targeted respectively 627
and 518 genes, the variant form targeted 731 and 223. However, the majority of the
pathway significantly enriched by mir-29e targets are the one targeted by the reference
one. Few pathways enriched in targets of the variant form of mir-29e have been
identified, even though these targets were more abundant than the reference one. The

identification of allele frequencies in mir-29e showed that the reference allele
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represented only 19.5% of the whole population and 5% of the cattle possessed the
homozygous allele. Holstein breed was the one having the highest percentage of the
reference homozygous allele (9%) and that this allele is absent in Charolais, Parthenaise
and Chillingham. This led to consider polymorphisms in both mir-449b and mir-29e as
potential candidates for dairy breeding.

3.4.3 Jersey specific SNPs in miRNA and population structure
It was interesting to notice that two of the best polymorphic miRNA candidate
identified, mir-2419 and mir-449b have been identified in Jersey breed. Unfortunately,
the Jersey was not a breed taking part of the first version of the IDB programme, which
could have given us the actual frequency of these SNP on a larger population.
Furthermore, the SNPs specifically identified in Jersey were identified from the USDA
data, after the first genotyping. Studies on variation in cattle breed gave information
about the structure of these breeds and in particular the Jersey breed. A study on SNPs
in taurine and indicine revealed that Jersey breed have a particular structure, clustering
clearly in comparison with other European breed, showing little admixture. It also
showed, based on the size of the region in LD, that this breed arise from a small original
population (Consortium, 2009). On other study based on microsatellite showed that the
genetic variability inside the native Jersey population was not significantly lower than
other continental breed and that the inbreeding level was limited (Chikhi, 2004).
However, a genotyping study on large group of animals from three breed from US
(Holstein, Jersey and Swiss Brown) showed that Jersey breed was the most
homozygous (VanRaden, 2011). Overall, that could explain the presence of these Jersey
specific SNPs, related to milk production, that has been identified in miRNA sequences.
This study gave an insight into the importance of miRNA in the regulation of genes
and pathways in cattle production traits and the potential of miRNA gene
polymorphisms. These polymorphisms whether they were located in the hairpin-loop,
the mature sequence or the seed region can all have a potential of disruption of the
primary function of the miRNA. Further comparative analysis between cattle breed
would be necessary to identify whether these polymorphisms are really unique to one

breed or to groups of breeds, as mir-449b and mir-2419 seemed specific to Jersey breed.
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4 3' UTR variants in cattle breeds modify microRNA binding

sites and display association with milk production traits

4.1 Introduction

As mentioned in the previous chapters, miRNAs were small non-coding RNAs regulating
the expression of protein coding genes by binding into their 3' UTR. The untranslated
regions of mRNA have a role in the regulation of the translation into protein. The expression
of genes is regulated by two sets of mechanisms: transcription control, through locus control
regions promoting, enhancing or silencing the transcription; and post-transcriptional control
located in 5' and 3' untranslated regions presenting motifs or structure related to protein or
RNA binding which regulate the translation and the stability of the messenger RNA (Pesole,
2001). Among the different mechanisms of regulation, polymorphisms in the 3' UTR
sequence can modify the binding affinity of miRNA and hence modify the translation of the
related gene.

Polymorphisms in cattle are used as markers for improving selection of animals for
important traits in beef and dairy breeds. The sequencing of the cattle genome, the HapMap
project and 1000 bull genome project helped to increase the identification of variants to
improve genetic gain (Consortium, 2009; Daetwyler, 2014). Access to these data allowed
the development of new approaches using molecular technologies to improve the selection
of cattle breeds based on genetic information, and especially to reduce the impact of genetic
diseases which can be related to single gene defects, and for creating genomically enhanced
breeding value (Spelman, 2013). In Ireland a wide project of genotyping of dairy and beef
breeds was launched in 2014 as part of the effort to improve the cattle herd using the Irish
Cattle Breeding Federation (ICBF) database for genetic evaluation, and the economic
indexes developed with Teagasc (Irish Agriculture and Food Development Authority) to
help select superior beef and dairy cattle for farmers (Cromie, 2014).

The potential effects of polymorphisms in 3' UTR related to miRNA binding sites
have been predicted computationally using human SNP genotype data and showed a
negative selection on SNPs modifying miRNA-binding sites based on a weak allele
frequency for these polymorphisms (Chen, 2006). These polymorphisms in human have
been related to different diseases such as Tourette’s syndrome, which was linked to a

modification in a binding site for miR-189 in SLITRKI (Abelson, 2005). Other studies
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showed links between variation in miRNA-binding sites and mental illness: a variation in
FGF20 3' UTR was linked to Parkinson Disease and impaired the binding site of miR-433
(Wang, 2008); a variation in the 3' UTR of the Dopamine D2 Receptor gene (DRD?2), linked
to schizophrenia, impaired the binding site of miR-326 and modified the repression of DRD2
(Shi, 2014). Furthermore, polymorphisms in 3' UTR related to miRNA-binding sites of
genes involved in cancer have been identified in human (Landi, 2008; Ryan, 2010), for
example KRAS 3' UTR presented a polymorphism which impaired the binding of let-7 and
was linked to lung cancer risk (Chin, 2008). These findings in human showed that SNPs in
miRNA-binding sites of a single gene can cause drastic change in expressed phenotypes.
The analysis of miRNA SNPs in livestock has also been studied, although to a lesser
extent than in human. A study on sheep identified a polymorphism in the 3' UTR region of
the MSTN gene, corrupting a binding site for miR-1 and miR-26 leading to the over-
expression of the MSTN gene and to the double-muscle phenotype associated with the Texel
sheep breed (Clop, 2006). A study on Japanese black cattle showed an association between
a polymorphism in the 3' UTR of GTF2F2 and the number of calves produced at four years.
This could be linked to miRNA binding sites as the expression differs between the GTF2F2
isoforms (Sasaki, 2013). Another study in the Holstein breed identified the presence of a
SNP in the 3' UTR of PRKAGI/AMPKyl gene (Mahmoudi, 2015). This SNP has been
linked to higher protein and milk yield and is suggested to impair a miRNA-binding site.
These studies on specific gene SNPs showed the potential of polymorphisms in 3'
UTR related to miRNA-binding sites in the modification of phenotypes. Genome wide
identification of these SNPs, and the related genes and pathways which can be modified,
could give important indications to improve the selection of animals in genomic selection
breeding programs.
This study aimed to investigate the hypothesis stating that genetic variants between
cattle breeds in their 3' UTRs modified miRNA binding sites and are involved in the
differential expression of important economic traits, thus could serve as useful candidates

for genomic selection.
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4.2 Materials and Methods

4.2.1 Identification of Single Nucleotide Polymorphism in cattle genes 3' UTR

To identify polymorphism in 3' UTR the same set of SNPs from six European cattle breeds
identified in collaboration with USDA mentioned in the chapter 3 were used. In a similar
way than to the chapter 3 for SNPs in miRNA genes, a custom Python script was used to
identify the SNPs located in 3' UTR of cattle genes. The 3' UTR annotation and sequences
have been extracted from ENSEMBL via Biomart tool, containing the sequence of 3' UTR
identified in cattle from the UMD3.1 annotation. On this set of sequences, only the longest

3' UTR identified for a given gene have been selected.

4.2.2 Construction of 3' UTRs alignment

To identify miRNA binding sites, using TargeScan, an alignment of 3' UTR sequences from
the different breed was needed. Using the reference 3' UTR sequences and variant ones, an
alignment was generated. The cattle 3' UTRs reference sequences and their coordinates were
retrieved from Ensembl through Biomart (Bos taurus UMD3.1) (Hubbard, 2002; Kinsella,
2011). The reference genome corresponded to the Hereford breed used for the sequencing
and annotation of cattle genome for the UMD?3.1 assembly (Zimin, 2009).

The variant 3' UTR sequences were reconstructed, based on the reference sequences
and the SNP data from the six cattle breeds described in Chapter 3 (USDA data: Holstein
(HO), Jersey (JE), Angus (AN), Romagnola (RO), Limousin (LM) and Fleckvieh (FL)).
Each SNP identified was mapped on the reference 3' UTR. Using the corresponding
coordinates, the reference nucleotides were replaced by the variants one creating the new
variant 3' UTRs for each breed. All cattle breed variants and their reference 3' UTR pairs
were used as a basis for identifying differential miRNA binding sites. The 3' UTRs reference
and breeds variant of each gene were aligned using clustalW (Larkin, 2007) and a unique
identifying number (the breed tag) was given for each breed. The purpose of the breed tag
was to distinguish the breed for each miRNA binding sites identified in the output file
produce by TargetScan.

4.2.3 Identification and analysis of polymorphic miRNA binding sites

The analysis conducted to identify miRNA binding sites and their potential impact on
pathways and hence traits in cattle breeds is identical to the one described in Chapter 2
(Figure 10) and Chapter 3. Only slight modifications have been made in the different scripts

for parsing the results to consider the targets of the miRNAs in multiple breeds. In the
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analysis of SNPs in miRNA binding sites, the ranking considered the targeted genes and not
the miRNA and the pathway enrichment was performed considering the total sets of genes

having polymorphic binding sites for each breed.

4.2.4 Genotyping for gene association

The gene association analysis has been conducted in association with Teagasc during the
update of the International Beef and Dairy SNPchip (IDB v2.0) allowing the integration of
some of the top SSr-ranked gene having SNPs in 3' UTR and presenting function related to
important traits. The analysis of the genotyping data was identical to the method described
in Chapter 3. In this second version of IDB, 25 SNPs in total have been selected, of which

18 where filtered in and tested on more than 30000 animals from 25 different breeds

4.2.5 Association study

The association study has been conducted with Teagasc and followed the same protocol as
described in Chapter 3. An increased number of animal of the Holstein-Friesian breed have
been used for the association study, bringing this number to 10707 animals genotyped. The
20 traits for which the association have been tested are fat percentage, fat weight, protein
percentage, muscle weight, calving interval, carcass conformation, carcass fat, carcass
weight, survivability, gestation time, somatic cell count, angularity, stature, body condition

score, chest width, direct calving difficulty, maternal calving difficulty, calf carcass weight.

4.2.6 Analysis of SNPs from 83 candidate genes for miRNA binding discovery.

This set SNPs has been analysed in collaboration with Teagasc following a study on
polymorphisms discovery from DNA sequencing, aiming to identify SNPs and related allele
frequencies to be used as fertility marker in dairy cattle (Mullen, 2012). The SNPs were
identified from 83 candidate genes of the somatotrophic axis from 150 Holstein-Friesian
bull. These animals were separated in two groups diverging on genetic merit for fertility. A
set of 697 SNPs has been identified to be located in these 83 candidate genes (Mullen, 2012).
These SNPs were used to construct the variant 3' UTR related to these candidate genes and
have been analysed for miRNA binding sites and ranked with the SSr method described

previously.
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4.3 Results and Discussion

4.3.1 Identification of 3' UTR SNPs in six cattle breeds

To identify polymorphisms in the 3' UTR of cattle, the same set of SNPs as in chapter 3
were used. This set corresponds to 24,032,577 SNPs obtained in collaboration with USDA
from six European cattle breeds as described previously. A total of 11,761 annotated 3' UTR
loci were retrieved from ENSEMBL, using the Biomart tool. Among these 11761 3' UTRs,
1680 contained a total of 3,253 SNPs. This represented an average of 0.46 SNP per kb of
the annotated 3' UTRs. All cattle chromosomes contained genes having SNPs located in

their 3' UTR (Figure 28).
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Figure 28 — Distribution of SNPs located in 3' UTR throughout cattle genome. The bar
represented each 29 autosomes and chromosome X, divided into 100 kilo-bases bins. Each

bins highlighted in blue is containing at least one SNPs in the 3' UTR of a gene.
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However, there is a higher number of SNPs in 3' UTRs located in chromosome 4,
corresponding to an average of 1.57 SNPs per kilo-base in the 3' UTRs with a standard
deviation of 0.24. The gene containing the most SNPs in its 3' UTR (67 SNPs) was an
uncharacterized gene located in chromosome 4 (ENSBTAG00000039928), coding for a
short protein related to the GTPase IMAP family. In addition, 27 genes out of the 1680
having SNPs in their 3' UTRs, have been identified to have 10 or more SNPs in their 3' UTR.
Out of these 27 genes, a third (9/26) were also located in chromosome 4 (

Table 13).

Table 13 — List of top genes having 10 or more SNPs in their 3' UTR.

Number of SNPs
Gene ID Chm HO JE AN LM RO FL Total
ENSBTAG00000039928 4 24 17 34 34 39 13 67
ENSBTAG00000040331 4 19 1 28 38 36 8 55
ENSBTAG00000046257 4 3 2 5 24 10 13 39
ENSBTAG00000039588 4 M 0 8 5 20 9 34
ENSBTAG00000046433 4 12 8 14 14 1 0 27
ENSBTAG00000025664 10 23 10 20 25 4 0 26
ENSBTAG00000030940 4 4 3 3 8 17 3 25
ENSBTAG00000039093 4 21 11 6 15 0 O 24
ENSBTAG00000005759 2 18 13 4 14 0 O 20
ENSBTAG00000045588 7 10 5 8 17 1 0 20
ENSBTAG00000039028 13 11 2 1 10 0 O 16
ENSBTAG00000039037 24 1 12 0 5 0 O 15
ENSBTAG00000002859 4 8 12 12 11 0 O 15
ENSBTAG00000006738 21 2 11 1 13 0 O 14
ENSBTAG00000002786 21 7 6 9 5 0 O 13
ENSBTAG00000000653 13 4 7 6 4 0 O 13
ENSBTAG00000004894 4 0 O 2 4 5 1 12
ENSBTAG00000009363 18 8 8 4 2 0 O 11
ENSBTAG00000040586 24 6 2 0 7 0 O 10
ENSBTAG00000040580 21 5 2 3 4 0 O 10
ENSBTAG00000025494 23 5 2 2 5 0 O 10
ENSBTAG00000017056 3 6 3 2 10 0 O 10
ENSBTAG00000002414 3 0O 0 10 1 0 O 10
ENSBTAG00000007374 10 0 9 5 5 0 O 10
ENSBTAG00000021939 19 6 5 1 7 0 O 10
ENSBTAG00000008747 19 3 7 0 7 0 O 10
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4.3.2 Polymorphism in 3' UTRs create or impair miRNA-binding sites

To identify which SNPs in 3' UTRs are located in miRNA-binding sites and potentially
modify their functions, the polymorphic 3' UTR sequences and their corresponding
reference sequences have been analysed with TargetScan using annotated miRNA
sequences from miRBase. The analysis of miRNA binding sites showed that of the 1680
polymorphic 3' UTR, 726 have polymorphic binding sites counting for 1097 different SNPs.
Among these 726 polymorphic 3' UTRs, 288 have been identified only in dairy breeds
(Jersey and Holstein), 215 only in beef breeds (Angus, Romagnola and Limousin) and two

unique to the Fleckvieh breed (Figure 29)
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Figure 29 — Gene distribution across the different groups and breed. The Venn diagram
represents the distribution of genes having polymorphisms in their 3' UTR identified in certain

breeds and also regrouped following production interest.
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All the polymorphic 3' UTRs for each breed have been ranked using the scoring
system described in chapter 2 (Supplementary table 12). Among the highest ranked genes
with polymorphic miRNA-binding sites, the GIMAPI Limousin variant is the top ranked
one. A total of 55 SNPs have been identified in the 3' UTR of GIMAPI. Out of these 55
SNPs, 37 were modifying a total of 34 different target sites changing the binding affinity of
50 miRNAs. Among these 37 SNPs, 10 have only been identified in Limousin, four in
Angus, four in Romagnola and one in Fleckvieh (Figure 30). The 10 SNPs identified in
Limousin created seven unique miRNA binding sites and the loss of two miRNA binding
sites. Moreover, the gene identified as ENSBTAG00000039928, under the Ensembl
annotation and associated as a member of the GIMAP family and containing 11 members
in cattle, have been identified as overrepresented in copy number variation analysis
(Bickhart, 2012). As mentioned previously, this gene has the highest number of SNPs in the
3' UTR and was ranked 11" for its miRNA binding site score. Among the 67 SNPs identified
in the 3' UTR of ENSBTAG00000039928, 24 are located in miRNA-binding sites. Two of
these SNPs led to the formation of one unique miRNA-binding site in Angus, one SNPs
created one unique miRNA-binding site in Jersey, one SNPs formed a new miRNA binding
sites in Holstein and two SNPs formed two miRNA-binding sites in Fleckvieh. The GTPase
of Immunity Associated Protein (GIMAP) proteins are a family of proteins involved in the
immune system for which the precise functional mechanism is still unclear. The expression
of GIMAP members have been found to vary during the T-helper cell differentiation and
could be involved in asthma, allergies and auto-immune diabetes in human (Kriicken, 2004;
Riaz, 2015). A study on mouse knock-down of GIMAP1 showed a role of this gene in mature
B and T cell development and survival (Saunders, 2010). Moreover, GIMAPI has been
shown to be over-expressed in peripheral blood mononuclear cells during bovine
tuberculosis infection in the presence of tuberculin (Meade, 2008). The two polymorphic
GIMAP family members which have been identified could have a strong potential for
immunity improvement in cattle selection.

In the top thirty ranked genes (Table 14), apart from GIMAPI and
ENSBTAG00000039928; GUCA2B, LAMTOR2, PRKAGI, BST2, CTCI, TARBPI,
CYP3A45, MED23, and CYP17A41 suggested a potential for cattle production trait variations.
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Table 14 — Top 30 ranked genes having the highest SSr score

number number
Gene ID Gene name polymorphic common SSr Breeds
site site
LM RO AN HO
ENSBTAG00000040331_BTLM | GIMAP1 39 21 -13.0629 FL JE
ENSBTAG00000007194_BTHO | GUCA2B 5 1 -5.2000 HO LM
ENSBTAG00000004517_BTJE | TARBP1 14 14 -2.2700 JE
ENSBTAG00000005450_BTLM | CYP3A5 5 3 -2.2283 LM
ENSBTAG00000012721_BTHO | HOGA1 13 17 -2.0953 HO
ENSBTAG00000039028 BTLM | PI3 10 7 -1.9743 LM HO
FL AN RO LM
ENSBTAG00000039928 BTFL | GIMAP-like 16 31 -1.8348 HO JE
ENSBTAG00000011754_BTLM | LAMTOR2 5 5 -1.5240 LM
ENSBTAG00000007117_BTAN | CTC1 11 19 -1.4966 AN LM HO
ENSBTAG00000012418_BTJE | MED23 2 1 -1.3560 JE
ENSBTAG00000014335 BTJE | CYP17A1 8 13 -1.2843 JE AN HO LM

ENSBTAG00000031725_BTLM | LOC517833 12 35 -1.0893 LM
ENSBTAG00000010548_BTJE | LRRC6 11 15 -1.0333 JE
ENSBTAG00000005759_BTJE | PLA2G2A 9 22 -0.8628 JE HO LM AN
ENSBTAG00000012149_BTHO | HOXCS8 2 1 -0.7860 HO
ENSBTAG00000035012_BTRO | TSPY-like 6 12 -0.7420 RO AN LM HO
ENSBTAG00000003898_BTAN | HMGCS2 12 34 -0.6868 AN JE LM HO
ENSBTAG00000010225_BTLM | POLR2D 11 31 -0.6472 LM HO
ENSBTAG00000004595_BTJE | GML 4 7 -0.5737 JE
ENSBTAG00000014426_BTAN | PRKAG1 9 34 -0.5519 AN
ENSBTAG00000025663_BTLM | RNASE1 10 27 -0.5456 LM

LM AN HO JE
ENSBTAG00000045588_BTLM | BST2B 23 140 -0.5341 RO
ENSBTAG00000047141_BTJE | PAG7 3 6 -0.5235 JE
ENSBTAG00000038706_BTJE | MT1E 7 15 -0.4363 JE HO
ENSBTAG00000024772_BTLM | TRIP6 5 14 -0.4336 LM
ENSBTAG00000015004_BTJE | TBCB 4 5 -0.4248 JE
ENSBTAG00000039813_BTLM | GZMB 3 4 -0.4140 LM HO JE
ENSBTAG00000011559_BTLM | RPL7A 2 1 -0.3920 LM
ENSBTAG00000046433_BTJE | TRB-like 7 15 -0.3892 JE
ENSBTAG00000021939_BTHO | ELAC2 14 70 -0.3778 HO LM JE AN

The list is presenting the 30 genes which had polymorphism in miRNA binding site causing the most
disruption base on their score. The gene ID represent the genes with the highest ranked breed specific
polymorphism, the breed column is showing which breeds also harbour polymorphisms in this given

gene but with a lower score.
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In the 3' UTR of GUCA2B, one SNP, only identified in Holstein and Limousin, is
forming one miRNA binding site. GUCA2B codes for an endocrine hormone, the guanylate
cyclase activator 2B or uroguanylin, which is expressed in intestine and inhibits sodium ion
absorption and stimulates electrolyte excretion in kidney (Sindi¢, 2006). Moreover it has
been shown in mice that differences of expression of GUCA2B had a role in pregnancy and
fertility (McConaha, 2011) and intron variations in GUCA2B have been related to
hypertension in human (Yoshikawa, 2007). It also has been found that down-regulation of
GUCA2B among other genes in the guanylate cycalse-C pathway is related to
gastrointestinal inflammation (Brenna, 2015). It has also been shown that uroguanylin is
involved in satiation in mice (Valentino, 2011). It could be suggested that variation of
expression in GUCA2B, which played a role in gastrointestinal function, could be involved
in feed efficiency in cattle.

In the 3' UTR of LAMTOR?2, one SNP, present in a miRNA-binding site, has been
identified only in Limousin. LAMTOR?2 coded for a protein called p14, which was part of
the Ragulator/LAMTOR complex, regulating mTOR (mammalian target of Rapamycin). It
has been shown to be crucial for dendritic cell homeostasis, playing an important role in
phagocyte for the endolysosomal transport during Salmonella infection (Taub, 2012).
Furthermore, a study on human immunodeficiency identified p14 variant as responsible of
many phenotype including B-cell and cytotoxic T-cell deficiency. They also identified a
new role for pl14 in biogenesis of endosome. They used a MAS to genotyped parents and
their 12 siblings of which four were affected. By coupling the marker analysis with a
microarray analysis, they narrowed down the causal marker to a point mutation in the 3'
UTR of LAMTOR?2. The microarray analysis showed that in their candidate genes, only
LAMTOR?2 was underexpressed. They suggested that the mutation was destabilising the
messenger RNA causing the immunodeficiency syndrome (Bohn, 2007). Therefore,
LAMTOR? is an important factor in the adaptive immune response and the latter study
suggested a mutation which could be related to miRNA binding site.

In the 3' UTR of CYP3A435, one SNP has been identified only in Limousin which is
present in a miRNA binding site. The cytochrome P450s (CYP) is an enzyme family mainly
involved in the metabolism of drugs and more generally xenobiotics as plant secondary
metabolites or pollutant and endogenous compounds as steroid or bile acids, helping to
degrade this wide range of chemicals. In total, 57 members of the CYP family have been
identified in humans and had many orthologs in cattle (Nebert, 2002; Zancanella, 2010).

CYP34 is the major cytochrome P450 subfamily involved in drug metabolism, metabolising
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more than half of the drugs in human but also in cattle (Thummel, 1998; Gellner, 2001;
Cantiello, 2009). It has been shown that CYP345 and other CYP family members presented
numerous variabilities in their sequence in different populations of human and rhesus
macaques, inducing a modification of the drug metabolisation activity (Kuehl, 2001; Uno,
2010; Onizuka, 2011). In cattle, it has been shown that CYP345, a member of the CYP3A
family, is mainly expressed in liver and that differences of expression has been identified
among different cattle breeds (Zancanella, 2014). However, it also has been shown that the
nomenclature for CYP3A45 in cattle as orthologue of human CYP3A435s is not accurate and
direct correlation should be made carefully (Zancanella, 2010). In addition CYP345
expression has been correlated to miRNA and polymorphisms as SNPs in the 3' UTR of
CYP3A45 genes have been associated with miRNA-binding sites in human (Wei, 2012;
Ramamoorthy, 2013).

In the 3' UTR of CYPI7A1, three SNPs created three miRNA binding sites and one
SNP impaired one miRNA binding site. CYP17A41 is also a member of the cytochrome P450
family. It have been identified as a catalyser involved in the synthesis of cortisol, androgen
and oestrogen and mutation in CYP7A41 in human have been linked to deficiency in gonadal
steroids production inducing hypertension and hypokalaemia (Benetti-Pinto, 2007; E. S.
Lee, 2013). CYP17A41 is mainly expressed in theca cells and its expression varies during
maturation (Voss, 1993; Bao, 1998; Nimz, 2009). Moreover, a study on post-partum dairy
cow undergoing severe negative energy balance showed that CYP1741 was upregulated in
liver of cows under severe negative energy balance and was linked to DHEA synthesis
which could have a role in hepatic signalling pathways (McCabe, 2012).

In the 3' UTR of PRKAGI, one SNP only identified in Angus, created a novel
miRNA-binding site. PRKAGI coded for a subunit of the adenosine monophosphate-
activated protein kinase (AMPK), involved in the control of the energy status of the cell,
reacting to the increase of AMP/ATP ratio and have also been implicated in the metabolism
of fatty acid and glycogenesis. It also has been shown that cattle oocyte meiosis is inhibited
by AMPK. The SNP in the 3' UTR, which has been identified in the present study, has been
previously identified in Holstein cattle and is associated with dairy production traits. It has
been shown that the C/C allele have a frequency of 65.8% in high milk yield animal while
the T/T allele represent 80.8% in the low milk yield animals. In the same study these SNPs
have also been linked to miRNA binding sites. However, the miRNAs identified in that
Holstein study differ to those which have been identified here as they used an inaccurate

method solely based on BLAST for identification. The method they used consisted of the
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miRNA search tool of miRBase using their variant sequence. This tool is not a miRNA
binding site search but a BLAST version for small sequence homology search. The result
they provided, showed clearly that the match they identified for miRNA-423-5p was
actually a spurious one as they showed a homology alignment and not a complementary
alignment. Furthermore, the alignment they provided showed that the necessary perfect seed
region match of the miRNA (nucleotide 2 to 8) was not preserved, their matches showed to
be from the nucleotide 5 to 18 of the miRNA.

In the 3' UTR of BST2B, 10 SNPs created 10 miRNA binding sites and eight SNPs impaired
eight miRNA binding sites. Bone marrow stroma antigen 2 (BS72) has been recently
characterised in cattle, presenting three isoforms, which are known as BTS241, BST2A2 and
BST2B. BST2 has been reported to have antiviral activity, however the BST2B form,
corresponding to the one identified in the present study, has a weaker antiviral activity due
to the lack of a GPI anchor (Takeda, 2012). This lower antiviral activity has also been found
in sheep. However, another study in sheep showed that BS72B, located in the Golgi
apparatus, has the ability to prevent the trafficking of viral protein envelope by sequestration
in the Golgi, hence reducing the infectiousness.

In the 3' UTR of trans-activation response RNA-binding protein 1 (TARBPI), one
SNP only identified in Jersey, created one miRNA-binding site and impaired another one.
TARBPI is one of the key components of the RISC complex, with DICER and
ARGONAUTE 2 (AGO2). TARBP is a double-strand RNA binding protein, loading small
RNA into the RISC complex (Daniels, 2009; Chakravarthy, 2010).

In the 3' UTR of CTC1, one SNP formed one miRNA-binding site and another SNP
impaired one miRNA-binding site. This two SNPs were in Limousin, Angus and Holstein
breed. CTS telomere maintenance complex component 1 (C7TCI) is part of the CTS
complex involved in the protection of telomere degradation. A study on coping in piglets,
which regrouped all behavioural and physiological responses to challenging situation, found
a cis-eQTL associating polymorphisms and level of expression of CTCI in the
hypothalamus (Ponsuksili, 2015). Polymorphisms in CTC/ have also been associated to
cerebral abnormalities in human (Polvi, 2012). The polymorphisms in miRNA binding sites
of CTCI could modify the level of expression perturbing its function. The results on
variation of expression of CTC/ in piglets could suggest that these polymorphisms could
also be linked to differences of behaviour in cattle. The difference in coping can impact
stress level, which itself can have effect on diseases vulnerability in animals (Koolhaas,

1999).
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In the 3' UTR of MED23, one SNP, only identified in Jersey, formed one miRNA-
binding site. MED23 is coding for a subunit of the mediator complex, which is involved in
the transcription mechanism, promoting the communication between transcription factors,
polymerase II and initiation factors (Conaway, 2005). The subunit coded by MED?23, in
association with ELK/, has been shown to be an important regulator in adipogenesis as the
knockdown of MED?23 in embryonic fibroblast cell inhibited the adipocyte differentiation
(Wang, 2009). It has also been shown that the specialisation of multipotent mesenchymal
stem cells into smooth muscle cell (SMC) or adipocytes was dependent of the absence or
the presence of MED?23, acting as a regulator of sets of genes involved in the development
of SMC and adipocytes (Yin, 2012).

This approach of variation in miRNA-binding sites amongst different breeds of cattle
showed that the presence of SNPs in miRNA-binding sites was not an uncommon
phenomenon. Moreover, the most extensive variations in 3' UTRs were related to genes

which could have an impact on important traits for breeding improvement.

4.3.3 Pathways enriched for polymorphic 3' UTR are related to immune response

In order to have a broader insight of the function potentially affected by the variation in
miRNA-binding sites, an analysis on the molecular pathways was conducted. To identify
pathways most affected by miRNA-binding site variants, Ingenuity Pathway Analysis (IPA)
software was used. The significantly enriched pathways have been corrected with
Benjamini-Hochberg method (adjusted p-value < 0.01). All the genes having SNPs in their
3' UTR, modifying miRNA-binding sites were separated according to breed and whether a
miRNA-binding site was gained or lost. As showed previously, more genes having
polymorphic binding sites have been identified specifically in dairy (288) than in beef breeds
(215). Although the number of genes with variant miRNA-binding sites was similar between
Holstein and Jersey, only the Holstein group presented significantly enriched pathways
(adjusted p-value < 0.05). Similarly, Limousin breed was the beef breed which presented
the majority of significantly enriched pathways for variant binding sites when the other beef

breed present, Romagnola, had only one pathway significantly enriched.
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Overall, 23 significantly enriched pathways have been identified for a total of 33
candidate genes. Out of these 24 pathways, the most significant ones included Antioxidant
Action of Vitamin C, Endothelin-1 Signalling, Synaptic Long Term Depression and VEGF
Family Ligand-Receptor Interactions. Based on the scoring developed, it has been found
that the highest scored, significantly enriched pathway, is fMLP Signalling in Neutrophils
(Table 15). The polypeptide N-formyl-methionyl-leucyl-phenylalanine (fMLP) is a
chemoattractant and activator of granulocytes as neutrophils, leading to the release of
reactive oxygen species (ROS) involved in the immune response (Panaro, 1999). Vitamin C
had a role of protection against oxidative compounds. The candidate genes identified in this
pathway were related to the recycling of vitamin C (TXNRDI) (Mein, 2012) or were
activated by ROS in the case of phospholipase A2 (PLA2G2A, PLA2G2F, PLA2GI12A)
(Clark, 1995; Andersen, 2003; Shelat, 2008) and NF-KB (IKBKB, NFKBIE) (Schenk, 1994;
Schmidt, 1995) mediating an inflammatory response. Endothelin-1 was a small peptide
having a role of vasoconstriction and have been identified to play a role in many diseases as
cancer (Grant, 2003) cardiopathy (Sharma, 2000) or lung diseases (Fagan, 2001).

It has also been noticed that the majority (22/24) of the pathways enriched concerned
miRNA targets variation, impairing miRNA-binding sites. The two pathways, which were
enriched in gained miRNA-binding sites, were Ephrin B Signalling (Limousin variants) and
Retinoate Biosynthesis I (Romagnola variant). However, Ephrin B Signalling pathway was
also enriched for impaired binding sites. Finally, four pathways were enriched in targets
presenting miRNA binding sites impairing four variants common between Limousin and

Holstein.
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Table 15 — Pathways significantly enriched with gene having polymorphic miRNA-binding sites

SNP g-value score number number number
Pathway name Overlap type Breeds
type mean mean binding miRNA  targets
fMLP Signalling in Neutrophils Lost unique_single BTHO 0.048 -0.130 394 5 252
Virus Entry via Endocytic Pathways | Lost unique_single BTHO 0.038 -0.130 376 5 249
Ephrin B Signalling Gain common BTLM 0.021 -0.129 613 6 329
NF-kB Activation by Viruses Lost unique_multi  BTHO BTLM 0.047 0.038 -0.129 350 464 45 234292
Ephrin B Signalling Lost common BTHO 0.048 -0.128 372 4 233
Colorectal Cancer Metastasis | Lost unique_single BTHO 0.048 -0.127 712 7 378
LPS-stimulated MAPK Signalling Lost unique_single BTHO 0.048 -0.127 356 4 232
Apoptosis Signalling Lost unique_single BTLM 0.019 -0.125 747 6 365
Phospholipase C Signalling Lost unique_single BTHO 0.017 -0.125 1112 9 472
Macropinocytosis Signalling Lost unique_single BTHO 0.048 -0.124 343 4 229
IL-8 Signalling Lost unique_single BTHO 0.017 -0.123 737 8 369
Antioxidant Action of Vitamin C Lost unique_single BTLM 0.011 -0.120 790 7 384
Role of MAPK Signalling in the
0.048 565 4 333
Pathogenesis of Influenza Lost unique_single BTHO -0.120
Androgen Signalling Lost unique_single BTHO 0.048 -0.120 568 5 341
Retinoate Biosynthesis | Gain unique_single BTRO 0.022 -0.119 159 1 141
Endothelin-1 Signalling Lost unique_single BTLM 0.011 -0.119 1078 9 432
Synaptic Long Term Depression Lost unique_single BTLM 0.011 -0.117 1029 8 424
IL-1 Signalling Lost unique_single BTHO 0.038 -0.117 624 5 350
CCRa3 Signalling in Eosinophils Lost unique_multi  BTHO BTLM 0.025 0.047 -0.116 617 752 66 325382
Fc Epsilon RI Signalling Lost unique_single BTHO 0.048 -0.115 579 5 318
VEGF  Famil Ligand-Receptor
: ’ ° P Lost unique_multi  BTHO BTLM 0.0250.010 -0.115 586 757 56 322385
Interactions —
Sperm Motility Lost unique_single BTHO 0.048 -0.111 754 5 394
MiFmediated Glucocortiold || et unique_multi BTHOBTLM 00470019 4409 307480 34 199295
Regulation
MIF Regulation of Innate Immunity Lost unique_single BTLM 0.038 -0.108 480 4 295
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The number of non-polymorphic potential miRNA-binding sites and their related
miRNAs identified in the candidate genes involved in the enriched pathways was very high
(from 307 to 1112 binding sites for 141 to 472 miRNAs) compared to the number of
polymorphic binding sites in the same genes. The difference between the polymorphic and
non-polymorphic binding sites was highlighted through the score system used to rank the
different genes and high ranking genes were the ones not only having the higher target score
for binding sites but also the highest number of polymorphic binding sites in comparison
with non-polymorphic ones for the same gene. In relation with this polymorphic sites
number, the highest ranked gene in the enriched pathways was PLA2G2A (rank 25 for the
Holstein variant). This gene was present in 14 of the enriched pathways and was the third
most represented gene in the enriched pathways after MRAS (23 pathways) and PRKCQ (18
pathways). However, MRAS and PRKCQ were lowly ranked (rank 955 and under) therefore
presenting a low TargetScan score and a high number of non-polymorphic binding sites.
Furthermore, as mentioned previously, there were only 33 different genes involved and
some of these genes were present in almost all the pathways identified which indicated an
overlapping of the candidate genes between the pathways. It is not surprising as the majority
of these pathways were related to defence and immune system. The four most significantly

enriched pathways mentioned previously are all related to Limousin variants.

4.3.4 QTL enrichment in polymorphic 3' UTR

Similar to Chapter 3, to identify potential traits linked to polymorphisms in miRNA targets,
these polymorphic targets were tested for enrichment in QTL. The polymorphic targets were
grouped depending of the breeds in which the SNPs have been identified. On the seven
breeds in which polymorphisms in miRNA-binding sites have been identified, four showed
significant enrichment of miRNA polymorphic target genes in a total of 14 QTL-associated
traits (Table 16). Among these 14 traits, nine were enriched for the reference targets and
five were enriched for the variant targets. In contrary to the QTL analysis in the Chapter 3,
there were no common QTL-related traits, which were enriched for both variant targets and
reference targets. Furthermore, the Limousin breed showed enrichment in traits related to
QTL only for the variants impairing miRNA binding sites and the majority of the traits (4/6)
were related to milk production. It can also be noted that Limousin variant targets lost
enrichment in QTL for ovulation rate.

Table 16 — Traits associated to QTLs significantly enriched with genes having
polymorphic miRNA binding sites
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p- Number Maximum  Number
Breed Type Traits Chromosomes .
value QTL IDS targets maximum

Chr26 Chr27 Chr25
Chr22 Chr23 Chr21

10681
e - Body weight - Chr29 Chr7 Chr6 . 10671 ,
0s .
(weaning) Chr4 Chr3 Chr2 Chr1 10647
Chr13 Chr11 Chr10 15731
Chr17 Chr16 Chr15
Chr14 Chr19 Chr18
BTFL | Gan  C2MNg €3¢ (010  Chrd 1 10721 4
(maternal)
BTFL Gain Marbling score 0.013 Chr4 1 10013 4
BTFL | Lost 209 weight 5014 Chr26 Chra 2 10720 3
(yearling)
Milk conjugated
BTLM Lost linoleic acid 0.017 Chr19 1 10031 27
percentage
Milk  oleic  acid
BTLM Lost 0.018 Chr19 1 10028 21
percentage

Milk trans-vaccenic
BTLM Lost 0.018 Chr19 1 10029 25
acid percentage

Parasites mean of
BTRO Gain 0.021 Chr4 1 10515 3
natural logarithm

BTFL Lost Milk fat percentage 0.029 Chr26 Chr4 3 5055 3
Milk  protein vyield
BTRO Gain 0.031 Chr13 Chr4 Chr8 3 6061 3
(EBV)
Chr7  Chr5 Chr19
BTLM Lost Ovulation rate 0.038 4 10573 13
Chr14
Milk stearic acid
BTLM Lost 0.040 Chr19 1 10027 25
percentage
BTRO Gain Somatic Cell Count  0.042 Chr18 Chr4 Chr8 4 2492 3

Social separation--
BTLM Lost 0.042 Chr19 Chr10 2 7143 17
Walking/running

The table represented a ranked list of traits related to Quantitative Traits Loci, which are significantly
enriched in genes having SNPs in their miRNA binding sites. Each trait can be related to more than
one QTL and the maximum ids is listing the QTL id which contain the higher number of candidate

genes.
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In the contrary, the Romagnola breed had significant enrichment only for the variant
targets related to parasite load, milk production and somatic cell count traits. Only one trait,
body weight at weaning, had been enriched for the Jersey breeds for the reference targets
and it was spread across 39 different QTL located on 22 chromosomes. It was interesting to
notice that the difference in targeting of genes between the reference and variant for this
traits could be linked to the small stature and growth rate identified in Jersey breed (Alberti,
2008). Finally, four traits associated to QTL have been significantly enriched for the
Fleckvieh breed. Two of these, calving ease and marbling score, were related to QTL
enriched in variant targets and the two other, body weight at yearling stage and the

percentage of fat in milk, were related to QTL enriched in reference targets.

4.3.5 Genotyping of 25 3' UTR SNPs across 25 cattle breeds

Genotyping of Irish beef and dairy cattle is an important process in the national genomic
selection breeding program implemented to improve genetic gain in Irish cattle herds.
Following the first International Dairy and Beef SNPs identification, a second set of SNPs
was similarly designed to be integrated into the IDB 2.0. On this genotyping platform, 1,873
SNPs were introduced for research purposes, including 25 of the highest SSr-ranked SNPs
in miRNA binding sites identified previously and related to dairy cattle or dairy production
for the following association study. This analysis provided an overview of the frequency of
the different alleles in Irish dairy and beef breed.

Out of the 25 breeds genotyped, 11 had a number of animals ranging from one to
nine and therefore are not discussed here, as the number was too small to assess any Hardy-
Weinberg equilibrium. All the breed allele frequencies are summarised in supplementary
material (Supplementary table 13). Considering the 14 other breeds, the number of animals
ranged from 42 (Piedmontese) to 10562 (Holstein-Friesian). Out of the 25 SNPs present in
the 3' UTR of the top ranked potentially dysregulated genes selected for the genotyping,
only 18 went through the process of integration on to the SNPchip. Out of these 18 SNPs,
10 presented a majority of homozygous allele, for the reference or the variant allele, with a
frequency ranging from 99.5 to 100%. Among these 10 SNPs, six were homozygous for the
variant allele in PPPIRI16B, TRGC-like, PLA2G2A, GIMAPI1, SRPRB and GIMAP4 (locus
113,867,507) with a frequency ranging from 99.5 to 100% and four were homozygous for
the reference allele in CTCI, ERLINI, GIMAP4 (locus 113,867,369) and PI3-like, with a
frequency ranging from 97.6% to 100%.

136



Chapter 4: 3' UTR variants in cattle breeds modify microRNA binding sites and display association with

milk production traits

Furthermore, by testing the Hardy-Weinberg equilibrium, allele frequencies showed
significant differences with the estimated one for CYP345, GUCA2B, LAMTOR2, HOXCS,
RHOBTB?2, PI3 and BST2B, suggesting a potential positive selection of these SNPs (Figure
31). By examining the allele frequency breed by breed the SNPs which significantly
diverging to Hardy-Weinberg (p-value < 0.01) were present only in the Aubrac breed in
HOXCS8, for Charolais, Angus and Holstein-Friesian in CYP3A45, for all the breeds in
BST2B, for Salers, Limousin, Hereford, Charolais, Belgian Blue and Holstein-Friesian in
P13, for Limousin, Charolais and Angus in RHOBTB2. These results showed a difference of
variability in SNPs located in miRNA binding sites when some were almost totally absent
of the observed population some others presented a frequency which suggested that positive

selection could have influenced specific traits.
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Figure 31 — Genotyping frequency of SNPs in miRNA binding sites across cattle breeds
Representation of the allele proportion for each selected SNPs located in 3' UTR miRNA binding

sites investigated in whole individual across 25 breeds
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4.3.6  Association analysis of genotyped SNPs in Holstein-Friesian breed
Following the genotyping, ten SNPs were selected to be integrated into a broader candidate
gene association study. If the allele was detected in the genotyping, a second cutoff was
applied based on a minimum frequency threshold and Hardy-Weinberg equilibrium. This
resulted in ten SNPs, located in LAMTOR?2, TRGC-like, TARBPI, CYP3A5, GUCA2B,
ERLINI, HOXCS, RHOBTB2, PI3, BST2B and PI3-like UTRs, to be included in the
association study. The results showed that 10 traits were significantly enriched (nominal p-
value <0.05) for 6 SNPs. After adjustment of the p-value, three traits were significantly
associated with three of the candidate SNPs (adjusted p-value <0.05). The SNP located in
the 3' UTR of TARBPI was associated with milk protein percentage (protper), the SNP
located in the 3' UTR of GUCA2B was associated with milk fat percentage (fatper) and the
SNP located in the 3' UTR of CYP3A45 was associated with milk fat mass (fatkg). These
three traits were all linked to milk production and could suggest a role of these three SNPs
toward milk quality. The allele frequencies analysed previously showed that only CYP345
presented a significant deviation of the Hardy-Weinberg equilibrium for the Holstein-
Friesian set and was the most significant one overall the other breeds for this SNP. The
different alleles were present in similar proportion for CYP345 and TARBPI, however the
variant GUCA2B was present in 79% of the animal of the Holstein-Friesian breed. The role
of GUCA2B in gastro intestinal inflammation and satiety has been discussed previously and
could suggest a modification of absorption of nutrient, modifying the milk quality. However,
it is not clear how the polymorphisms in CYP345 and TARBPI could affect respectively the
fat mass and the protein percentage in milk (Table 17).

Overall, these traits associated with polymorphic miRNA binding sites showed the
importance of regulatory sites in cattle breeding and that SNPs in 3' UTR were a component

of traits modification, even if miRNAs binding sites were considered as highly conserved.
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Table 17 — List of traits and SNPs tested for association with significant nominal p-

value
SNP trait effect SE t p-value Q-value
ENSBTAG00000007194 104609143 | fatper 0.0188 0.00422 4.45 8.77E-06 1.33E-03
ENSBTAG00000004517_7242498 protper 0.00634 0.00162 3.92 8.97E-05 6.82E-03
ENSBTAG00000005450_37189791 fkg -0.814054 0.24024 -3.39 7.04E-04 3.57E-02

ENSBTAG00000031916_70834643 | protper 0.00828 0.0029 2.86 4.25E-03 1.62E-01
ENSBTAG00000005450_37189791 | fatper -0.00996 0.00362 -2.75 5.98E-03 1.82E-01
ENSBTAGO00000004517_7242498 fatper 0.00907 0.00347 2.62 8.82E-03 1.92E-01

ENSBTAG00000045588_5657758 ccf -0.715461 0.26950 -2.65 8.07E-03 1.92E-01
ENSBTAGO00000031916_70834643 | fatper 0.0153 0.00619 2.46 1.39E-02 2.12E-01
ENSBTAG00000004517_7242498 su -1.55391 0.62088 -2.5 1.25E-02 2.12E-01
ENSBTAG00000039028_74274850 | scc 0.0724 0.0291 249 1.28E-02 2.12E-01
ENSBTAG00000005450_37189791 | mcd 0.345115 0.14636 2.36 1.83E-02 2.53E-01
ENSBTAG00000004517_7242498 gest -0.776255 0.33699 -2.3 2.15E-02 2.72E-01
ENSBTAG00000005450_37189791 | ccf 0.387246 0.17567 22 2.79E-02 3.26E-01
ENSBTAGO00000007194_104609143 | cwt -11.6236 5.50506 -2.11 3.49E-02 3.79E-01
ENSBTAGO00000007194_104609143 | protper 0.004 0.00197 2.02 4.34E-02 3.98E-01
ENSBTAG00000045588_5657758 fatper 0.0109 0.00541 2.01 4.45E-02 3.98E-01
ENSBTAGO00000007194_104609143 | mkg -15.0961 7.45898 -2.02 4.34E-02 3.98E-01

4.3.7 Identification of polymorphism in 3' UTR related to miRNA binding sites in
candidate genes.
A study on Holstein bull fertility identified a set of 697 SNPs in the 3' UTR of 83 genes
(Mullen, 2012).0Out of these 697 SNPs, a total of 251 SNPs, related to 62 genes were located
in miRNA binding sites. Each polymorphic sites of each genes was compared to all the
reference sites for these particular genes then ranked with the SSr method. The top ten
ranked sites showed the best candidates that could undergo a modification of regulation by
miRNAs (Table 18). The polymorphism in SIR7?2 created a new site that could be targeted
by nine new miRNAs compared to the reference. Moreover, three occurrences of MAP3K11,
corresponding to three polymorphisms creating new binding sites for a total of seven new

miRNAs has also been identified.
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Table 18 — List of top 10 polymorphic miRNA binding sites among a subset of 83 genes

Polymo Event:
Gene Common
Gene Ensembl ID rphic SSR number of
name sites

sites miRNA
ENSBTAG00000001776_48860657 | SIRT?2 9 86  -0.121  Gain:9
ENSBTAG00000009190_ 27622484 | SLC2A4 7 131 20107  Gain:7
ENSBTAG00000020935_ 74141827 | HIF1A 11 198  -0.077 Gain:11
Increase:4

ENSBTAG00000004114_44443481 | MAP3K11 6 161 -0.040
Gain:2
ENSBTAG00000017220_ 48766012 | GH1 7 212 -0.033 Inorease:
Gain:6
ENSBTAG00000004114_44443923 | MAP3K11 5 161  -0.025 Increase:
Gain:1
ENSBTAG00000004114_44443965 | MAP3K11 4 161 -0.018 Increase:4
ENSBTAG00000000730_34410623 | GCG 4 208  -0.014  Gain4
ENSBTAG00000007825 42868329 | MARK2 5 245  -0.012 Increase:3
Gain:2
ENSBTAG00000013003_50040081 | /NS 4 237 -0.011 Increase:4

SIRT? is part of sirtuin protein family. This gene family have been shown to be tissue
specifically expressed and involved in glucose metabolism (Ghinis-Hozumi, 2011). The
modification of the regulation of this enzyme due to polymorphic miRNA binding sites could
be of high importance in different cattle breed development. MAP3K 11 produce a kinase
which have been shown to bind to the CRISP2 protein. This protein is expressed in testis and
could have a role in spermatozoid mobility (Gibbs, 2007). The regulation of genes having an
impact on gametes had a good potential for selection for reproduction improvement. In
relation with the study made on Holstein bull fertility, MAP3K11 SNPs in miRNA binding

sites proved to be the best candidate.
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4.4 Conclusions

This study confirmed the role of variant in miRNA binding sites as an active member of
phenotypic variation in livestock as it has been observed in Texel sheep for myostatin variant
and double-muscled trait. Although considered as highly conserved in animals, SNPs in 3'
UTRs, related to miRNA binding sites have been shown not to be an uncommon event.
Moreover, some of these SNPs have been experimentally proved to be associated with
production traits in Holstein breed.

The identification of polymorphism in 3' UTR of cattle showed variability in the
allelic frequencies between breeds which can be linked to artificial selection.
Polymorphisms in miRNA binding sites could, if not totally impairing sites, modify the
regulatory effect of miRNAs, therefore the expression of genes, pathway and traits related.
This made these variants great candidates for selection as they do not knock down the gene
function but could modulate its expression producing more controlable phenotypes. This
regulation of expression could give moderate traits change, hence creating a tool for more
precise selection.

Out of the 25 SNPs selected from the top SSr-ranked list as candidate for genotyping
and association studies, only ten proved to be valid for the association. Out of these ten,
three SNPs located in three genes, TARBPI, GUCA2B, CYP3A35, have been found to be
significantly associated with milk production traits in Holstein cattle. Therefore, these genes
had the potential to be interesting targets for selection and should be investigated further to
decipher their putative role related to milk production. Furthermore, the addition of these
SNPs in the International Dairy and Beef SNPchip contributed to the improvement of
genomic selection cattle breeding in Ireland. It can also be noticed the preponderance of
traits related to milk production in the QTL enrichment analysis as well as the high ranked
gene PRKAG1, which had a polymorphism in 3' UTR which have been associated with milk
production in another study. The role of CYPI7A1 in post-partum dairy cow in negative
energy balance also presented an interest for the dairy cattle production to favour recovery
after calving and a better use of feed resources.

Overall the genes and pathways enrichment identified a predominance of function
related to immune system and diseases. It can be noticed that the vitamin C activator
pathway was regrouping many candidate genes involved in immune response as well as the
fMLP signalling in neutrophils. It can also be noticed the high ranking of BTS2B, GIMAP1

and LAMTOR? also involved in immune response.
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milk production traits

The variants in miRNA binding sites showed to be interesting candidate to improve cattle
selection and further analysis on the association of the other SNPs identified in this study
could bring new insight in the regulation of other important genes for beef and dairy

production.

142



Chapter 5: General discussion

5 General discussion

Ireland is well placed as a global producer of beef (BordBia, 2015). Ireland
currently exports 90% of national beef output, making Ireland the largest net beef
exporter in the European Union (EU), and the fourth largest net beef exporter globally.
Beef exports were worth approximately €1.9 billion to the Irish economy in 2012
(Renwick, 2013). However, it has been estimated that the global population will
increase by 32% by 2050 (United Nation, 2015). This growing world populous is
fuelling an increased demand for meat (Foley, 2011). This represented an ideal
opportunity for Ireland to further benefit financially from beef exports. Similarly, Irish
milk and dairy production are globally important. Ireland is one of the top countries
having surpluses in milk production (FAO, 2008). In 2015, Irish milk production
exports increased by 4%, representing €3.24 billion. Furthermore the end of European
quota in 2015 on milk presented on opportunity to increase the production with an
expected growth of 50% by 2020 (Farelly, 2014). This places Ireland as a major
contributor to address the global milk market demand. In order for Ireland to fully
capitalise on this increased global demand for beef and milk, their production must be
increased in a sustainable manner, while also enabling farmers to maximise their
profits.

Traditionally, if there was an increased demand for food, farmers would
increase total area farmed and herd size. This is known as intensification of farming
(Garnett, 2009). This is no longer a feasible method to increase production because of
the impact farming has on climate change (Garnett, 2009). In Ireland, agriculture is
responsible for a third of the national greenhouse gas (GHG) emissions (Fitzsimons,
2013) thus an increase in the size of the national herd would further increase GHG
emissions and would negatively impact Ireland’s aim of reducing emissions by 40%
before 2030 (Europea, 2014). Thus, there is a requirement to improve the economically
important traits in beef and dairy cattle in a sustainable manner. This can be facilitated
through the discovery and application of accurate, reliable and robust DNA based
markers for these traits into the genomic selection and breeding programme, which will
enhance the efficiency beef and dairy production.

Since the foundation of ICBF in 1998 and the first annual reports for cattle

breeding was released in 2002, the breeding value of Irish cattle kept increasing. In
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2009, a national genomic selection breeding programme has been set in Ireland to drive
genetic improvement of the dairy herd. This has been achieved using the International
Dairy and Beef (IDB) custom SNP chip (Mullen, 2013), which is now in its third
iteration. Versions one, two, and three of the IDB chip were being used to improve the
genetic merit of dairy cattle in Ireland and contained SNPs for traits such as milk
production (Mullen, 2013). Similar progress is underway for beef through the launch
of the national beef genomics scheme by the DAFM.

An important regulatory role of miRNA in beef and dairy cattle production has
been recognized (H. Li, 2011; Muroya, 2013). This thesis examined polymorphisms in
miRNA genes and associated targets in Bos taurus breeds and assessed their association
with economically important beef and dairy cattle production traits. Candidate SNPs
found to be associated with these traits of interest could then be added to the IDB v3
SNPchip and applied in national genomic evaluations in the breeding programme.

The cattle species, Bos taurus, in its European form originated from the Middle
East, more than 10,000 years ago, from the domestication of Bos. primigenius relatives.
The multiple generation of breeding and selection of different cattle for specific traits
modified the appearance of the ancestral cattle from which the cattle breeds known
today emerged. The improvement of genetics and genomics in the last decade produced
a tremendous amount of data, which contributed to the identification of markers,
improving the knowledge of the origination of Bos Taurus and the tools for cattle
breeding.

The rise of marker assisted selection studies increased the production of
genomic data and the identification of QTL. This information, together with the
availability of full genome sequencing data have increased the opportunity for cattle
genomic selection, including the accurate identification of genetic markers related to
specific traits. These considerations led to the design of this project, which aimed to
identify polymorphisms in miRNA and miRNA binding sites as candidate for cattle
selection improvement. The miRNAs are small non-coding genes, which regulated
protein-coding genes by binding to their 3' UTRs. These microRNAs have been
extensively studied in cattle showing many traits have variation based on differential
expression and in a few cases, genetic polymorphisms. The role of polymorphic
miRNA binding sites has been shown to be responsible for double muscle traits in Texel
sheep, which led to considering miRNA having a role in domestication and in cattle

selection.
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For the purpose of the identification of miRNA binding sites, TargetScan
software has been used with custom file for the polymorphic sequences, based on SNP
data collected from different sources.

The first analysis of miRNA and miRNA binding site in this thesis was
conducted in association with the whole nuclear genome sequencing of B. primigenius
study. The aim was to investigate the hypothesis that variants in miRNA and miRNA
binding sites between Bos taurus and Bos primigenius were responsible for
modification of the regulation of genes involved in the domestication process. The aim
was to identify SNPs in miRNA and miRNA binding sites and identify the best
candidate. For that purpose, a workflow based on TargetScan was developed and a
ranking score, SSr was created. The polymorphisms were assessed by comparing the
reference sequence of B. taurus to the B. primigenius genome assembly. The use of
complete genome of other breeds, helped to assess if the SNPs were fixed in cattle or if
the B. primigenius variants was still present in modern cattle. Only one miRNA gene,
mir-2893, expressed in ovaries, has been identified having a polymorphic seed region.
The shift of targets of mir-2893 showed that regulation modifications could have
occurred in neurodevelopment and food metabolism pathways. Furthermore, the
analysis of polymorphisms in the 3' UTRs also led to a potential shift of miRNA
targeting between B. primigenius and B. taurus. These changes also resulted in
enrichment in immunological and fertility pathways. Overall these alterations were in
line with domestication events, as the influence of early selection by human tended to
converge in livestock with the pathways identified. These changes also gave an
indication of major sites that could be further investigated for cattle breeding purposes.

Following this first analysis and the access to extensive breed-related
polymorphism data, the analysis of SNPs in miRNA genes of cattle has been conducted
to investigate the hypothesis that genetic variants in miRNA sequences between beef
and dairy cattle breeds modified the regulation of genes involved in important economic
traits and thus could be used as candidate for genomic selection. The SNPs from
available data were mapped on all annotated miRNA structure (pre-miRNA, mature
miRNA and seed region) adapting the workflow and the SSr score developed
previously. Some of the SNPs in the pre-miRNA changed their MFE and their predicted
secondary structure, which could destabilise them and impair their processing. Among
the SNPs identified in mature miRNA and seed region, three major polymorphic
miRNAs were identified: mir-2419, mir-449b and mir-29e. The SNPs potentially
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changed their targets and the analysis of these targets found that these three miRNAs
were involved in mammary development and maintenance through modification of the
regulation of IL-17 or prolactin pathways, which could have an impact for milk
production.

Finally, in the last chapter, the SNPs in the target sites were investigated. The
aim was to investigate the hypothesis that genetic variants in 3' UTR between cattle
breeds modified miRNA binding sites in these genes and be involved in the expression
of important economic traits and thus could serve as useful candidates for genomic
selection. It has been shown that polymorphisms in the 3' UTR of genes can impair
miRNA binding-sites. A total of 726 genes having SNPs corresponding to miRNA
binding sites were identified using the same workflow and SSr score. Among these
polymorphic genes, three in particular were investigated: TARBP1, GUCA2B, CYP3AS5.
These three genes have been associated with milk production traits in a candidate gene
association study on Holstein breed cattle. Furthermore, PRKAGI have been shown to
have a SNP in a miRNA binding site. This SNP has also been previously related to milk
production traits. The pathway enrichment of polymorphic miRNA targets showed
mainly a link with immune response of which BTS2B, GIMAPI and LAMTOR? are the
main candidates in the study.

The analysis of miRNA and miRNA binding sites polymorphism, associated
with the SSr ranking system developed here, allowed the selection of candidate genes.
These genes have been shown to have a function of importance for breeding and some
of the SNPs in these genes were associated with milk production traits. Only a small
fraction of the identified polymorphisms has been tested for genotyping and association
when many others have also potential in beef and dairy breeds. The identification of
these polymorphic miRNA and miRNA binding sites, for cattle selection could
potentially explain polygenic phenotypes and variation in traits due to the wide range
of function and genes that were shown to be differentially targeted and potentially
differentially regulated by few variations in miRNA sequence. The data produced in
this thesis constituted a base for further candidate gene association studies and can be
used for the improvement of cattle selection.

The first step to improve the identification of candidate polymorphism in
miRNA could be to infer the co-expression of the miRNA gene and its targets. It is
potentially achievable using RNA-seq or microarrays combining miRNA genes and

target gene profiling (Yin, 2008; Tesfaye, 2009; Fatima, 2014). However the temporal
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and spatial features of miRNA expression hinder the design of a comprehensive
analysis (Ziats, 2014). The SNPs identified in miRNA related genes can be grouped in
three types: SNPs influencing the secondary structure (pre-miRNA), SNPs influencing
the seed region (mature miRNA) and SNPs influencing the targeted genes.

Polymorphisms have been identified in the hairpin loop structure of miRNA.
These polymorphisms have been shown to have an impact on the predicted secondary
structure of the miRNA transcript. It could be interesting to evaluate in vitro if the
hairpin loop variants modifications that were predicted had an impact on the loading of
the pre-miRNA and therefore on their repression potential. For this purpose it will be
necessary to assess the level of processing of these variant loop by measuring and
comparing the level of mature miRNA in the reference and the variant forms using, for
example, northern blot and quantitative RT-PCR (Chen, 2005; Duan, 2007).

The selection of candidate genes has been centred on the miRNA/miRNA target
site recognition prediction. To integrate more variants in association studies it would
be necessary to assess the potential of binding modification in vitro. It is possible to
create a miRNA construct having the polymorphic sequence identified in the present
set of data. The miRNA construct could be artificially expressed through a plasmid in
different type of cattle cells possibly from different breeds. Then, it would be possible
to measure the effect of the variant miRNA in comparison with the reference one using
gene expression profiling method. This could be done by extracting the RNA product
for each variant and reference sample then sequencing them or using microarrays to
measure then compare the level of expression throughout the whole genome to identify
variation of expression for the predicted targets (Willenbrock, 2009). In a similar way,
the polymorphic targets can be tested, by creating a construct of the 3' UTR containing
the SNPs identified inserted in a plasmid. It would be then possible to measure the level
of degradation or translational repression using reporters (Kuhn, 2008; Thomson,
2011).

The association study conducted on Holstein dairy for which the candidate
SNPs were selected, was focused on dairy production. Hence it would be interesting to
include the identified SNPs into candidate gene association studies on other breeds like
Angus or Limousine beef breeds or animals from a pool of breeds for more general
traits like stature, carcass weight or muscle mass. Increasing the number of animals

would also help to explain complex traits (Gibson, 2010).
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The genotyping results from IDB project showed that the allele ratio
corresponding to the variant identified vary among breeds and could be interesting
candidate for selection. These SNPs are now included in the last version of the IDB
SNPchip (v3) for which the number of animal tested currently increased in addition
with phenotypic information on dairy and beef. This will permit in the future to conduct
association studies on a larger scale for the selected SNPs allowing more accurate

association on more diverse traits.
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6 Conclusion

This study aimed to test the hypothesis that genetic variants between B. taurus
and B. primigenius located in miRNA and miRNA binding sites influenced the
domestication process by affecting important traits. Subsequently, it was hypothesised
that genetic variants in miRNA and in miRNA binding sites between cattle breeds could
influence traits of economic importance and serve as DNA based markers for future
genomic selection breeding programmes. To address these hypotheses, a workflow and
the SSr scoring system were developed, aiming to identify SNPs between aurochs and
cattle miRNA and miRNA-binding sites and also in miRNAs and 3' UTR miRNA
targets between modern cattle breeds.

One polymorphism in a miRNA seed region (mir-2893) and 1606 polymorphic
miRNA target genes have been identified between aurochs and modern cattle. Genetic
variation of these targets were shown to potentially affect major functions such as
neurodevelopment, immunity, metabolism or pigmentation, which represents important
traits in domestication, thus identifying these SNPs as interesting markers of
domestication events in the bovine species.

The identification of SNPs in miRNA between different cattle breeds revealed
89 miRNA variants. The analysis of target shifts and their related function showed that
three miRNAs, mir-2419, mir-449b and mir-29e, were strong candidates for modifying
important phenotypes in cattle such as immune response to mastitis. These SNPs were
incorporated on to the IDB SNPchip, which was used for genomic evaluations in the
Irish national genomic selection breeding programme. An association study was
conducted by genotyping using the IDB SNPchip which suggested an association
between mir-2419-3p with rear udder height and mir-1814b with carcass conformation.

The SNPs discovered between cattle breed, which were mapped onto 3' UTR
led to the identification of 726 genes containing 1097 different SNPs in their miRNA-
binding sites. The functional analysis of these genes revealed important functions
potentially playing important roles in traits of economic importance in cattle
production, such as milk production and immune response. Some of the SNPs were
included in a candidate SNP association study, which revealed that TARBP1, GUCA2B

and CYP3A45 binding site variants were associated with milk production traits.
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Further investigation of the SNPs identified in this study is necessary and will
involve larger association studies using beef and dairy cattle in the national herd. This
is actually an on-going process as the SNPs identified in miRNA and miRNA binding
sites are now incorporated onto the latest version of IDB SNPchip (version 3), and will
be used for genotyping many hundreds of thousands of dairy and beef cattle across
Ireland as part of the BGDP project (BGDP, 2015). This will facilitate very powerful
SNP association studies to be conducted in the future, particularly when comprehensive
phenotypic information will be collected as part of the BDGP project. SNPs showing
significant associations with traits of economic importance will be maintained on future
versions of the chip and employed in future dairy and beef genomic selection breeding

programme.
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