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OZET

Iklim degisikliginin ilerleyisi 1950’lerden bu yana ozellikle Tirkiye ile kesisen
bolgelerde artan tarimsal ve ekolojik kuraklik beklentileri ile en tahmin edilemez
diizeylere ulagmigtir. Yerli hayvan genetik kaynaklari tahmin edilemez ekstrem kosullar
altinda surdirilebilir dretim ve gida givenligine katkida bulunacak ve ihtiyag
duyacagimiz potansiyel rezervuarlari temsil etmektedir. Yetersiz besleme ile yiiksek
gelisim kabiliyeti ve ekstrem kosullara karst dayanikliligi ve yasama kabiliyeti ile
Akkaraman koyunu, degisen iklim ve ¢evre sartlari, tekrarli pandemiler ve diger
darbogazlara karst gelecegi beslemek igin uretilen ¢ozimlerin bir pargast olma
acisindan buyik potansiyel tasimaktadir. Biyime ve dogrusal tip ozellikleri karkas
verimi, kalitesi, yemden yararlanma, treme, dayaniklilik, hareketlilik, verimlilik ve
hayatta kalma gibi 6zelliklerle olan iligkisinden dolayr hayvansal tretim sistemlerinin
karlilig1, verimliligi ve sirdurtlebilirligi tizerinde dogrudan etkiye sahiptir. Bundan
dolay1 ¢alismamiz, blyime ve dogrusal tip ozelliklerinin Akkaraman koyun irkinda
genetik ve fenotipik parametrelerini hesaplamayi, bu ozelliklerin dagilimi ile iliskili
molekiiler mekanizmalari diizenleyen QTL tespitini ve 1rkin yaygin kullanilan bazi
kultar irklan ve farkli cografyalardan yerli koyun 1rklan ile genom-boyu SNP paneller
vasitasyila karsilastirmali genomik karakterizasyonunu hedeflemistir. Genel olarak orta
dizey kalittm dereceleri ve ozellikler arasinda yiiksek diizeyde pozitif genetik ve
fenotipik korelasyon tespit edilmigstir Buna ek olarak yapilan GWAS analizleri

sonucunda, ozelliklerle iligkili 2 genom-g¢apinda 18 kromozom-gapinda SNP tespit
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edilmistir. Buna gore, ZNF407, SCD5, SPI1, PTGDR, PRDM2, PTPRG, KCND?2,
ZNF260, CPE, GRID2, SPIDR, HCN3, MYOM3, FKBPIA, TLE4, SLC44Al ve
TMEM50A genleri muhtemel QTL barindiran genler olarak tavsiye edilmigtir. Diger
taraftan, Akkaraman koyun irkinin diger 1rklarla olan genetik benzerligi ve farkliliklar
ortaya konmustur. Akkaraman irkindaki mevcut yiiksek genetik ¢esitlilik, uygulanacak
bir kapsamli seleksiyon programinin yakin zamanda soy-i¢i tireme depresyonuna sebep
olacak duzeyde bir tehlike icermedigini desteklemektedir. Dolayisiyla, sonuglarimiz
koyun tretim sistemleri i¢in 6nemli uygulamalar tasimakta ve verimli ve basarili bir
genoma dayali seleksiyon programi olusturma konusunda ise pratikte kullanilacak

bilgiler saglamaktadir.

Anahtar Kelimeler: Kalitim derecesi, genetik korelasyon, buyiume, dogrusal tip
siniflandirmasi, GWAS, kantitatif o6zellik lokuslar, genetik ¢esitlilik, baglanti

dengesizligi, homozigotluk haritalama.
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ABSTRACT

The progression of climate change since 1950s is at an unprecedented level, with
increased risks of agricultural and ecological drought expectations especially for regions
overlapping Turkiye. Domestic animal genetic resources represent potential reservoirs
that may contribute sustainable production for food security of those unpredictable
times and extreme circumstances. With its hardy nature, ability to thrive on meagre diet
and resilience under extreme conditions, Akkaraman sheep appear to have a great
potential as part of the solution against feeding the future under changing, recurrent
pandemics and other unpredicted bottlenecks. Growth and linear type traits, as
indicators of productivity and conformation appraisal, have direct influence on the
profitability, efficiency and sustainability of production systems due to their interplay
with carcass yield and quality, feed efficiency, reproduction, robustness, mobility,
productivity, longevity and survivability traits. Therefore, our study aimed to uncover
genetic and phenotypic parameters for growth and linear type traits, discover QTL
underlying complex mechanisms determining the phenotypic distribution of those traits
and uncover certain population genetic parameters of Akkaraman sheep in comparison
with other transboundary and indigenous sheep breeds by using genome-wide dense
SNP panels. Moderate genomic heritabilities and overall high and positive
genetic/phenotypic correlations were observed among most of the growth and type

traits. Additionally, 2 genome- and 18 chromosome-wide significant SNPs were
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discovered to be associated with the traits after GWA analyses. Accordingly, ZNF407,
SCDS5, SPI1, PTGDR, PRDM2, PTPRG, KCND2, ZNF260, CPE, GRID2, SPIDR,
HCN3, MYOM3, FKBPIA, TLE4, SLC44A1 and TMEM50A were proposed as the genes
bearing putative QTL for growth and linear type traits. On the other hand, we have
displayed genetic similarities and differences of Akkaraman sheep against various
breeds. The high genetic diversity found in Akkaraman sheep validates the existence of
a large genetic variance to implement a comprehensive selection on the breed, without a
great danger of imposing an inbreeding depression in the near future. Therefore, our
results carry important implications for sheep production systems and provide practical
knowledge that will contribute to designing efficient and successful genome-based

selection programmes.

Keywords: Heritability, genetic correlations, growth, linear type traits, GWAS,

quantitative trait loci, genetic diversity, linkage disequilibrium, runs of homozygosity.
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INTRODUCTION

The livestock domestication symbolize a crucial leap in recent human history. Sheep is
suggested to be the first domesticated grazing livestock that is first bred around the
Fertile Crescent almost 11,000 years ago (Wei et al., 2015). Currently, more than 1200
extant sheep breeds have been diverged from the ancestors of the modern sheep through
natural/artificial selection, mutation, genetic drift as well as migration and genetic
isolation (FAO, 2015). However, due to socioeconomic preferences, a few dozens of
mainstream transboundary sheep breeds with superior productivity are set to surpass

most of the locally adapted landrace sheep during the last few decades.

The progression of climate change since 1950s is at an unprecedented level while
already affecting almost every inhabited region across the world, with increased risks of
agricultural and ecological drought expectations especially for Mediterranean, West
Central Asia and East Central Asia as well as certain other regions (IPCC, 2021).
Additionally, increase in the regional hot extremes are already at a hazardous level for
the global inhabitation and with special emphasis for the agro-ecological environments.
Therefore, it is globally acknowledged that sustainability and resilience of animal
production systems and therefore global food security highly depend on the
conservation and efficient utilization of animal genetic resources with high adaptive
capacity (Boettcher et al., 2014; FAO, 2015; Hoffmann, 2010). Indigenous livestock
breeds with different patterns of micro evolutionary histories of local adaptation have
novel and mostly unselected genomic variation and various haplotype combinations for
fitness related quantitative traits such as fertility and health as well as production traits
(Hill, 2014; Kristensen et al., 2015). Therefore, those animals represent potential
reservoirs that may contribute sustainable production for food security of those

unpredictable times and extreme circumstances. Besides, certain populations of those



indigenous breeds may become core to the future breeding programmes that aim
adaptation of livestock production to novel agro-ecological environments (Biscarini et

al., 2015; Boettcher et al., 2014).

High-throughput genotyping technologies, genome-wide representative single
nucleotide polymorphism (SNP) arrays and specially-tailored statistical &
bioinformatics approaches have armed the conservation and animal geneticists with
sophisticated tools to characterize genome of farm animals. Those tools have been used
to reveal genomic variability and various population parameters, to estimate genetic
parameters underlying quantitative traits without any pedigree, to implement genomic
selection and to discover loci segregating behind those quantitative traits (QTL) at an
ever higher resolution for those indigenous animals (Kizilaslan, et al., 2022a;
Mastrangelo et al., 2016; Moradi et al., 2021; Nazari-Ghadikolaei et al., 2018; Visser et
al., 2013; Yilmaz et al., 2022). All these studies and many others have potential to pave
the way for those breeds for the management and sustainable use of breed’s genetic

resources with efficient conservation and breeding programmes .

As a native breed with a claimed ancient heritage, Akkaraman sheep is considered a
culturally and socioeconomically important sheep breed of Turkiye (Yalcin, 1986;
Behrem, 2021b). The breed possibly constitutes a large share of Tirkiye’s
approximately 46 million size of sheep population, of which 42 million have been
considered as indigenous animals (Behrem, 2021a; Ozmen et al., 2020; TUIK, 2022).
Its hardy nature, ability to thrive on meagre diet and resilience under extreme conditions
nominates the breed as a potential contributor to feeding the future against changing
climate, recurrent pandemics and other unpredicted bottlenecks. However, despite its
socioeconomic importance, studies concerning genetic background of economically
important traits as well as the genetic characteristics of the breed are quite scarce in
Akkaraman sheep (Bayram et al., 2019; Kirikci, 2022). In fact, no study concerning de-
novo QTL discovery of the breed was observed while certain characterisation studies
with low density microsatellite markers have been conducted (Ozmen et al., 2020).
Importantly, in recent decades Akkaraman sheep have been imposed to certain
population size fluctuations due to altered socioeconomic and agricultural

circumstances leading to the favouring of transboundary sheep breeds. Therefore, it is of



crucial importance to implement genome-wide characterization and QTL discovery

studies for the efficient management and sustainable use of breed’s genetic resources.

On the other hand, growth traits and the traits of visual conformation appraisal has
always been at the heart of ruminant selection since the domestication (Janssens &
Vandepitte, 2004). Growth traits are central to the many sheep genetic improvement
programmes due to their direct influence on the profitability, efficiency and
sustainability of production systems as a result of their genetic and phenotypic
correlations with carcass yield and quality, feed efficiency, reproduction and
survivability related traits (Hu et al., 2022). As a method for conformation appraisal,
linear type traits has recently been included in the selection programmes of many
livestock species, frequently for dairy and beef cattle as well as dairy goats, in many
countries, also due to their interplay with robustness, mobility, productivity, feed
efficiency, longevity and survivability traits (Bouska et al., 2006; Brotherstone, 1994;
Campos et al., 2015; Cromie et al., 2008; Janssens & Vandepitte, 2004; Mellado et al.,
2008; Mucha et al., 2018). However, in sheep, studies concerning linear type traits are
quite scarce (de la Fuente et al., 2011; Fernandez et al., 1997; Gutiérrez-Gil et al., 2011;
Pieramati et al., 2011). Akkaraman sheep, as a major domestic genetic resource
significantly contributing to the livelihoods of people in Tiirkiye, critically lack studies
concerning estimation of genetic parameters, QTL discovery and population parameters
which significantly hampers faster genetic improvement of the breed while wisely
managing the current genetic variation that should have been aimed for these traits to
improve overall efficiency of sheep production systems and breeding programmes.
Inclusion of genomic information into breeding programmes have been proven to
remarkably increase genetic gain obtained within a short period of time while carefully
managing the potential loss genetic variation due to selection. Methods such as marker-
assisted selection, gene-assisted selection and genomic selection have long been proven
to significantly contribute profitability, sustainability and efficiency of livestock
production systems by remarkably increased genetic gain per generation while limiting
loss of genetic variation due to the availability of the genomic information to monitor
genetic variability (Dekkers, 2007; Doormaal, 2012; T. Meuwissen et al., 2013; Rupp et
al., 2016; Schaeffer, 2006; Shumbusho et al., 2014).



To guarantee the existence and prosperity of the breed for our future generations by
designing smart, efficient and sustainable breeding and conservation programmes,
inclusion of genomic information to the breeding and conservation programmes that are
monitoring Akkaraman sheep is quite fundamental. Therefore, our study aimed to
uncover genetic and phenotypic parameters for growth and linear type traits, discover
QTL underlying complex mechanisms determining the phenotypic distribution of those
traits and uncover certain population genetic parameters of Akkaraman sheep in
comparison with other transboundary and indigenous sheep breeds by using genome-
wide dense SNP panels. Consequently, our results are expected to guide designing
sustainable breeding programmes and conservation of animal genetic resources
regarding Akkaraman sheep primarily, while also significantly contributing global

sheep production systems.



CHAPTER 1

1 LITERATURE REVIEW

1.1 Genetics of Growth and Conformation Traits in Akkaraman Sheep

Domestic sheep (Ovis aries) are considered to be one of the most utilized farm animals
since domestication. Robust and highly adaptive nature of the species allowed it to be
extensively distributed across various ecosystems and diverse terrains including those
arid areas, which also led to the breed divergence. Moreover, the large variety of
products provided by sheep established the species as a core component of the
worldwide agricultural economy. Native sheep breeds, have a broad spectrum of
adaptive traits evolved for many generations with natural and artificial selection, which
lay the foundations for sustainable production and global food security. Similarly,
Akkaraman sheep, as an extensively dispersed fat-tailed breed of Turkiye, is known for
its highly robust nature, survivability and reproductive performance under extreme
conditions (Behrem, 2021b; Yalcin, 1986). It has a quite big share of Turkiye’s sheep
population as a dual-purpose breed, with noticeably low meat productivity (Behrem,
2021b). Economically, sheep maintain the fourth largest share of the worldwide meat
production (FAO, 2022b). Therefore, correlated traits, such as growth and linear type
traits, have great importance in terms of being used as indicators for breeding practices.
In fact, both trait groups have considerably high influence on most of the economically
important traits such as disease susceptibility, robustness and fitness, productivity,
mobility, reproductive performance, and certain physiological and biochemical

parameters (Brotherstone, 1994; de la Fuente et al., 2011). Consequently, improved



selection accuracy for growth and linear type traits would mean additional genetic
improvement concerning overall efficiency and profitability of a sheep production

system.

As a method for conformation appraisal, linear type traits have widely been utilized for
dairy cattle and dairy sheep for over decades. However, studies conducted on meat
sheep are very limited (Carta et al., 2009; Meyer et al., 1987). Correspondingly, various
scales were suggested for scoring meat sheep for type traits, including those grading
based on 1 to 5 as well as 1 to 9 scales (de la Fuente et al., 2011; Gutiérrez-Gil et al.,
2011; Janssens & Vandepitte, 2004; Pieramati et al., 2011). However, studies
concerning estimation of genetic parameters and investigating the genetic basis of
growth and linear type traits in sheep are also quite scarce (de la Fuente et al., 2011;
Gutiérrez-Gil et al., 2011; Zhang et al., 2013). Most of the economically important traits
in livestock are quantitative in nature. In other words, these traits display a polygenic
background where small effects of many loci aggregate together (i.e., Infinitesimal
model) to contribute phenotypic observation, while environmental factors also play role
on the final observation (Falconer & Mackay, 1996; Fisher, 1919). It is widely known
that growth and linear type traits in sheep also display quantitative nature, which
indicates that part of the phenotypic variation in the observations are established by the
animals’ genetic background. Indeed, moderate heritability estimates and a broad range
of genetic correlations were observed for those complex traits in different sheep breeds,
which demonstrate the existence of a potential for exploiting the genetic determination
of growth and linear type traits to aim faster genetic progress regarding productivity,
robustness and fitness (Behrem, 2021a; de la Fuente et al.,, 2011; Janssens &
Vandepitte, 2004; Kumar et al., 2019; Safari et al., 2005). Obviously, to estimate
genetic parameters accurately, an extensive pedigree is required. Most countries
significantly suffer from the absence of pedigree recording schemes. Therefore, the use
of genomic information to overcome this problem by obtaining a genomic relationship
matrix replacing a pedigree-based average relationship matrix was proposed
(Meuwissen et al.,, 2001; VanRaden, 2008). Furthermore, including genomic
information has also been proven to substantially increase the accuracy of selection for

genetic improvement programmes and therefore the obtained genetic gain within a short



period of time. Compared to the other existing methods including the infamous BLUP
(i.e., Best Linear Unbiased Prediction) and progeny testing, use of genomic information
has been proven to boost genetic gain by increased selection accuracy by increasing
accuracies of estimated breeding values (EBVs) and selection intensity as well as a
remarkably decreased generation interval (Dekkers, 2007; Doormaal, 2012; Meuwissen
et al., 2013). However, to implement marker- or gene-assisted selection programmes for
economically important traits, detection of the associated markers and quantitative trait
loci (QTL) is a major prerequisite. Unfortunately, sheep have a relatively small number
of discovered QTL in comparison with those found in cattle. Among those, studies
aiming the discovery of QTL related to growth and linear type traits are rather sparse

(Hu et al., 2022).

On the other hand, massive progress made by the sequencing technologies and immense
efforts for the sequencing of sheep genome also led to a broad spectrum of commercial
genome-wide single nucleotide polymorphism (SNP) arrays providing immediate
access for the sheep research (Jiang et al., 2014; Kijas et al., 2009). With the availability
of those high-density SNP arrays, a major opportunity for the implementation of
genomic scans for QTL discovery, genomic characterization and genomic selection (i.e.,
genome-wide selection, genomic prediction) has emerged for certain traits and
parameters sheep. Similarly, genome-wide association studies (GWAS) was suggested
as a tool for revealing QTL underlying traits of economic interest in livestock
production, which produced valuable information as a method for the detection of
markers for marker-assisted selection, to localise genes with causal effects for gene-
assisted selection and a target position for the possible genome-editing interventions for
certain traits of interest (Goddard & Hayes, 2009). GWAS or in other words linkage
disequilibrium mapping, has become one of the most popular approaches for QTL
discovery and, on a broad perspective, for understanding the role of genetic variation on
the distribution of phenotypic observations over the last decade (Loos, 2020; Uffelmann
et al., 2021). The main reasons behind that trend are the supremacy and robustness of its
underlying methods in terms of statistical power, precision of the mapping (i.e.
confidence intervals lower than ~50 Kb compared to the typical ~10 Mb interval of

linkage mapping) and the unnecessity of the family trios, where a population-wide study



is quite informative for GWAS (Cardon & Bell, 2001; Rannala & Slatkin, 2000; Risch
& Merikangas, 1996). It has already proven to be a powerful tool to identify effect of
the genetic variants associated with a wide range of traits in a high number of farm
animals including cattle, goat and sheep (Gebreyesus et al., 2019; Mucha et al., 2018;
Zhang et al., 2013). Up until recent years, only a few GWAS conducted on certain
growth (Al-Mamun et al., 2015a; Gholizadeh et al., 2015; Lu et al., 2020; Yilmaz et al.,
2022; Zhang et al., 2013) and linear type traits (Gutiérrez-Gil et al., 2011) of sheep have
suggested putative QTL on OARI1-3, 6, 8, 9, 14-17, 19 and 22 for growth and OAR?2, 5,
16, 23, 26 for different linear type traits. Further details regarding the discovered
regions and putative QTL can be found on Animal QTL database (Hu et al., 2022).

1.2 Genomic Analysis of Akkaraman Sheep

Historically, captivating wild Asiatic mouflon (Ovis orientalis) and breeding those for
domestic sheep (Ovis aries) has been proposed to be the dawn of domestication for
grazing animals in Fertile Crescent around 11,000 years ago (Wei et al., 2015). Since
then, sheep have spread throughout the world, even those arid and extreme
environments, with over 1200 breeds descended from those early domesticated animals
that are bred for variety of resources such as meat, milk and wool (Scherf & Pilling,
2015; Taberlet et al., 2011). World’s current animal genetic resources, which also
includes thousands of sheep breeds and varieties, are the assurance of feeding the future
with sustainable livestock production, among the main pillars of food security and
contribute to the livelihoods of almost 1.3 billion people (World Bank, 2021).
Dramatically increasing population size, recent breaks in the food production and
supply chains due to pandemics and those strongly expected by the latent effects of
climate change once again emphasize the compelling importance of the local indigenous
animal breeds as the source of uninterrupted food supply and assurance of the security
for the future food demands due to their high biological diversity and adaptation
capacity (Taberlet et al., 2008). Those indigenous breeds are crucially important due to
their natural role as a reservoir of biological diversity, each of which may be an integral
part of a solution for future production crises and natural bottlenecks imposed by threats

such as climate change and recurrent pandemics. Likewise, many countries in the world



have a variety of indigenous animal genetic resources that have evolved in the relevant
ecosystems for many hundreds of generations, which are also mainstay of / central to
the sustainable production for those times of uncertainty due to their adaptive capacity
(Boettcher et al., 2014). Among those, Turkiye has a wide range of diversification due
to its natural position as the historical host to the early domestication. With the 41
indigenous and many outsourced international transboundary sheep breeds (e.g.,
Merino, Awassi, Lacaune etc.) and a population size of approximately 42 million of
animals, it is among the top ten largest sheep producers in the world (FAO, 2022b,
2022a). Akkaraman (i.e., White Karaman), as a fat-tailed indigenous sheep breed of
Turkiye, is widespread throughout Central Anatolia. The breed is characterized by its
ability to endure extreme environmental conditions, including diseases and parasites,
adaptation to nourish on meagre diet and capacity to survive and reproduce under
adverse conditions (Ozmen et al., 2020). As a dual-purpose breed, it is mostly raised
outdoor based on pasture. Akkaraman has a great share of Turkiye’s sheep population
with considerably low meat productivity of slaughtered lambs (Behrem, 2021b).
Although widespread and highly adaptive, the low productivity of the breed compared
to those imported such as Merino hinders potential contribution of the breed to the
current economy and productivity of the sheep industry. However it is widely known
that most of the economically important and adaptive traits are quantitative in nature,
which means that the genetic architecture of the breed, especially its genetic variability
is also a major contributor of its sustainable use and productivity (Falconer & Mackay,
1996). On the other hand, one of the initial steps of conserving animal genetic resources
with the purpose of food security for future generations is to identify its current genetic
architecture including genetic variability and population structure (Scherf & Pilling,
2015). Loss of genetic variability is long known to lead lack of fitness, poor fertility and
disease resistance as well as productivity (Charlesworth & Charlesworth, 2010;
Falconer & Mackay, 1996; Keller & Waller, 2002). In fact, identification of genetic
architecture and especially genetic variability is also laying foundations for the strategic
priorities for action (SPAs) by the Global Plan of Action for Animal Genetic Resources
of United Nations (FAO, 2007; Scherf & Pilling, 2015). As indicated, absence of proper
genomic characterization may lead to the loss of potentially valuable genetic
characteristics and breed attributes due to unsupervised mating strategies, crossbreeding

and extinction threats. Therefore, sustainable management of the animal genetic
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resources also highly depends on characterizing the genomes of the target breeds and
exploit these information for faster genetic improvement and conservation purposes.
Genetic characterization of those indigenous breeds that are already adapted to a variety
of environmental conditions using state of art genomic tools is quite essential to ensure
breeding hardy and productive sheep populations for future uncertainties and handicaps

(Boettcher et al., 2014;Yang et al., 2016).

On the other hand, identification of various genomic characteristics such as genetic
diversity and linkage disequilibrium are very important in terms of designing genome-
wide association studies (GWAS) and genomic prediction (Al-Mamun et al., 2015b).
The amount of genetic diversity is crucial for the identification of the amount of
phenotypic data required for genomic predictions with high accuracy. Likewise, it is
excessively important for inferring the actual position of the quantitative trait loci
(QTL) associated with a phenotype of interest as a result of GWAS. Although,
estimation of genetic diversity is possible with pedigree or low density markers such as
microsatellites, currently the utilization of SNP arrays provide more in-depth and
accurate estimation than that of previously possible. Certain parameters such as F
statistics (e.g., Fis and Fgr), Linkage Disequilibrium (LD), runs of homozygosity
(ROH), observed (H,) and expected heterozygosity (Hg) are perceived to be among the
indicators of genetic diversity. For instance, F statistics defined by Wright are
commonly used to quantify overall population structure, the genetic diversity and
amount of differentiation within and between populations (Crispim et al., 2013; Weir &
Cockerham, 1984; Wright, 1965). Moreover, LD shows the degree of non-random
correlations between loci of a genome. Therefore, information regarding the extent of
LD is critical for QTL discovery with GWAS, marker-assisted selection and genomic
selection programmes conducted for the genetic improvement of various livestock
species. It is influenced by the evolutionary forces such as mutation, selection and
migration as well as recombination events and the size of Ne (Charlesworth &
Charlesworth, 2010; Nielsen & Slatkin, 2013). Evidently, fewer markers are required to
track the genome with the purpose of genome-wide association studies and genome-
assisted selection programmes assuming LD remained persistent over long

chromosomal stretches than otherwise, when LD decays quickly in short distances.
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Heterozygosity, as a measure of variation genetic variation within a population is
among the most widely utilized diversity parameters (Toro & Caballero, 2005).
Intuitively, high levels of heterozygosity imply for higher genetic variability and vice
versa. On the contrary, long runs of homozygosity (ROH) may indicate higher levels of
genomic inbreeding as they are consecutive homozygous chromosomal segments, while
extremely shorter ROH also suggests loss of genetic diversity due to a recent bottleneck
and founder effect. It is also useful for identifying regions of the genome that are under
historical selection pressure (Peripolli et al., 2017). Due to their definitive
characteristics, comparison of these parameters among populations of different sheep
breeds is expected to guide researchers and breeders through more effective

conservation and genetic improvement programmes.

Up until now, various molecular markers have been used to understand the genetic
characteristics of certain species, breeds and economically important traits so far
(Groeneveld et al., 2010; Lenstra et al., 2012; Scherf & Pilling, 2015). Among those, the
most commonly used are mitochondrial DNA-based markers, microsatellites and single
nucleotide polymorphisms (SNPs). Unlike the others, SNPs are distributed densely
throughout the genome and currently the most powerful and robust tool for genome-
wide monitoring and representation, fine-tuned diversity and variability estimations,
unravelling genomic relationships and linkage disequilibrium properties as well as
rendering genome-wide discovery of QTL associated to economically important traits in
various farm animals (FAO., 2011; Mucha et al., 2018; Scherf & Pilling, 2015).
Massive advances in the last decades led to the high-throughput genotyping
technologies to kick-start the genomics era to surround genetic studies of farm animals
(Kizilaslan et al., 2022a). Sequencing efforts of farm animals led to the manufacturing
of various high density SNP arrays that can simultaneously genotype tens of thousands
of loci with tremendously low costs, which revolutionised traditional approach to
breeding, characterization and conservation of farm animals. Accordingly, various
genome-wide scans were implemented with the purpose of QTL discovery (Al-Mamun
et al., 2015a; Kizilaslan et al., 2022b; Yilmaz et al., 2022; Zhang et al., 2013) and
genomic characterization in various sheep breeds (Ahbara et al., 2021; Al-Mamun et al.,

2015b; Kijas et al., 2012; Rekik et al., 2022). Such characterization studies have
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employed various analytical strategies that involve phylogenetic trees, comparison of
expected (H.) and observed (Hp) heterozygosities -per SNP and per individual-, various
aspects of allele frequencies such as minor allele frequency, deviations from Hardy-
Weinberg Equilibrium, genomic relationships and inbreeding, measures of genetic
differentiation (e.g., Fsr) and population structure both within and between breeds,
while pairwise estimations of linkage disequilibrium (LD) coefficient 1*, decay of LD
with distance and runs of homozygosity (ROH) mostly undertaken within breeds (FAO,
2011; Rekik et al., 2022; Scherf and Pilling, 2015). One of the early characterization
studies conducted via SNP arrays unravelled the genomic similarities and differences
among 74 global sheep breeds (Kijas et al., 2012). Accordingly, high SNP diversity and
effective population size were observed for most of the breeds, suggesting no
constrained and small genetic base at the early phases of domestication. Additionally,
relatively low divergence time between the breeds suggests a persistent genomic
exchange while the current breeds were formed. Another study revealed genetic
diversities and breed differences among six sheep breeds that are Belclare, Beltex,
Charollais, Suffolk, Texel and Vendeen (Purfield et al., 2017). An indigenous fat-tailed
sheep breed New Baisary was recently characterized and genomic differences, among
certain local sheep breeds were established in Kazakhistan (Narzhan et al., 2022). On
the other hand, a genome-wide survey with SNP panels were undertaken to establish
differences between British and American Suffolk populations as well as Australian
Poll Dorset and American Dorset populations (Kijas et al., 2009; Romanov et al., 2021).
Previously, a microsatellite based characterization study for Akkaraman sheep was
conducted by (Ozmen et al.,, 2020). However, no genome-wide characterization has
been observed in the relevant literature. Detection of such characterization parameters
are crucially important for efficient conservation and breeding programme designs.
Thus, it becomes possible to account for the current state of the genomic structure and
genetic variability and employ those to carefully dissect QTL for traits of interest as
well as breed and conserve those animals that are either under risk of extinction or in
need of a properly designed genome-wide selection (i.e., genomic selection) for higher
genetic gain in livestock production (Kijas et al., 2009). Although there have been a few
studies in various sheep breeds, SNP-based genome-wide studies concerning genomic

architecture of indigenous sheep breeds are still quite limited.
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1.3 Objectives of the Study

Overall, considering the lack of comprehensive studies in terms of the genetics of
growth and conformation traits in sheep research and the crucial need for those
parameters for a properly designed breeding programme that is aiming faster genetic
improvement in sheep productivity, efficiency, robustness and fertility, one of the main
objectives of our study is to unravel the genetic parameters of those traits including their
genomic heritabilities as well as genetic and phenotypic correlations in Akkaraman
lambs. Being among the very first studies around the world and indeed the first study
aiming estimation of genetic parameters of growth and conformation traits in
Akkaraman sheep, our results are expected to significantly contribute to the design of
sheep breeding programmes in terms of growth and linear type traits, while directly

applicable to the Akkaraman breeding programmes.

Furthermore, the obvious scarcity of the discovered QTL, little overlap among them and
the complex nature of the genetic background of growth and linear type traits emphasize
the need for a deep understanding of the genetic architecture of those traits as well as
the need for more QTL discovery studies in sheep. Therefore, the second main objective
of the present study is to implement Genome-wide Association Studies for growth and
linear type traits to understand the genetic basis of those complex traits with potential
implications on the genetic improvement of an indigenous sheep breed. Relevant
findings are envisioned to strongly contribute to the genome-assisted breeding
programmes of sheep production systems, especially those aiming higher genetic gains
in Akkaraman sheep while also uncovering potential targets for potential future

genome-editing, gene knockout and expression profiling studies.

Finally, it is extensively established that the identification of characterization
parameters such as genetic diversity indices, population structure, linkage
disequilibrium, runs of homozygosity as well as inbreeding are crucially important for
efficient conservation and breeding programme designs. Knowledge on these
parameters facilitate accounting for the current state of the genomic structure and

genetic variability and employ those to carefully breed and conserve those animals that
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display loss of genetic variability (i.e. inbreeding depression) as well as those either
under risk of extinction or in need of a properly designed genome-wide selection (i.e.,
genomic selection) for higher genetic gain in livestock production (Kijas et al., 2009).
Up until now, no genome-wide SNP based study concerning the comparative genomic
characterization of Akkaraman sheep, alongside with the other indigenous sheep breeds
of Turkiye, against the mainstream transboundary sheep breeds were implemented.
Assessing genetic diversity and structure of animal breeds is among the key contributors
of deciphering adaptation to environmental extremes and constructing efficient genetic
improvement strategies (Boettcher et al., 2014; Groeneveld et al., 2010). Therefore, the
final goal of this research is to define genomic characteristics of Akkaraman sheep by
revealing the level of genetic differentiation, LD patterns and various levels and
structure of genetic diversity in comparison with numerous transboundary, indigenous
and wild sheep breeds using genome-wide single nucleotide polymorphisms (SNPs)
with the aim of better understanding the nature of the breed’s genome. Results of this
study are strongly expected to contribute to the design and analytical process of further
genome-wide association studies and genomic selection of the traits of economic
importance in the production systems of Akkaraman sheep as well as the management

and conservation of the world’s animal genetic resources.
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CHAPTER 2

2 MATERIAL AND METHODS

2.1 Ethics Statement

All the experimental protocols used on animals of the study were approved by the Local
Ethics Committee of the Experimental Animals of the Ministry of Agriculture and
Forestry in Turkiye, with a file number of 20.November.2020/183. Genomic data for
the rest of the animals other than Akkaraman sheep were retrieved from the WIDDE

database (Sempéré et al., 2015).

2.2 Animals and Phenotyping

The experimental population of Akkaraman sheep breed was composed of 480
randomly selected lambs (294 female and 186 male lambs) obtained from 3 different
large-scale commercial farms located around the outskirts of Ankara/Turkiye. The
climatic characteristics of the region is defined by harsh and cold winters, while
summers are excessively hot and dry, leading to an insufficient quality grassland and

therefore a meagre diet for those grazing animals. Animals were monitored under the
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National Small Ruminant Breeding Programme. Therefore, a transgenerational selection
based on phenotypic observations of growth rate is applied to the ancestors of the
research population. Lambs were born between January and February 2021 and weaned
between April and May 2021 with an average weaning age of 3 months. Right after
weaning, 372 lambs were kept on with grazing on the pasture till 6 months of age while
114 lambs were subjected to a finishing period of 90 days with 750-1000 g of

concentrate mixture (i.e., corn, barley and wheat) per day as well as hay.

Records on the observations of lambs regarding birth weight (BW), weaning weight
(WW) and 180-days weight (180DW) were taken. Subsequently, pre-weaning average
daily gain (preADG), post-weaning average daily gain (postADG) and 180-days
average daily gain (180ADG) were also derived from those records. Here, WW is the
adjusted 90-days weight of the lambs, while 180DW is the linearly interpolated 180
days weight. When the lambs were weighed for the 180DW, scoring for 11 traits
including chest width (CW), rear legs width (RLW), body condition score (BCS), rear
legs feet angle (RLFA), body length (BL), rump width (RW), tail size (TS), rear legs
rear view (RLRYV), gigot roundness rear view (GRRY), gigot roundness side view
(GRSV) and rear legs side view (RLSV) were implemented following also the
descriptions provided by (de la Fuente et al., 2011; Gutiérrez-Gil et al., 2011; Janssens
& Vandepitte, 2004; Pieramati et al., 2011). Following the scoring, approximately 6 ml
of blood samples were collected from the V. jugularis into an EDTA-coated vacutainer
to prevent clothing. Samples were immediately transferred within a cold chain to the
Genetics Laboratory of the International Center for Livestock Research and Training,

Ankara/Tirkiye, to implement DNA extraction and genotyping.

Environmental factors to be fitted as fixed effects to determine the final models for
GWAS were sex (male and female), birth type (singlet and twin), herd (3 levels), and
feed type (pasture and finishing). Preliminary statistics, data pruning and model fitting
preceding genetic parameter estimations and GWAS were implemented on R statistical
environment (R Core Team, 2021) . Continuous data were checked for normality via

Shapiro-Wilk test where observations deviating more than 3 standard deviations + mean
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for each trait were excluded as outliers. To determine the fixed effects to be accounted
for in the univariate analyses of each trait, Generalised Linear Models (GLM) were
performed preceding genetic parameter estimations. Furthermore, heteroscedasticity of
variances were tested with the Breusch-Pagan test (Breusch & Pagan, 1979).

Descriptive statistics of the phenotypic observations were given at the Table 1.

After the genetic parameter estimations, GWAS and functional annotation analysis,
genomic data were reduced to a set of randomly selected 120 animals and used in the
rest of the analyses where comparative genomic characterization of the breed was
aimed. The reduction of the sample set was done only to avoid extreme differences
between the numbers of animals among the study populations, which might eventually
lead to the biased estimations. Subsequently, genomic data from 5 mainstream
transboundary breeds that are Australian Merino (AUM), Ramboulliet (RMB), Suffolk
(SUF), Texel (TEX), milk Lacaune (LMI); 4 fat-tailed indigenous sheep breeds that are
Karakas (KRS), Cyprus Fat Tail (CFT), Moghani (MOG) and Tibetan (TIB); 2 thin-
tailed sheep breeds that are Chios (CHI) and Sakiz (SKZ); and 2 ancestral breeds that
are Asiatic Mouflon (OOR= Ovis orientalis) and European Mouflon (EMU= Ovis aries
musimon) were retrieved from the WIDDE database for the comparative genomic
characterisation of the breeds (Sempéré et al., 2015). Number of animals belonging to

total of 14 breeds were presented on Table 1.

2.3 Genotyping and Quality Control

DNA were extracted from blood samples of Akkaraman lambs with the QIAcube HT,
an automated high-throughput nucleic acid purification instrument, using a
Blood/Tissue DNA purification kit and the manufacturer’s protocol (QIAGEN, Hilden,
Germany). Following the purification, DNA samples were exposed to a quality control
(QC) step where Aaxsor2s0 > 1.8; Azeonzo > 1.5 and a sample amount of >20 ng/uL were
sought as the minimum genotyping requirements by using a MultiSkan SkyHigh
UV/VIS microplate spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA).
After the DNA integrity being observed on gel electrophoresis, samples passing the
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quality control stage were proceeded to the genotyping which was carried out using the
Axiom™ Ovine SNP Genotyping Array (50 K) via GeneTitan™ Multi-Channel
Instrument following the manufacturer’s guide (i.e., Axiom™ 2.0 Assay 96-Array
Format Manual Workflow, ThermoFisher Scientific, Waltham, MA, USA). Briefly, a
seven stage procedure was performed for genotyping samples: 1) Amplification of DNA
samples; 2) Fragmentation and precipitation; 3) Centrifugation, drying and
resuspension; 4) Fragmentation Quality Control; 5) Denaturation and hybridization on
GeneTitan Multi-Channel Instrument; 6) Staining and stabilization; 7) Scanning. First
four consecutive steps were carried out manually where the last three steps were on an
automated genotyping instrument. Following the scanning, *.CEL’ files were generated
for each sample where intensity calculations and relevant metrics for each feature of the
probe array. Those ‘.CEL’ files were finally used for genotype calling on the software
package Axiom Analysis Suite, where genotypes for each SNPs of each animal were
obtained as ‘ATGC’ format and allele dosage format (i.e., 0= major allele homozygote,

1= heterozygote and 2= minor allele homozygote).

Preceding further analyses, a quality control (QC) step was performed to ensure lower
Type-I and Type-II error rates (Burton et al., 2007; McCarthy et al., 2008; Weale,
2010). Briefly, SNPs with minor allele frequency (MAF) below 0.05 are suggested to be
removed to eliminate those rare variants which are remarkably prone to the
classification errors during genotyping. Besides, potential power loss due to multiple
testing correction is avoided by the removal of SNPs with less likelihood of association.
Thresholds for SNP and individual call rates are generally imposed to overcome
problems emerging from poor quality genotype clustering and DNA sample handling.
Additionally, samples with to high identity by state (IBS) are also proposed to be
disposed since they are likely to be duplicates. SNPs on gender chromosomes are also
suggested to be eliminated preceding further analysis, since those generate difficulties
with kinship estimations and principal components analysis (PCA). Finally, less
stringently, thresholds for departures from Hardy-Weinberg Equilibrium (HWE) are
also used as indicators for genotype calling issues. Correspondingly, ‘GenABEL’ R
package (Aulchenko et al., 2007) was used to remove SNPs that have a call rate below

95% and those mapped to sex chromosomes, SNPs with minor allele frequency (MAF)
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< 0.05 and do not conform with Hardy-Weinberg equilibrium under Bonferroni-
corrected significance level (o) equal to 0.05. Furthermore, samples with an individual
call rate below 90%, identity by state (IBS) higher than 95% and those with too high
heterozygosity (False Discovery Rate < 1%) were also removed from the data, which
ended up with 40,439 SNPs from 479 animals passing imposed QC criteria for follow-

up statistical analyses.

For the genetic characterization analyses, SOK SNP genotypes for the rest of the breeds
were recovered from the WIDDE database. Those retrieved genotypes from the
database were originally obtained from the Illumina OvineSNP50v1l and AgResearch
OvineHD SNP arrays and were deposited as a result of the studies conducted by (Ciani
et al., 2015; Kijas et al., 2012; Rochus et al., 2018). Therefore, RS-ID’s of the SNPs on
different platforms were used to merge a common SNP set for the analysed breeds.
Subsequently, a quality control procedure was applied where SNPs with call rate below
95%; SNPs on the X and Y chromosomes as well as mitochondrial DNA and SNPs with
Minor Allele Frequency (MAF) less than 5 % were excluded from the dataset. The
dataset were also checked for individual quality control parameters for which animals
with a call rate below 90% and IBS > %95 were to be omitted from the analysis,
however no animal was found to be violating these thresholds. Consequently, a total of
29,481 SNPs and 610 animals from 14 breeds were retained after QC to perform
comparative genomic characterisation analyses. Quality control step of the merged data

set was implemented on ‘GenABEL’ R package (Aulchenko et al., 2007).

2.4 Statistical & Bioinformatics Analysis

2.4.1 Estimation of Genetic Parameters

Genomic heritability estimates of growth and linear type traits as well as pairwise
genetic correlations were obtained as a result of univariate and bivariate analyses of
linear animal mixed models implemented on ‘sommer’ R package, general model
outlined below with the variance-covariance structure of the estimations (Covarrubias-

Pazaran, 2016):
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Here, y refer to the vector containing phenotypic observations. X and Z are the design
matrices that are respectively mapping fixed environmental effects and random breeding
values to the observations. B here represents the vector of fixed effects (i.e. fixed
environmental effects for genetic parameter estimates and later additional SNP effects
for GWA analysis) included in the model, u is the vector of random effects for genomic
breeding values (gEBVs) and e is the vector of random residual effects. Values for u
and e are assumed to be drawn from a multivariate normal distribution where u ~ MVN
(0, Go2) and e ~ MVN (0, Io2), respectively. Additionally, 62 and o2 are respectively
the additive genetic and random residual variances for the trait of interest, where ‘1’ and
‘1> stands for different traits used for bivariate analyses and I is the identity matrix.

Finally, G here is the positive semi-definitive genomic relationship matrix (GRM)

obtained by the method proposed by (VanRaden, 2008):

f__ 2z
2 pi(1—py)

When divided by 2 ), p;(1 — p;), the G matrix show properties resembling to that of

numerator relationship matrix obtained from a pedigree.

2
Estimated heritabilities in our study are narrow sense heritability (h? = Z—’Z‘) where 02 is
p

the additive genetic variance and 0'72, is the total phenotypic variance that are obtained

from the univariate analysis of the interested trait with the model presented above. For

decomposing phenotypic (co)variance into its components Newton-Raphson
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optimization method with direct inversion (DI) based restricted maximum likelihood
(REML) approach was exploited to solve the mixed model above, also using the GRM
constructed from the information regarding IBS provided by the SNP markers (Lee &
Van der Werf, 2016; G. T. Wilson, 1989). Heritability estimates, genetic and
phenotypic correlations are given in Table 2. Fixed effects were omitted during the
bivariate analyses (i.e., estimation of genetic correlations) to avoid possible
convergence problems. Standard errors of the genetic correlations were estimated by
using a second order Taylor series expansion on the delta method as explained by

(Lynch & Walsh, 1998).

2.4.2 Genome-wide Association Analysis (GWAS)

Single-SNP GWAS for each trait was carried out using the univariate linear mixed
model given above and the simple procedure proposed by Chen and Abecasis (2007)
was employed on ‘GenABEL’ R package. For this purpose, the GRM was also included
in the models to account for any possible covariance between the observations of
animals on the same trait that is attributable to stratification and cryptic relatedness,
which otherwise would lead to increased Type I error rate. SNPs with the missing
genotypes were imputed with Expectation-Maximization (EM) algorithm where a mean
genotype score for the unknown marker was estimated considering the surrounding
markers (Chen & Abecasis, 2007). Briefly, the two-step approach suggested for solving
the equation above involves a step of accounting for all fixed effects other than SNP
effects (i.e., the recorded environmental factors) and estimating the (co)variance
components, where the residuals of this primary analysis is later used to estimate the

additive genetic effects of the SNPs which are fitted as fixed factors and once at a time.

Quantile- Quantile (Q- Q) plots were used to inspect the inflation of the test statistics
due to any possible systematic bias or error such as cryptic relatedness and unaccounted
population stratification which might lead higher rates of false positive associations.
Quantiles of the expected (null hypothesis of “no association”) and observed test

statistics are plotted against each other where any mass deviation can be interpreted as a
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sign of population structure, genotyping error and unidentified relatedness.
Furthermore, genomic control method was used to adjust and remove any possible
inflation in the test statistics by setting A to 1 (Devlin & Roeder, 1999). SNP effects
were visualized as -logl0 (p-value) of the tested SNPs that are represented on
Manhattan plots of each trait, considering their position at the relevant chromosome. To
overcome the risk of leveraged false positives imposed by multiple testing, two
significance thresholds were applied to the SNPs to identify genome- and chromosome-
wide significants based on p-values. Bonferroni correction was utilized to assign both
genome- and chromosome-wide significance thresholds.Thus, genome-wide
significance threshold was obtained as 1.236 x 10 and chromosome-wide as 3.214 x
10~ which respectively leading to 5.90 and 4.49 on the —log10 (p-value) scale that is on

Manhattan plots.

2.4.3 Functional Annotation of Candidate Genes

Genomic positions and the nearby genes related to the associated SNPs were retrieved
from the Oar_v4.0 genome assembly on NCBI Genome Data Viewer (Rangwala et al.,
2021). Here, the genes that contain the significant SNPs were directly suggested as
candidates. However, when the SNP was not within a certain gene, the area on the
genome covering = 250Kbp from the associated SNP was scanned for the nearest
candidate genes. Functional enrichment were carried out for the detected genes by using
DAVID Bioinformatics Resources-2021 to retrieve biological information and the
KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways that were involved by
those (Huang et al., 2009a, 2009b). Where the sheep genome suffered from the lack of
annotation, orthology among species was exploited to further annotate the relevant
genes by outsourcing information from other species such as cattle, mice and human.
The biological processes of the identified genes were given with their Gene Ontology
terms and can be further detailed on QuickGO by EMBL’s European Bioinformatics
Institute (Binns et al., 2009). Finally, the animal QTL Database is also scanned to
identify whether detected SNPs in this study are previously associated with any of the
growth and type traits (Hu et al., 2022).
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2.4.4 Genetic Diversity Indices

Assessment of the genetic diversity parameters within each population, which are the
observed heterozygosity (Hp), unbiased expected heterozygosity (Hg) inbreeding
coefficient (Fis) were calculated by the R package “dartR” (Gruber et al., 2018).
Inbreeding coefficient was obtained as 1 - (mean (Ho) / mean (He)). Deviations from
Hardy-Weinberg equilibrium was tested based on the exact calculations described in
(Wigginton et al., 2005) by computing p-values as half the probability of the current
sample plus the probabilities of more extreme samples and plotted in the Figure 4 with

the ‘dartR’ package.

24.5 Genetic Distance & Population Structure

To observe the genetic relationship, population structure within and between breeds and
the distance among those, Principal Components Analysis (PCA) were performed with
the ‘adegenet’ R package (Jombart, 2008). First two principal components were plotted
and presented in Figure 5. On the other hand, unbiased Fst (i.e., fixation index)
estimates among the populations were also estimated with the ‘dartR’ package to obtain
pairwise genetic differentiation among the sheep breeds in the dataset as described by
(Weir & Cockerham, 1984). Finally, the phylogenetic tree was constructed with the
matrix of pairwise Fgsr values, where the neighbor-joining (NJ) algorithm was
implemented on the same R package to observe the genetic similarities and clusters

among the sheep breeds.

2.4.6 Linkage Disequilibrium Analysis

Patterns of pairwise linkage disequilibrium (LD) were investigated and reported as the
squared Pearson’s correlation coefficient (r*) between the alleles of SNPs to ease the
comparison of our results with those existing reports. Pairwise average linkage
disequilibrium between adjacent SNPs and the decay of linkage disequilibrium (LD
decay) were estimated using the formula suggested by (Hill & Robertson, 1968) that
was performed with the ‘r2fast’ function of GenABEL R package as described below:
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2 _/(AB) - fAfB)]?
fAf(f(B)f(b)

Here (4),f(a),f (B),f(b) are the allele frequencies at two different loci where f(AB) is
the haplotype made of the major alleles at the loci of interest. Pairwise LD was

measured only on the syntenic loci that are the loci only on the same chromosome.

2.4.7 Genomic Inbreeding and Runs of Homozygosity Analyses

Genomic inbreeding for each animals were evaluated as the genome-wide autozygosity
obtained from the genome-wide SNP data using Froy statistics generated from the
identified Runs of Homozygosity (ROH), which was introduced by (McQuillan et al.,
2008). Correspondingly, Fron was obtained as outlined below:

) Lron
Frow =

LAUTO

Where Y, Lgoy is the total lengths of the identified ROH and L,y7o is the length of the
autosomal genome represented by the SNPs in the study. For the identification of ROH
and Fron for each individuals of the each breed, sliding window approach provided by
the ‘detectRUNS’ R package was used, where certain parameters were used as the
predefined criteria for defining each individual ROH (Biscarini et al., 2018).
Accordingly, no LD pruning were implemented, but the minimum length for defining a
ROH was set to 1 Mb for excluding those shorter ROH that possibly are the direct
consequence of LD. The genome of each animal were scanned with a sliding window of
20 SNPs, where no more than one missing SNP is allowed per window and minimum
SNP density was set to 1 SNP per 1000 Kb with a maximum gap between two
consecutive SNPs to be 1000 Kb distance. Finally, SNPs were included in the scanning

window when p-value < 0.05.
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CHAPTER 3

3 RESULTS

3.1 Phenotypic statistics

In total, 17 different traits were evaluated for the estimation of genetic parameters
and GWA analysis. Following the linear model fitting, outliers were removed
accordingly. Briefly, sex was not significant for any of the traits. For the pre-weaning
growth traits, only birth type was used for the adjustment while for the traits recorded
after weaning, finishing was also a factor of adjustment preceding GWAS. After the
genotyping quality control, the remained number of observations for GWAS of each

trait and their relevant descriptive statistics are given in Table 1.

Table 1. Descriptive statistics of growth and linear type traits.

Trait N Min Mean SD Max

BW (kg) 451 2.96 4.59 0.71 6.54



WW (kg)

180DW (kg)

preADG

postADG

180ADG

BCS

TS

RLRV

GRRV

RW

RLW

RLFA

GRSV

RLSV

BL

Cw

449

452

450

456

451

473

469

470

471

473

473

473

472

469

473

470

14.10

19.33

72

11

82

2.00

2.00

25.71

42.87

234

168

212

3.66

4.78

3.68

5.35

5.38

3.39

3.39

5.39

441

491

5.34

4.29

7.99

46

71

70

0.98

1.46

0.81

0.89

1.34

0.92

0.92

0.87

0.66

0.82

1.02

36.61

68.05

365

396

352

5.00

8.00
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Notes: N= Number of observations; Min= Minimum; SD= Standard deviation; Max= Maximum; BW=

Birth weight; WW= Weaning weight; 180DW= 180 days adjusted weight; preADG= pre-weaning

average daily gain; postADG=post-weaning average daily gain; 180ADG= 180 days average daily gain;
BCS= Body condition score; TS= Tail size; RLRV=Rear legs (rear view); GRRV= Gigot roundness
(rear view); RW= Rump width; RLW= Rear legs width; RLFA= Rear legs foot angle; GRSV= Gigot
roundness (side view); RLSV= Rear legs (side view); BL= Body length; CW= Chest width.



27

3.2 Genetic parameters

Estimated genomic heritabilities as well as pairwise phenotypic and genetic correlations
between the traits were presented in Table 2. Essentially, moderate heritability
estimates were observed for growth traits ranging from 0.29 for preADG to 0.52 for
180DW. On the other hand, for the linear type traits, heritability estimates were
distributed with a wider range between 0.07 for BL and 0.52 for RLW. In general,
positive and high genetic correlations were observed among growth and type traits,
which also supports the idea for linear type traits to be used as indicator traits for
improving growth. A large proportion of the genetic correlations among the relevant
traits were close to unity, indicating an almost perfect linear relationship among the
traits. Interestingly, traits RLW and RLFA had pairwise moderate negative between and
occasionally almost no correlations with some of the traits analysed. Genetic correlation
among the BL and GRRYV did not converge to a meaningful number possibly due to the
low genetic variance estimates of the traits, therefore excluded from the results. Finally,
phenotypic correlations were observed to be within the low to moderate range among
the traits, with an exception of RLW and RLFA, which showed no correlation at all

with most of the traits in the dataset.
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3.3 Genome-wide association studies

GWAS for 17 traits were carried out via univariate mixed model analysis of each trait
by fitting 40,439 SNPs one at a time recursively, as well as a GRM. Significant SNPs
with their descriptive characteristics and associated genes were presented on Table 3
and 4 for growth and linear type traits, respectively. Q-Q plots for the test statistics (see
Figure 3) show reasonable patterns of associations and no proper sign of inflation. All
traits were conservatively forced to have a lambda (A) of almost 1 for the test statistics
by correcting the p-values with genomic control. The adjusted p-values of the SNPs
were visualised with Manhattan plots and given by Figure 1 and 2 as converted into —
log10 (p-value) for each trait respectively. Consequently, 20 different SNPs were found
to be genome-wide or chromosome-wide associated with at least one trait at various p-

levels. Curiously, 3 SNPs showed multiple associations among the analysed traits.

Table 3. Significant SNPs from GWAS of growth traits.

Trait SNP Name Chr  Position p-value Significance MAF Candidate Distance
(bp) gene

BW rs414781462 12 51,905,842 1.793x10° CW 0.262 PRDM?2 25 Kb
upstream

wWWwW rs414279727 7 42,283,714 1.377x10° CW 0.479 PTGDR ~50 Kb
downstream

preADG rs423706103 19 39,758,712 1.270x107 CW 0.276 PTPRG Intron variant

postADG rs407771300 4 85,034,136 7.974x10°° CW 0.486 KCND2 Intron variant

postADG rs404771550 14 46,046,471 9.876x10° CW 0.253 ZNF260 ~100 bp
upstream

postADG rs400100688 17 448,355 1.677x107° CwW 0.121 CPE Intron variant

postADG 1s429448354 6 30,967,377 1.701x10° CW 0.424 GRID2 Intron variant

sixADG rs414279727 7 42,283,714 3.031x10° CW 0.479 PTGDR ~50 Kb
downstream

Notes: Chr= Chromosome; MAF= Minor Allele Frequency. Bold SNP names indicate those that are found common
among the traits. Here the abbreviations BW, WW, preADG, postADG and sixADG respectively stand for birth
weight, weaning weight and pre-weaning average daily gain, post-weaning average daily gain and six months average

daily gain. Finally, regarding the significance column, GW stands for genome-wise and CW for chromosome-wise
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significance of the SNPs.

Table 4. Significant SNPs from GWAS of linear type traits.

Trait SNP Name  Chr Position (bp)  p-value Significance = MAF  Candidate Distance
Gene
CwW rs412278842 6 97,145,365 9.972x1077 GW 0.126  SCD5 ~100 Kb
upstream
RLRV 15424107094 9 32,023,081 3.510x107 GW 0.220  SPIDR Intron variant
RLRV 15399086810 23 3,643,516 2.215x10° Ccw 0.454  ZNF407 Intron variant
BCS 15405451961 1 103,920,255 9.628x10°  CW 0.399  HCN3 Exon variant
TS 15417737929 2 240,680,051 4327x10° CW 0.050 TMEMS50A ~100 Kb
downstream
TS 15404544718 2 25,145,453 1.135x10° Ccw 0.347 LOCI05606997  ~15 Kb
upstream
GRRV  rs412278842 6 97,145,365 7.323x10°  CW 0.126  SCD5 ~100 Kb
upstream
RW Affx- 13 58,972,752 1.897x10° Ccw 0.326  FKBPIA ~15 Kb
282917850
RW rs427724890 2 56,856,646 2.762x10° Ccw 0.120 TLE4 ~1-2 Kb
upstream
RLW 15417934245 8 81,117,831 1.668x10° Ccw 0.356  LOCI105609002  ~90 Kb
downstream
RLW 15410532183 3 132,823,805 2.189x10° Ccw 0.169  SPI ~ 1Kb
upstream
RLFA 15398187690 15 73,532,306 1.912x10° Ccw 0.156  LOC105602367  ~90 Kb
GRSV rs427724890 2 56,856,646 1.769x10 Cw 0.120 TLE4 ~1-2 Kb
upstream
RLSV rs411373597 2 17,728,536 3.243x10° CW 0.258  SLC44Al1 ~250 bp
upstream
RLSV 15409929874 2 241,787,646 3.320x10° CcwW 0450 MYOM3 ~30 Kb
downstream

Notes: Chr= Chromosome; MAF= Minor Allele Frequency. Bold SNP names indicate those that are found
common among the traits. CW, RLRV, BCS, TS, GRRV, RW, RLW, RLFA, GRSV and RLSV are respectively
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abbreviations for chest width, rear legs rear view, body condition score, tail size, gigot roundness rear view, rump
width, rear legs width, rear legs foot angle, gigot roundness side view and rear legs side view. Finally, regarding

the significance column, GW stands for genome-wise and CW for chromosome-wise significance of the SNPs.

Considering in detail, analysed growth traits resulted in 7 distinct SNPs that were
observed to be exceeding chromosome-wide significance threshold, which are on
OAR4, 6, 7,12, 14, 17 and 19. Among those, the SNP named ‘rs414279727° on OAR7
was common between the traits WW and sixADG as outlined in Table 3. On the other
hand, 2 SNPs on OAR6 and OAR9 exceeded the genome-wide significance threshold
while 11 SNPs on OARI, 2, 3, 8, 13, 15 and 23 were reached chromosome-wide
significance for the GWAS of linear type traits (Table 4). Specifically, GWAS for chest
width (CW) identified the SNP ‘rs412278842° (p =9.972x10”) on OAR6 exceeding
genome-wide significance threshold, while the same SNP was also found to be
chromosome-wide significant for the GRRV with a p-value of 7.323x10°. The other
genome-wide significant SNP, namely the ‘rs424107094” on OAR9, was identified to
be associated with RLRV with a p-value of 3.510x10”. Moreover, one chromosome-
wide significant SNP, ‘rs427724890° on OAR2, that was found to be associated with
RW (p =2.762x107) was also identified as chromosome-wide significant for GRSV
(1.769x107). Finally, it is also worth noting that the 5 of the associated SNPs with 4
different type traits were discovered on OAR2. More detailed information on the

associated SNPs can be found on Table 3 and 4.

3.4 Annotation of Candidate Genes

Collectively, 17 individual genes together with 3 uncharacterized loci were proposed as
candidates that are involving in the genetic control of growth and linear type traits.
Oar_v4.0 genome assembly was utilised to annotate genomic regions of the associated
SNPs and to detect the nearby genes on NCBI Genome Data Viewer and UCSC
Genome Browser. Among those identified genes, PTGDR, KCND2, PRDM?2, ZNF260,
CPE, PTPRG and GRID2 were associated with growth traits where PTGDR was
suggested for both WW and sixADG. On the other hand, ZNF407, SCD5, SPIDR,
HCN3, FKBPIA, TLE4, MYOM3, SP1, SLC44A1 and TMEM50A genes on various
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chromosomes as well as LOCI105606997, LOC105609002 and LOCI105602367 were
identified as candidates for linear type traits. The gene SCD5 was associated with chest
width and GRRV and TLE4 with RW and GRSV simultaneously. Detailed knowledge
on the associated SNPs, detected genes and their relative positions were outlined in

Table 3 and 4.
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3.5 Genetic diversity indices

In this study, three common parameters were used to evaluate the levels of genetic
diversity within breeds. Observed heterozygosity (Hp) and unbiased expected
heterozygosity (Hg), that are averaged across all loci, as well as inbreeding coefficients
averaged across individuals of each populations (Fis) were estimated and presented in
Table 5 with the number of animals per breed observed in our study. Subsequently,
most of the breeds were observed to have genetic diversities between 0.322 (TIB) and
0.362 (MOG) in terms of observed heterozygosity (Hp) with the exception of Europian
Mouflon (EMU) and Asiatic Mouflon (OOR) wild breeds showing the lowest
heterozygosities of 0.200 and 0.223, respectively. Again, almost all breeds
outperformed those unbiased expected heterozygosities (Hg), which are between 0.183
(EMU) and 0.313 (AUM), estimated from genome-wide SNP markers and averaged
across all loci. AKK was revealed to have the fourth largest observed heterozygosity
(0.357) and expected heterozygosity (0.305) among the analysed 14 breeds in terms of
the genetic variability. Mainly negative values were obtained for Fig except for OOR
which was observed to be 0.026. Correspondingly, regarding the absolute values of the
estimations, SKZ (-0.201) displayed the largest average inbreeding coefficient within
the breed, which is followed by CFT (-0.184), KRS (-0.179), MOG (-0.170) and AKK
(-0.168), while the smallest absolute values for estimates were obtained for OOR

(0.026) and EMU (0.091) breeds.

Table 5. Genetic diversity parameters for different sheep breeds.

Breed N Ho Hg Fis

Akkaraman (AKK) 120 0.357 0.305 -0.168
Australian Merino (AUM) 50 0.361 0.313 -0.153
Cyprus Fat Tail (CFT) 30 0.324 0.274 -0.184
Chios (CHI) 23 0.322 0.279 -0.151

Europian Mouflon (EMU) 26 0.200 0.183 -0.091
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Karakas (KRS) 18 0.352 0.298 -0.179
Lacaune Milk (LMI) 103 0.359 0.308 -0.165
Moghani (MOG) 34 0.362 0.309 -0.170
Asiatic Mouflon (OOR) 2 0.223 0.229 0.026
Ramboulliet (RMB) 102 0.344 0.299 -0.149
Sakiz(SKZ) 22 0.330 0.274 -0.201
Suffolk (SUF) 19 0.334 0.286 -0.165
Texel (TEX) 24 0.336 0.289 -0.162
Tibetan (TIB) 37 0.322 0.283 -0.135
Overall 610 0.324 0.280 -0.168

N= Number of observations; Ho= Observed heterozygosity averaged across loci; Hg= Unbiased expected
heterozygosity averaged across loci corrected for sample size; Fis= Inbreeding coefficient averaged across

individuals of the population.

Finally, deviations from Hardy-Weinberg Equilibrium (HWE) was evaluated and

visualised in Figure 4 given below.



39

HWE over populations and loci
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Figure 4. HWE deviation plot. Pink lines represent loci violating Hardy-Weinberg

Equilibrium within each breed.

3.6 Genetic distance & structure among the breeds

Genomic relationships between the breeds were examined with the PCA plot which is
visualised in Figure 5. The analysis resulted in the two major components, namely PC1
and PC2, explaining 14 % and 2 % of the variance among the breeds, respectively. Most
of the breeds in our study demonstrated clear separations into visible sub-clusters with
notable exceptions of European Mouflon (EMU) and Asiatic Mouflon (OOR), which
are the two wild breeds that are speculated to have ancestral relationships with most of
the common sheep genetic resources. The most remarkable detail provided by the PCA
plot is the alignment of certain breeds into those distinct sub-clusters composed on the
display. Interestingly, fat-tailed animals representing Akkaraman (AKK), Karakas
(KRS), Moghani (MOG), Cyprus Fat Tail (CFT) and Tibetan (TIB) sheep appear to
form a sub-group on the PCA plot, which is quite close to that of generated by Sakiz
(SKZ) and Chios (CHI) sheep. Both groups are relatively distant with the group created
by Australian Merino (AUM), dairy Lacaune (LMI), Texel (TEX) and Suffolk (SUF) as
well as Rambouillet (RMB). European Mouflon (EMU) turned out to be the most

genetically differentiated breed among the analysed breeds with the closest relationship
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to those individuals of Asiatic Mouflon (OOR) as the second most distant breed to the

others in our study.

Eigenvalues

Figure 5. Principal Components Analysis (PCA) of the breeds.

Pairwise Fsr values among the breeds were estimated to quantify the genetic divergence
among the breeds and provided in Table 6. Correspondingly, AKK and MOG were
observed to have the lowest pairwise Fgp with 0.01, suggesting the least genetic
divergence is among these breeds while EMU and OOR appear to have the greatest
divergence with an Fsr value equal to 0.19. Subsequent breeds that are suggested to be
the closest to AKK by pairwise Fsr estimations are KRS with 0.02, TIB and AUM with
0.03, CFT and CHI with 0.04, respectively. As also suggested by the PCA plot, EMU
appear to be the most divergent breed compared to those in our study. On the other
hand, AKK has been observed to have 0.06 and 0.13 with respectively OOR and EMU,

which may emphasize the closer relationships with those breeds derived from OOR and
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indicate the potential for the breed of origin preceding domestication to be OOR for

AKK. The results were partially consistent with the PCA plot.

Table 6. Pairwise FST values between the sheep breeds.

AKK AUM CFT CHI EMU KRS LMI MOG OOR RMB SKZ SUF TEX TIB

AKK NA

AUM .03 NA

CFT .04 .06 NA

CHI .04 .05 .07 NA

EMU .13 12 18 17 NA

KRS .02 .04 .06 .06 17 NA

LMI .04 .02 .06 .05 12 .05 NA

MOG .01 .03 .05 .04 14 .02 .04 NA

OOR .06 .05 .10 .08 19 .07 .06 .06 NA

RMB .04 .02 .07 .06 12 .05 .03 .04 .06 NA

SKZ .05 .06 .09 .06 18 .07 .06 .06 A1 .07 NA

SUF .06 .05 .10 .08 .16 .07 .05 .06 .09 .06 .10 NA

TEX .06 .06 .10 .08 .16 .08 .06 .07 .09 .06 .10 .07 NA
TIB .03 .05 .07 .06 .16 .05 .05 .03 .07 .06 .08 .08 .08 NA

AKK=Akkaraman; AUM= Australian Merino; CFT= Cyprus Fat-Tailed; CHI= Chios; EMU= European
Mouflon; KRS= Karakas; LMI= dairy Lacaune; MOG= Moghani; OOR= Asiatic Mouflon, RMB=
Ramboulliet; SKZ= Sakiz; SUF= Suffolk; TEX= Texel; TIB= Tibetan.
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Figure 6. Phylogenetic Neighbor-Joining (NJ) tree of the breeds.

Finally, a phylogenetic tree was constructed using the pairwise Fgr estimations among
the breeds and the Neighbor-Joining algorithm performed on the ‘dartR’ package
(Figure 6). Accordingly, studied populations of the breeds exhibited a strong clustering
into three major branch, where the branch is composed of CFT, TIB, KRS, MOG and
AKK breeds; the second main lineage is formed by LMI, RMB, AUM, OOR, EMU,
TEX and SUF breeds; and the last group by SKZ and CHI breeds. In the first branch,
MOG and AKK formed a noticeable subgroup while in the main branch three strong
subgroups were observed as LMI, RMB and AUM versus OOR and EMU versus TEX
and SUF breeds. Furthest breeds in the tree were OOR and EMU, which is reasonable
considering their ancestral role to the all those others in the phylogenetic tree. Finally, it
is important to note that the results between PCA graph and the NJ tree were partially
consistent, without any conflicts regarding the misclassification of the animals during

assignment into breeds.
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3.7 Linkage Disequilibrium (LLD) and LD decay

Linkage disequilibrium estimations were performed as the r-squared (r*) with the
common 29,481 SNPs among the 14 analysed breeds, which are resulted from
combining the datasets from different genotyping platforms and implementing the QC
criteria, and presented in Table 7. Considering the overall length of the sheep genome
as ~2.61 Gb, that leaves an average of 88 Kb gap between two consecutive SNPs.
Accordingly, AKK was identified to have an average r-squared of 0.15 which was quite
similar to those obtained for MOG, TIB, RMB, LMI and AUM. The lowest r-squared
was obtained for OOR with 0.11 whereas LD for TEX, SUF and SKZ were

demonstrated to be the highest among those analysed breeds.

LD decay in Akkaraman sheep
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Figure 7. Trends in linkage disequilibrium (LD) decay in 500 Kb distance.
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On the other hand, decay of LD with the increased physical marker distance on the
genome was revealed for AKK sheep (Figure 7). Short distance LD for such as 100 Kb
appear to exist in AKK sheep. However, it is clearly observable that LD in AKK
quickly decays with physical distance, showing a pattern of continuous decline until just

over 0.05 within a 500 Kb range.

3.8 Detection of Runs of homozygosity (ROH)

Various parameters regarding the genomic characteristics of the runs of homozygosity
such as the total number of ROH per breed (Nron), mean number of ROH per
individual per breed (MNgon) and average length of ROH (ALgron) per breed in Kb as
well as the ROH-based genomic inbreeding coefficient (Frony) with its standard
deviation were identified for each breed and also demonstrated on Table 7. The highest
number of ROH per breed was found in RMB (9,520 ROHs), while the lowest was in
OOR (385 ROHs) which was followed by KRS (762 ROHs). On the other hand, the
mean number of ROH per individual was found to be the least for AKK (41.10 ROHs),
which was interestingly followed by MOG (41.47) and KRS (42.33), whereas the
highest number of ROH was found for EMU (202.65 ROHs) and OOR (192.50 ROHs)
wild breeds. As well as having the highest number of per animal, EMU has the largest
average length of ROH with 5,222 Kb per run, among all studied breeds, while the
shortest average ROH length was detected for MOG (2,630 Kb) with AKK having the
second smallest ROH length, which is 3,160 Kb per run. The magnitude of ROH-based
genomic inbreeding (Frop) differed significantly among the animals of the 14 analysed
breeds in our study. OOR and EMU wild breeds were identified to bear the highest
genomic inbreeding evaluated by ROH with the values of 0.30 and 0.23, respectively. In
contrast, AKK (0.002) appear to have the lowest average genomic inbreeding, followed
by MOG (0.04) among all 14 breeds. The results were partially consistent with the

observed heterozygosities (Hp) given above in Table 5.
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Table 7. Descriptive statistics of ROH and LD in different sheep breeds.

Breed Nron MNron ALgon Fron SDrron LD (%)
(Kb)
AKK 4,932 41.10 3,160 0.002 0.001 0.15
AUM 3,245 63.62 3,572 0.09 0.04 0.16
CFT 2,260 75.33 4,863 0.15 0.06 0.21
CHI 2,761 120.04 3,780 0.18 0.04 0.21
EMU 5,269 202.65 5,222 0.23 0.08 0.19
KRS 762 42.33 4,154 0.07 0.06 0.19
LMI 6,011 58.36 3,574 0.08 0.01 0.16
MOG 1,410 41.47 2,630 0.04 0.03 0.15
OOR 385 192.5 3,812 0.30 0.20 0.11
RMB 9,520 93.33 3,588 0.13 0.05 0.16
SKZ 2044 92.90 4,063 0.15 0.05 0.22
SUF 2195 115.52 3,494 0.16 0.01 0.22
TEX 2871 119.62 3,575 0.17 0.02 0.22
TIB 3126 84.48 3,556 0.12 0.05 0.15

Nron=Total number of ROH per breed; MNrop= Mean number of ROH per individual per breed; ALron=
Average length of ROH (Kb) in a breed; Frogy= Genomic inbreeding coefficient based on ROH. SDgroy=

Standard deviation of Fygy.
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CHAPTER 4

4 DISCUSSION-CONCLUSIONS AND FUTURE PERSPECTIVES

4.1 Discussion

Growth and linear type traits are central to the sheep selection programmes due to their
high influence on production efficiency and overall profitability. However, indigenous
sheep breeds such as Akkaraman suffer from the absence of a comprehensive pedigree,
which is the basis for a conventional selection programme. Usage of genomic
information in breeding decisions alleviates burdens brought by this problem via
introducing genomic relationships, as well as those additional genetic gain provided
(Dekkers, 2007; Doormaal, 2012; Meuwissen et al., 2001). The insufficient annotation
throughout the sheep genome hampered the genome-based selection methods as well as
understanding the complex nature of the traits in the species up until recently. With the
advent of genomic technologies and the availability of highly annotated sheep reference
genomes, it is now possible to use genome-wide distributed markers to understand the
genetic structure of the economically important traits in sheep such as growth and linear
type traits. With this purpose, in this study we first estimated heritabilities of 17 growth
and linear type traits based on a genomic relationship matrix and obtained their pairwise
genetic and phenotypic correlations to understand the nature of the phenotypic variation
and the interplay between 17 growth and linear type traits. Subsequently, we performed
a series of GWAS for those traits using randomly selected lambs from different herds
and revealed 2 genome-wide and 18 chromosome-wide associated SNPs with proposed
candidate genes. Finally, certain genomic characterization parameters such as those

reflecting genetic diversity, genome structure, population structure and genetic
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differentiation of the breed were estimated and displayed for a better understanding of
the genetic architecture of the breed which will directly influence management of the
breed’s genetic resources and design of an efficient and sustainable genomic breeding

programme aiming faster genetic improvement.

4.1.1 Genetic Parameters

In livestock production, knowledge on the genetic and phenotypic parameters such as
heritability estimates of the quantitative traits that are at the core of the breeding
objectives as well as genetic and phenotypic correlations among those are fundamental
to implementing a robust and efficient genetic evaluation and designing breeding
programmes with comprehensive selection indices. The efficiency of a multi-trait
breeding programme is suggested to be directly affected by the accuracy and precision
of the genetic parameter estimates exploited for the breeding objective development and
construction of the selection indices (Safari et al., 2006). Heritability, as part of the
selection response estimations, indicates the extent of genetic contribution to the
variation at a particular trait of interest while genetic correlations would explain the
potential effects and related consequences of selection on a trait on other traits of
interest (Falconer & Mackay, 1996; Simm, 1998). Additionally, studies suggest that
selection response in a multi-trait breeding programme is completely sensitive to the
magnitude of genetic correlations among the indexed traits (Mortimer et al., 2017;

Safari et al., 2006)

Heritability estimates of growth traits were ranged from 0.29 (preADG) to 0.52
(180DW) while for the linear type traits, heritabilities were between 0.07 (BL) and 0.52
(RLW). Both trait groups showed similar trends compared to those estimated in Suffolk
by Janssens and Vandepitte (2004) except for body length, which turned out to have
almost zero heritability in our study. Estimates for rump width, rear legs rear view and
feet angle were only slightly higher than those obtained by de la Fuente et al. (2011)
from Spanish Churra breed. Furthermore, obtained estimates for growth traits were

significantly higher than those reviewed by (Safari et al., 2005) for various breeds and
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by Behrem (2021a) for Central Anatolian Merino. Since it is widely known, heritability
estimates are crucial elements of an efficient selection index construction process and
prediction of selection response, which emphasizes importance of their accurate
estimations for a breeding programme. The fact that moderate and consistent heritability
estimates (see Table 2) were found for growth and most of the linear type traits implies
a strong potential for faster genetic improvement with a properly designed selection

programme.

On the other hand, mostly positive and high genetic and phenotypic correlations were
found by our study, unlike those obtained by Janssens and Vandepitte (2004) from Bleu
de Maine, Texel and Suffolk breeds. Conversely, relatively similar ranges were found
for growth traits in our study and those proposed by (Safari et al., 2005). Although,
Behrem (2021a) found negative moderate genetic correlations and again negative low
phenotypic correlations between BW/WW and BW/preADG, results of our study
suggests an opposite trend for the traits of interest in Akkaraman sheep, with
significantly higher positive correlations. Since genetic correlations between traits may
potentially arise from pleiotropic effects of certain genes, linkage and an interplay
between background genetic mechanisms it is important to reveal and account for those
correlations while designing a breeding programme. Otherwise, targeted selection
responses may not be achieved, while simultaneously improving certain traits may lead
to deterioration of others (Falconer & Mackay, 1996). The overall high and positive
genetic/phenotypic correlations between growth and linear type traits in our study may
lead to suggest that certain traits may be used as indicators of the others for early and
easy breeding decisions, while those negative correlations should be taken into account

for faster genetic improvement of growth.

4.1.2 Genome-wide Association Studies

For the GWA studies, on the other hand, GenABEL R package and an animal mixed
model based approach exploiting genomic relationship matrix that accounts for the

covariance due to cryptic relatedness and population stratification within the data set
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was used, which may lead to inflation of the test statistics and eventually spurious
associations if not accounted for (Astle & Balding, 2009; Sul et al., 2018). Overall, the
Q-Q plots of the study showed no patterns of inflation that would lead deceptive
conclusions (see Figure 3). Since the p-values of the SNPs were further corrected with
genomic control, no inflation was expected nonetheless (Devlin & Roeder, 1999).
Significantly, a deflated pattern displayed especially by the Q-Q plot of body length was
interpreted as being due to the highly polygenic nature of the trait (Yang et al., 2011).
Finally, annotations of the candidate regions were based on sheep Oar_v4.0 genome

sequence.

One of the most important results of our study is the common SNPs discovered among
the growth and linear type traits, which indicates a possible pleiotropy for the molecular
mechanisms of the traits. High genetic correlations observed between WW-sixADG
(0.96 + 0.01), RW-GRSV (0.96 + 0.03) and GRRV-CW (0.96+0.03) also support the
idea that common significant SNPs can be explained by a possible genetic interplay
between the traits. In total, 20 SNPs were significantly associated with the focused traits
at various levels, where three SNPs - rs427724890, rs412278842 and rs414279727-
were found common between the referred traits with high genetic correlations. Further
details regarding associated SNPs, their p-values, relevant candidate genes and their

physical distance is provided in Table 1 and 2, respectively.

GWAS for growth traits have led to the detection of 7 candidate genes on OAR4, 6, 7,
12, 14, 17 and 19, where four of the suggested SNPs were found within the introns of
the genes suggested. Additionally, among the suggested candidates, four of the genes
were proposed for postADG and one gene, namely PTGDR was found to be common
between WW and sixADG. As a G-protein coupled membrane receptor on OAR7,
prostaglandin D2 receptor (PTGDR) has a molecular function of transmembrane
signalling receptor activity (GO: 0004871) as well as eicosanoid receptor activity (GO:
0004953) in particular. Interestingly, PTGDR was also recently observed by a selection
signature study conducted on thin- and fat-tailed sheep by (Moradi et al., 2012).
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Additionally, the gene itself was also previously associated with body depth and hot
carcass weight in different cattle breeds (Ashwell et al., 2005; Casas et al., 2000). On
the other hand, the SNP named ‘rs423706103° on OARI19, as the intronic variant of the
gene protein tyrosine phosphatase receptor type G (PTPRG) with phosphoric ester
hydrolase activity (GO:0042578), was associated with preADG in our study. Recently,
PTPRG was suggested as a functional candidate for body size in sheep (Kominakis et
al., 2017). Another SNP on OAR4, ‘rs407771300’, as an intronic variant of potassium
voltage-gated channel subfamily D member 2(KCND2) was found to be associated with
postADG. KCND?2 is suggested to be responsible for establishment of localization (GO:
0051234), protein complex assembly (GO: 0065003) and ion transport (GO: 0006811)
as a transmembrane protein. Moreover, analysis for KEGG suggests that it also
mediates serotonergic synapses. Evidently, another SNP within the gene KCND2 was
formerly associated with withers height in sheep (Tao et al., 2020). Finally, zinc finger
protein 260 (ZNF260) on OAR14 also worth to mention in more detail. In our study,
‘rs404771550° which is located nearly 100 bp upstream of ZNF260 was specifically
associated with postADG. Furthermore, ‘rs399086810° on OAR23 was found to be
associated with RLRV, as an intron variant of another zinc-finger protein (i.e.,
ZNF407). Zinc-finger proteins (ZNFs) are long known to be involved in the growth and
development of various species (Cassandri et al., 2017). Additionally, various members
of ZNFs —ZNF395 and ZNF641- were already associated with growth traits in sheep
(Erdenee et al., 2020; Yilmaz et al., 2022). Therefore, as validated by our study also,
various ZNFs appear to have already proved their worth for studies aiming faster

genetic improvement regarding growth in sheep.

The two genome-wide associated SNPs in our study, namely ‘rs412278842° on OAR6
and ‘rs424107094° on OAR9, were discovered as a result of GWAS for CW and RLRV
respectively. The former SNP was also found to be associated with GRRV on
chromosome-wide level. It is found to be located near 100 Kb upstream of the stearoyl-
CoA desaturase 5 (SCDS5) gene which has a critical role on fatty acid metabolic process
(GO: 0006631) and lipid biosynthetic process (GO: 0008610). KEGG analysis also
validated its role in fatty acid metabolism and biosynthesis of unsaturated fatty acids as

well as AMPK signalling pathway. A recent study implemented whole-genome tests of
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selective sweeps for various economically important traits in sheep and suggested SCD5
as a strong candidate for body size(Xu et al., 2021). Given that, SCDS5 is previously also
proposed to involve in the development of body size in grass-fed Brangus steers due to
its regulatory role in fatty acid biosynthesis (Baeza et al., 2013), it is also suggested as a
strong candidate proposed from our study. The other genome-wide significant SNP,
which is also the top associated SNP in our study, was found to be associated with
RLRYV and lying within the gene scaffold protein-involved in DNA repair (SPIDR) of
OARO as an intron variant. As a nucleoplasm protein, SPIDR has key functions such the
regulation of DNA recombination (GO: 0000018) and repair (GO: 0006281), positive
regulation of macromolecule metabolic process (GO: 0010604), response to
hydroxyurea (GO: 0072710) and regulation of response to stress (GO: 0080134). Apart
from those genome-wide significant SNPs, one SNP named ‘rs427724890° on OAR2
showed chromosome-wide association with two type traits that are RW and GRSV. The
associated SNP was found to be located only 1-2 Kb upstream from the gene TLE4
which encodes Transducin-like enhancer protein 4 that is a transcriptional corepressor.
Functional annotation analysis regarding KEGG pathways showed that it involves in
Wnt and Notch signalling pathways. As a prominent regulator of the canonical Wnt
signalling pathway (GO: 0016055) and cellular biosynthetic process (GO: 0031326) ,
TLE4 was recently also suggested to regulate muscle satellite cell quiescence and
muscle differentiation by repressing Pax7-mediated Myf5 transcriptional activation in
mice (Agarwal et al., 2022). Indeed, another significantly conspicuous finding of our
study is the abundance of the SNPs on OAR?2 that are associated with various linear
type traits. In total, 5 individual SNPs on OAR2 were associated with 4 different linear
type traits that are RW, TS, GRSV and RLSV. The candidate genes for those suggested
SNPs were TLE4 for RW and GRSV as mentioned above, transmembrane protein 50A
(TMEM50A) and LOCI105606997 for tail size (TS) and myomesin 3 (MYOM3) and
solute carrier family 44 member 1 (SLC44A1) for RLSV. Various TMEM’s, including
TMEMS8B on OAR?2 have been suggested to have relationships with body weight and
body length in sheep (Cinar et al., 2020; Tao et al., 2020), while TMEM50A was also
suggested as a candidate for further investigations as a result of selection signature scan
conducted by Fariello et al. (2014) on worldwide sheep populations. On the other hand,
MYOM3 protein is a member of structural proteins that are found within the M-band of

the striated muscle sarcomeres with protein (GO: 0005515) and specifically actin
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filament binding activity (GO: 0051015). Therefore, considering also the previously
associated regions on OAR?2 regarding sheep growth and conformation (Cinar et al.,
2020; Gutiérrez-Gil et al., 2011; Wang et al., 2016; Zhang et al., 2013), it might be fair
to suggest that OAR2 plays an important role in the phenotypic determination of growth
and type traits. Finally, SNP ‘rs405451961° on the 10th exon of the hyperpolarization
activated cyclic nucleotide gated potassium channel 3 (HCN3) on OAR1 was associated
with BCS in our study. HCN3 is suggested to regulate biological quality —a measurable
attribute of an organism, such as size, mass, shape, colour- (GO: 0065008) and also to
involve in the regulation of membrane potential (GO: 0042391). KEGG analysis

showed that HCN3 also involves in GnRH secretion.

Functional enrichment of the identified genes considering KEGG pathways also
revealed that the gene SPI involves in endocrine resistance, cortisol and parathyroid
hormone synthesis and secretion and TGF-beta signalling pathway. Additionally,
PRDM?2 gene was suggested involve in various metabolic processes including lysine
degradation. Finally, the CPE gene was suggested to involve in Type I diabetes mellitus
whereas GRID2 is also involved in neuroactive ligand-receptor interaction as is
PTGDR. All in all, we have found 20 associated SNPs with 20 suggested
candidates for which most of their biological importance to the growth and development
are well observed. On the other hand, the discovered common SNPs between the traits
further support relatively high genetic correlations among them and indicates a shared
genetic background. Although sheep genomics had breakthrough improvements
recently, as in the publication of various genome assemblies and manufacturing high
number of commercial high density SNP arrays, sheep growth and type traits still have
only a few studies. Therefore, our results are expected to significantly contribute to the
potential knowledge on the genetic background of growth and conformation in sheep

which are central to the economic revenue in sheep production systems.

4.1.3 Comparative Genomic Characterization
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Indigenous sheep are among the main pillars of food security. Therefore, the
characterization of indigenous sheep are quite important for the breeding programmes
both based on genomic markers such as genomic selection or traditional selection
methods, QTL discovery studies for economically important traits and conservation
programmes. In fact assessment of population structure and genetic diversity has been
suggested to suggested to define a framework for genomic selection in sheep (Wilson et
al., 2022). Recent advances in high-throughput genomic technologies and statistical
information processing approaches led to the genomic characterization studies in those
indigenous breeds with thousands of genomic markers processed all together.
Identification of genetic diversity using genome-wide DNA markers are especially
useful when pedigree records of the breeds are not available (Al-Mamun et al., 2015b;
Deniskova et al., 2019). In a recent study, a genomic dataset of 74 globally divergent
sheep breeds were compiled and 50K SNP genotypes of has been made available to the
researchers with relevant diversity and characterization statistics of those breeds (Kijas
et al., 2012). Hence, the aim of this study was to unravel within-breed genetic diversity
and implement comparative genomic characterisation of Akkaraman sheep against six
fat- and thin-tailed indigenous breeds, five mainstream transboundary sheep and two of
the main wild breeds from around the world which are collected by the studies

conducted by (Ciani et al., 2015; Kijas et al., 2012; Rochus et al., 2018).

Information regarding genetic diversity is crucially important for traditional and
genomic selection programmes as well as conservation programmes developed for the
sustainable use of animal genetic resources (Narzhan et al., 2022; Scherf & Pilling,
2015). In terms of genetic diversity, expected heterozygosity (Hg), unbiased observed
heterozygosity (Hp) and average inbreeding coefficients as Wright’s Fis (Wright, 1951)
were estimated in this study, since these are the most common parameters in use (FAO,
2011). Overall, high heterozygosities (Hp) were observed for the analysed 12 breeds
including Akkaraman sheep, where only the two wild breeds, namely Europian Mouflon
(i.e., Ovis aries musimon = EMU) and Asiatic Mouflon (i.e., Ovis orientalis = OOR),
turned out to have quite low genetic diversities. Except for actually having low
diversity, one of the main reasons for that could be that these two breeds were not used

to develop the genome-wide SNP arrays, which leads to ascertainment bias in the
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concluded arrays (Kijas et al., 2012). Studies conducted by Kijas et al. (2012) found
slightly higher expected heterozygosities (Hg) for AUM (0.37), TIB (0.34), CFT (0.31),
KRS (0.34), MOG (0.36) , SKZ (0.31), CHI (0.32), LMI (0.36), RMB (0.38) breeds.
Besides, various other expected heterozygosity measurements were revealed for
Australian Suffolk (0.37), Irish Suffolk (0.33), Scottish Texel (0.33), New Zealand
Texel (0.34) and German Texel (0.35) by the same study, which was also considerably
higher than the estimates in our study. Since the studies share mainly a common sample
set excluding Akkaraman sheep that is solely genotyped by our study as well as Suffolk
and Texel populations, the differences could be attributed to the SNP marker sizes with
49,034 SNPs used by (Kijas et al., 2012), while in our study overall 29,481 SNPs were
used, which are common among the two genotyping platforms and are left after QC of
these samples and Akkaraman sheep. For the Fis, excess of negative values indicates
abundance of heterozygotes in the analysed 13 breeds which is confirmed by the
observed heterozygosities exceeding expected heterozygosities for individual breed
evaluations. One of the reasons that OOR showed a positive value for the Fis
estimations could be due to the deficit of sample size. On the other hand, obtained
heterozygosities and inbreeding coefficients (Fis) indicate an excess of heterozygotes in
most of the breeds including Akkaraman sheep which is advantageous in terms of
population bottlenecks, future threats of extinction and eventually contribution to the

sustainability of sheep production systems (Nielsen, & Slatkin, 2013; Simm, 1998).

According to the PCA plot, analysis of the fourteen breeds showed clear stratification
into four separate groups whereas EMU and OOR were remained distinct from all other
breeds, of which EMU was the furthest diverged breed and OOR was the second that
was located away from those groups, though with a closer position on the plot. Fat-
tailed breeds such as Karakas, Cyprus Fat Tail, Moghani and Tibetan sheep, which are
breeds that are classified to be Asiatic by Kijas et al. (2012) formed a strong sub-cluster
in the PCA plot by overlapping also Akkaraman sheep. Previously, strong evidence
suggested that Karakas is a variety of Akkaraman sheep which is also supported by the
results of our study (Yalcin, 1986; Ozmen et al., 2020). Furthermore, Sakiz and Chios
breeds, which are closest to the sub-group created by those fat tailed Asian breeds, are

known to share the same breed origin (i.e., Chios) with recent geographic isolation in
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Chios Island and Tirkiye as it is also supported by our findings as well as other studies
(Kijas et al., 2012; Sonmez, 1962). Interestingly, Cyprus Fat Tail previously was found
to be closer to the sub-group formed by Chios and Sakiz rather than the Moghani sheep
(Kjjas et al., 2012). In our study, Fsr values and phylogenetic tree were also supportive
of the arguments proposed above, Akkaraman has the lowest differentiation with those
other fat tailed breeds while. Furthermore, Suffolk and Texel, as Northern European
breeds, were also grouped together previously by a phyologenetic tree created by
(Rochus et al., 2018). At a global scale, observations derived from the PCA graph, Fst
values and phylogenetic tree display strong genetic divisions for fat-tailed sheep (i.e,
Akkaraman, Karakas, Moghani, Tibetan and Cyprus Fat Tail) and sheep with Merino
background (i.e., Australian Merino, Milk Lacaune and Rambouillet) as well as those
with Eastern Europe origin (Suffolk and Texel) and other thin-tailed sheep (i.e., Chios
and Sakiz). Hence based on the findings suggested by those analytical tools it is
possible to speculate that those clustered breeds share the same ancestral origin when

considered within groups.

Existence of linkage disequilibrium (LD) between any two markers clearly reflect non-
random segregation of alleles at those two loci. Estimates of LD lays foundations for
Genome-wide Association Studies (GWAS) as well as those marker-assisted selection
decisions and genomic selection (i.e. Genome-wide Selection, Genomic Prediction)
practices (Al-Mamun et al., 2015b). Effective population size and evolutionary forces
such as selection, mutation and admixture as well as recombination events affects the
speed of LD decay and the extent of LD (Wang et al., 2005). Therefore, comparison of
LD among the breeds of a species allow to speculate about the overall diversity levels as
well as to understand the nature of previous selection decisions applied to those breeds.
In our study, LD estimations were both implemented for two adjacent SNPs, which on
average have 88 Kb pairwise distance, as well as LD decay until 500 Kb distance
between pairs of markers. Akkaraman sheep came out to have one of the lowest LD
among the analysed breeds right after Asiatic mouflon, which is also an indicator of
lower selection pressure, higher effective population size (Ne) and recombination rate in
Akkaraman sheep (Qanbari, 2020). Although sheep overall have low LD estimates

compared to the other species and although for a smaller physical distance such as 50-
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60 Kb, previously lower LD estimates than that of obtained by our study for
Akkaraman sheep were observed in Merino, Chinese Merino, Texel, Romney, Valle del
Belice, Pinzirita, Comisana and various crossbreds with faster LD decay patterns (Al-

Mamun et al., 2015b; Liu et al., 2017; Mastrangelo et al., 2014; Prieur et al., 2017) .

Sheep populations that are exposed inbred mating for over a long period of time have a
genomic structure indicating rise of autozygosity, which also give rise to the
uninterrupted runs of homozygosity (ROH). Various other forces also lead to the ROHs
in the genome, which mainly are intensive selection pressure, population bottleneck
and the following founder effect and genetic drift (Peripolli et al., 2017). Akkaraman
sheep has been observed to hold the least average number of ROHs (41.10) per
individual among the 14 breeds of the study, while still higher than those obtained for
Merino and Poll Dorset by (Al-Mamun et al., 2015b), Tunisian sheep by (Ahbara et al.,
2021). The average length of ROH observed in Akkaraman was also the second lowest
(3,160 Kb) and estimated genomic inbreeding Froy (0.002) was the lowest compared to
the other breeds in the study, which is also supportive of its relatively high diversity
observed. The Fron estimation for Akkaraman sheep was significantly lower than the
estimates of many breeds from around the world such as indigenous breeds from
Kyrgyzstan and many South African and global sheep populations (Deniskova et al.,
2019; Dzomba et al., 2021). Regarding the Akkaraman sheep breed, information
provided by our study on the genetic diversity, population structure, and extent of LD
and ROH in the genome of the breed will help further GWA studies, conservation
programmes and genomic selection programmes to be designed in the most efficient
way. In genomic selection especially, the GEBV accuracies mostly depend on the trait
heritabilities, genetic architecture and the effective population size of the targeted
genome. Our study observed low levels of LD and quite high levels of diversity, which
may lead to suggest that the accuracies of GEBVs in this sheep breed could be lower
than populations with higher LD exposed under similar scenarios. Therefore, for those
studies and further characterization studies larger sample and denser marker sets are

suggested for efficient implementation and increased accuracy in Akkaraman sheep.
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4.2 Conclusions

This research aimed to uncover the genetic basis of growth and conformation with the
genomic analysis of 17 traits observed in Akkaraman sheep. Correspondingly, moderate
genomic heritability estimates and overall high and positive genetic/phenotypic
correlations were found between growth and linear type traits. This is an indicator of
high enough genetic variance for being exploited by the sheep breeders for faster
genetic progress of the focused traits, while identified genetic/phenotypic correlations
among the traits also can help defining potential of the traits for each other to be an
indicator phenotype for early and easy detection of the breeding male/females.
Considering the wide influence of growth and linear type traits on other traits of
economic importance such as robustness, disease susceptibility, productivity and
welfare, the results have prominent indications in terms of designing efficient selection
indices. On the other hand, GWA analyses led to the discovery of 2 genome- and 18
chromosome-wide significant SNPs associated with the traits. Consequently, the genes
PRDM?2, MYOM3, PTGDR, TLE4, PTPRG, FKBPIA, KCND2, ZNF260, TMEMS50A,
CPE, GRID2, HCN3, SCD5, ZNF407, SPIDR, SPI1, and SLC44A1 were suggested as
bearing putative QTL underlying growth and linear type traits. Among those discovered
genes, certain were found to be common between the focused traits, which points out a
pleiotropy for the genetic architecture of those traits. Moreover, 4 of the proposed genes
were noticed to be located on OAR2, which also emphasizes the importance of the
OAR?2 for growth and morphological development in sheep, alongside with the previous
studies. Therefore, the results carry important implications sheep production systems.
Once the results are biologically validated by expression and gene-knockout studies as
well as with different populations, detected information can be used in terms of marker-
assisted selection programmes, understanding the genetic architecture of growth and
linear type traits and pointing out loci for targeted genome-editing studies. To the
extent of our knowledge, this study is among the very first studies focused on the
genetic parameters and the genetic basis of growth and linear type traits in an

indigenous sheep breed.
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We also genomically characterized the Akkaraman breed against various world-
renowned transboundary sheep and indigenous sheep with fat and thin-tails. We have
displayed genetic similarities and differences between those breeds by estimating and
comparing various genetic diversity indices, linkage disequilibrium (LD) estimates and
fixation index (Fsr), runs of homozygosity (ROH) as well as PCA and Neigbor-Joining
tree analysis. Akkaraman sheep were found to be clustered with Moghani, Karakas,
Tibetan and Cyprus Fat Tail sheep, which are mainly the only fat-tailed sheep in the
study, both as a result of PCA and Neigbor-Joining tree analysis. These are also
supported by Fst estimations. In an evolutionary perspective, those breeds are also
expected to behave genetically similar regarding the traits focused by our study, which
is a hypothesis remained to be validated by further studies. In any case, the large genetic
diversity found by our study for Akkaraman sheep validates the existence of a large
genetic variance to implement a comprehensive selection on the breed, without a great
danger of imposing an inbreeding depression in the near future. The fact that
Akkaraman sheep has the lowest genomic inbreeding and one of the lowest number of
ROHs also reveals that the breed has not been exposed to any historical intensive
selection pressure, inbred mating or a massive population bottleneck for a long period
of time to leave strong marks of genomic homozygosity. The results of the current study
improve our understanding of the genetic diversity in Akkaraman sheep in comparison
with certain mainstream sheep breeds as well as those indigenous breeds from around
the world. Additionally, our findings will be useful to perform further GWAS studies
effectively both considering population structure, diversity and LD patterns observed
among the breeds. Finally, results of our study also provide valuable insights into the
influence of long term selection applied on these breeds and provide practical
knowledge that will contribute to designing efficient and successful genome-based

selection programmes.

4.3 Future Perspectives

Growth and linear type traits are of direct economic interest to those sheep production
systems aiming sustainability, robustness, efficiency and profitability. High-throughput

genomic information in livestock has revolutionized our concept of breeding and
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management of animal genetic resources profoundly. Therefore, in this study we aimed
to uncover underlying genetic architecture of those traits to render genomic information
based selection possible in Akkaraman sheep. Doing so, we also prioritized unravelling
the current state of genetic diversity, population structure and genetic differentiation of
the breed in comparison with several other sheep breeds. Therefore, parameters
concerning an index for optimised selection that combines rates of genetic gain with the
track of genetic diversity are now available for the breed’s genome-based selection
programmes in addition to the full characterization of the breed against several other
world-renowned transboundary sheep as well as indigenous ones. Nevertheless, here we
would like to point out certain perspectives building around the discoveries and

unravelled information by our study for the future studies.

First of all, to our knowledge this is the first study focusing on the genetic parameter
estimations and genome-wide discovery of QTL regarding growth and linear type traits
in Akkaraman sheep using genome-wide SNP panels. Therefore, to validate and
strengthen the reliability of the results, various other Akkaraman populations with larger
sample size is suggested to be used for further studies concerning the phenotypes of
interest, which will increase statistical power of the associations and potentially help
those suggestive SNPs discovered by our study to reach genome-wide significance.
Additionally, it is important to note that here heritabilities, genetic correlations and the
SNP effects were estimated considering additivity of SNP effects. Therefore, a follow-
up study would be to unravel dominance and epistasis effects of those variants. On the
other hand, to implement a comprehensive selection programme it is obviously
suggested to also discover genetic and phenotypic correlations with other traits such as
fleece and/or milk production, disease and parasite susceptibility, feed efficiency,
fertility, various physiological parameters such as blood parameters and molecular
phenotypes associated with resilience, robustness and efficiency. Akkaraman and most
other indigenous sheep breeds known to significantly lack tracking of such data, which
brings us to another important issue which is the data recording. The lack of systematic
record keeping for sheep breeds such as Akkaraman significantly hinders genetic

evaluations and therefore faster genetic improvement of the animals. This problem
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should be overcome preceding implementation of any intensive selection programmes.
Methods such as Genomic Selection (i.e., Genome-wide Selection) partially relieve the
lack of recording schemes for the pedigree part, as genomic relationship matrices can
replace average relationship matrix constructed from pedigree (Meuwissen et al., 2001;
Rupp et al.,, 2016; VanRaden, 2008). However, even genomic selection methods
initially need mass phenotyping, which is in fact both a technical and economic
prerequisite for any genomic breeding programme. The results obtained by the current
study would improve the accuracy of genetic evaluations and contribute to the economic
outcomes of the Akkaraman production systems. However, the next important step
would be to upgrade the selection methods into genomic selection which is known to
increase genetic gain par generation up to 40 % in sheep production systems, as well as
other advantages such as tracking total genetic variance at once instead of a couple of
low-influence loci regarding traits of interest and overcoming the lack of pedigree
(Fugeray-Scarbel et al., 2021; Rupp et al., 2016; Shumbusho et al., 2014, 2017). While
doing that, an optimized method for resource allocation between phenotyping and
genotyping is suggested as implemented for dairy cattle (Obsteter et al., 2021).
Nevertheless, considering that the number of QTL discovery studies focused on growth
and type traits are very scarce in sheep, it is extremely important to implement also
more discovery studies to shed a light on the complex molecular mechanisms behind
growth and type traits with the aim of providing the industry with efficient targets for

the traits, either for selection or editing.

In our study, genome-wide representative SNP panels were used. It is also shown by our
study that linkage disequilibrium between adjacent SNPs are quite low in sheep which
hampers the discovery of most variants especially those that are rare variants with large
effect. To overcome this problem, use of Next Generation Sequencing (NGS) methods
is suggested to generate genomic data for both fine-mapping of the regions discovered
by our study and whole genome sequencing. Various genotyping-by-sequencing (GBS)
methods and methods such as ‘low-pass sequencing’ followed by imputation are
proposed for the reduction of sequencing costs and de-novo variant discovery (Gurgul

et al., 2019; Snelling et al., 2020)



61

It is known that economically important traits such as growth and linear type traits are
quantitative in nature, which means genome, environment and their reciprocal
interactions are decisive on the phenotypic distribution of those traits. Therefore, it is
important to investigate other levels of the biological process towards phenotypic
determination with multi-omics data (e.g., transcriptomics, metabolomics, epigenomics,
proteomics), which will evolve research on livestock production systems into a systems
biology approach (Kizilaslan et al., 2022a). Evidence suggest that combining various
sources of high-throughput data contribute discovery of QTL with higher statistical
power for many diseases and metabolic conditions. For example, there are studies
combining transcriptomics, metabolomics and GWAS for an efficient discovery of
molecular mechanisms underlying metabolite levels that have high correlation with
certain conditions and disease risks (Yin et al., 2022). Therefore, we suggest that
improving mathematical, statistical and biological theory of estimation selection indices
with multi-omics data such as those accounting for epigenomic patterns and expression
profiles of the genes as well as metabolomics profiling of certain status will also
contribute faster genetic progress of growth and linear type traits in sheep. Also
bioinformatics pipelines should also be constructed to accommodate multilayer ‘omics’
data and to process into meaningful results. We also believe that, long-known problem
of missing heritability in quantitative traits will also benefit from such approaches. On
the other hand, another level of a unifying approach as well as systems biology would
be the research with ‘One Health’ concept, since the final consumers of the livestock

products are the human population with extreme diversity.

Finally, genome-wide association studies, selective breeding involving marker-assisted
selection with the discovered QTL and genomic selection have undoubtedly had a
revolutionary and transformational impact on livestock production systems even with
those local ruminant populations and smallholder models (Burrow et al., 2021; Ducrocq
et al., 2018). Those are all examples of the so-called ‘forward genetics’. Tools such as
CRISPR-Cas9 allow researchers to upgrade ruminant production systems through the

use of ‘reverse genetics’ into Livestock 2.0 (Tait-Burkard et al., 2018). Genome-editing
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techniques such as CRISPR-Cas9 are tailored for the manipulation of genome to get
more productive, robust and healthier farm animals. Once the putative QTL suggested
by our study are validated and fine-mapped, those will be open targets for genome-
editing techniques to manipulate populations into desired directions. Furthermore, our
results report no alarming levels of genetic diversity for Akkaraman sheep compared to
the others. Nonetheless, in case of future reductions due to unexpected bottlenecks, it is
possible to introduce new genomic variation via genome-editing tools which altogether
offers exciting opportunities for the future of the breed and livestock production
systems. One important issue and relevant solutions regarding the use of genome-
editing techniques in economically important traits of livestock is raised by (Jenko et
al., 2015). Since most of the focused traits, including growth and linear type traits in
sheep, are quantitative traits which are controlled by many QTL or simply quantitative
trait nucleotides, authors of the study suggested an editing approach referred as
promotion of alleles by genome editing (PAGE) to be used in combination with
genomic selection for substantially higher genetic gains as response to selection. Both
short and long term responses were observed to be increased, which is quite promising
for livestock breeding programmes aiming faster genetic improvement in a short period

of time.

Thus, using all those forward and reverse genetic techniques for the breeding
programmes and management of genetic resources for both Akkaraman sheep and other
livestock production systems, is expected to help relieve of food security concerns in
the face of climate change, recurrent pandemics and other uncertainties awaiting for the

ever-growing human population in the near future.
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