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General introduction

1. General introduction

1.1. Motivation

Egypt is about one million square kilometers and about 95% of this area are desert. Because of the
difficult environmental conditions, such as lack of forage resources, shortage of water and fluctuating
temperatures, camels, sheep and goats dominate in these areas as they are more adapted compared
to other livestock species. Livestock production accounts for approximately 30% of the country's total
agricultural income (Elshazly & Youngs 2019). Sheep are an essential component of the Egyptian
agriculture sector. Barki sheep is considered one of the main sheep breeds in Egypt and the most
adapted breed to the desert conditions. It spreads along the northwestern coast of Egypt. Alongside
with their high adaptability to the desert conditions, the breed has the ability to efficiently convert the
low quality pastures in this region into different animal products such as meat, milk and wool.
Furthermore, it has the ability to cover large distances during the grazing process (EI-Wakil et al. 2008).
Additionally, Barki sheep contribute significantly to livelihood of people in these regions (Sallam et al.
2012), as their meat is the main source of daily dietary protein, in addition to milk, which is used to
feed the newborn lambs as well. Generally, Barki produces lower milk compared with the other
Egyptian sheep breeds (Elshazly & Youngs 2019). Low milk production causes some problems for the
newborn lambs such as lambs’ starvation, low weaning weights as a result of low average daily gain
and eventually death of lambs. Genetic improvement of growth traits such as birth weight, weaning
weight and average daily gain will produce heavier lambs, which is positively correlated with mutton
production (Sallam et al. 2019). Hence, this increases the per capita share of animal protein and the
profitability of the animal production enterprise (Wei 2014). Likewise, improvement of milk traits such
as milk yield and milk composition leads to increase the lamb’s viability and the lambs weaning
weights. Accordingly, genetic improvement programs should be established aiming to facilitate the
selection of breeding animals, which will actually improve these traits. The following sections provide
a detailed introduction to the relevant topics of the thesis, specifically: Economic value and distribution

of sheep worldwide, sheep production in Egypt, and sheep breeding approaches.

1.2. State of the art

Sheep represent one of the most important livestock species worldwide. Sheep and goat were the first
livestock species domesticated by humans for agricultural purposes and production of meat, milk and
wool, which happened approximately 10,000 years ago (Alberto et al. 2018). Sheep has high economic
and social values in most of the developing countries and considered an essential source of income for

the breeders. Therefore, as with other livestock species, a continuous genetic improvement for
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economically important traits such as growth and milk performance traits is a key factor in sheep

breeding.

1.2.1. World-wide distribution of sheep breeds

The total worldwide population of sheep has increased from 1099 million head in 2010 reaching about
1239 million head in 2019 (FAOSTAT 2019c). Table 1 shows the distribution, the total numbers of sheep
and the top 10 sheep producing countries in 2019 around the world, and specifically for Africa, Asia,
the Americas and Europe. For Oceania, Australia and New Zealand owns about 65.8 and 26.8 million

head of sheep.

Table 1. Sheep distribution and top 10 countries in sheep population around the world (FAOSTAT 2019c)

Worldwide Africa Asia Americas Europe
Country | Headin | Country Head in | Country Head in | Country Head in | Country | Headin
million million million million million
China 163.5 Nigeria 46.9 China 163.5 Brazil 19.7 Russia 21.1
India 74.3 Sudan 40.9 India 74.3 Argentina | 14.8 Romania | 10.4
Australia | 65.8 Chad 35.9 Iran 41.3 Peru 11.3 Greece 8.4
Nigeria 46.9 Ethiopia 31.8 Turkey 35.2 Mexica 8.7 France 7.1
Iran 41.3 Algeria 29.4 Mongolia 323 Bolivia 7.5 Italy 7.0
Sudan 40.9 Kenya 27.4 Pakistan 30.9 Uruguay 6.6 Ireland 5.1
Chad 35.9 South Africa | 22.1 Uzbekistan | 18.2 US.A 5.2 Norway 2.3
Turkey 35.2 Morocco 21.6 Indonesia 17.8 Chile 2.2 Portugal | 2.1
Mongolia | 32.3 Niger 13.2 Kazakhstan | 16.9 Cuba 1.5 Germany | 1.6
Ethiopia | 31.8 Somalia 11.7 Syria 14.6 Colombia | 1.5 Spain 1.6
Total 1239 Total 408 Total 527 Total 89 Total 128

These statistics revealed that most of sheep populations are raised in Asia and Africa. Moreover, most
of the top 10 countries in sheep production are developing countries as a reflection of the effect of the
environmental and geographical reasons. These may reflect the high economic and social values of
sheep especially in such countries and the low management processes needed for sheep breeding
compared to cattle. In Egypt, the total sheep population reached about 5.7 million animals in 2019

(Sallam 2020).
1.2.2. Social and economic value of sheep worldwide

Sheep farming activity is one of the pillars of worldwide agricultural development, especially in the
developing countries and some developed countries such as New Zealand and United Kingdom. It
provides the human beings with different sources of products such as meat, milk and wool. Compared
to cows and buffalos, sheep breeding enterprises have many economic and social advantages
(Zygoyiannis 2006). Sheep breeding in general is characterized by some features that have been

reported as follows:
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Low invested capital due to the low price of the unit (sheep) compared to the prices of

other established farm animals, including cows and buffaloes (Nix 1988).

Speed of the capital cycle where lambs can be marketed about six months after their birth.
So, the annual return rate may reach 30% of the exploited capital in the production process

(Nix 1988).

Sheep are characterized by the diversity of their production, as they give meat, milk, wool,
and hides. These products used in the establishment of some important manufacturing
industries, such as processing and canning industry for meat and processed meat, milk
products industry and textile and leather industries, which increases the return that the

breeder gets throughout the year (Popovic 2018).

High nutritional value of sheep meat and milk as main products, as it is used in many

industries, as well as wool as a by-product (Popovic 2018).

Sheep reproductive efficiency is high and have the potential to produce twins (Petrovic et

al 2012).

Sheep are considered one of the most suitable agricultural animals for grazing in dry and
arid regions, versus other farm animals. This may be due to their high ability to graze and

adapt to the environmental conditions prevailing in these areas (EI-Wakil et al. 2008).

It is considered a method of using agricultural crop residues after harvesting; as sheep are
sweeping animals and their ability to graze at a low level and thus integrate with cows and
do not compete with them. Moreover, sheep surpass cattle in their ability to benefit from

the coarse feedstuffs (Morris 2009).

Works to raise soil fertility; as the resulting manure has a high fertilizer value for many
agricultural crops as organic fertilizer, especially on newly reclaimed lands. In addition, it
is rapidly dissolving in the soil, and in the case of grazing, its droppings are distributed
regularly on the pasture land due to the large movement of sheep from one place to

another.

The possibility of implementing sheep breeding projects in areas that may not be suitable
for other farm animals, such as deserts. Also, these projects do not need shelters and

equipped barns, and simple shades in safe places suffice (EI-Wakil et al. 2008).

Low investment costs, as they do not require high construction costs, in addition to low

feed costs, and their lack of high technical means in production, which lowers their



General introduction

requirements for technical labor; sheep are taken care of collectively, not individually, and

require less labor and time than other animals (Morris 2009) .

e The price of lamb meat is constantly increasing, and the demand for it increases on special
occasions and holidays. Therefore, sheep raising is associated with some social events in

some countries, especially Islamic countries
1.2.3. Economic exploitation and ecological added value of sheep

Globally, sheep are valuable livestock species because of their ability to live and produce under diverse
environmental conditions with high conversion efficiency of forages with low nutritive value into meat,

milk and wool.

According to the statistics of the Food and Agriculture Organization of the United Nations (FAO) in
2019, sheep contribute to the global production of meat and milk with significant proportions. The
total world production of meat reached 337 million tons, while the global production of sheep meat
was 9.9 million tons, equivalent to about 3% of the global production of meat. For milk, the global
production of sheep milk was 10.1 million tons, which is more than 1% of the global production, which
is about 883 million tons across all livestock species. Likewise, for wool, the global production was

about 1.72 million tons around the world.

In 2019, Egypt produced about 2.36 and 4.65 million tons of meat and milk, respectively. Of these,
Egyptian sheep produced about 58,336 and 92,478 tons, respectively which considered relatively low.

Likewise, the total production of wool in Egypt was about 11,217 tons.

Small ruminants can play a vital role in the management of natural resources and enhancing the
environment. Sheep and goats have been demonstrated as an effective tool to Improve rangeland and
riparian and watershed management, reducing the incidence of wildfire, controlling noxious weeds,

improving wildlife habitat and enhancing tree plantations (Chapman & Reid 2004).
1.3. Sheep breeds in Egypt

Small ruminants play an important role in the Egyptian agriculture sector as a good supplier for meat
and meat products. Sheep production serves as a valuable source of income to farmers and as an
important source of meat and milk. The contribution of sheep is about 6.4% of the total red meat
production (Sallam et al. 2012). The sheep population in Egypt has increased rapidly during the last
five years, reaching about 5.7 million animals in 2019 (FAOSTAT 2019c). The most common sheep
breeds are Barki, Ossimi and Rahmani (Galal et al. 2005). The Barki sheep breed is one of the most
important breeds in Egypt and it spreads along the North Western Coastal Zone (NWCZ) of Egypt from

west of Alexandria to the eastern provinces in Libya representing about 10% of the total Egyptian

4
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sheep population. In Egypt, Barki sheep are raised under three breeding systems comprising intensive,
semi-intensive and transhumance system. However, most of Barki sheep flocks are raised under the
transhumant system, grazing grasses, little bushes, and plants that grow during the period between
June and August as a result of the rainfall of this Mediterranean area. The origin of the breed is North
Africa in the coastal Mediterranean zone in Barka city in Lybia. The breed is named after the Libyan
province Barka. The breed is well adapted to the arid zone which characterised by high temperatures,
hard intense solar radiation, low precipitation and shortage of food and water almost throughout the
year. Among all the Egyptian sheep breeds, Barki is characterized by tolerating high temperature with

obvious ability to live and produce under hard conditions (Haider 1982; EI-Wakil et al. 2008).

Mideterranean sea

| Bl saloum .,

.~ Alexandria

Cairo

150

Kilometers

Figure 1. The geographical distribution of Barki Sheep breed in Egypt. (The yellow rectangle represent
the main habitat (Sallam 2019a).

As shown in figure (2), Barki sheep have a relatively small black or brown head, long neck and legs, and
a short narrow white body. Fat is stored in the upper part of a triangular tail, while the lower part is
thin and reaches to the hock. The fleece is of carpet-wool type and includes some kemp. Prolificacy of
Barki ewes is relatively low compared to other Egyptian breeds, which limits productivity (Fahmy et al.
1969). Ossimi sheep are white in color with brown or dark brown head and represent about 15% of

the total Egyptian sheep population. The ear is semi-pendulous, males are horned but horns are absent
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in females. Ossimi sheep have a long body with short neck and round fatty tail. Rahmani sheep are
reddish brown in color, have a large head with curved nose and the ear is pendulous. Males are horned

while horns are small or absent in females. The body is long with a short neck and an oval fatty tail.

Rahmani sheep represent about 12% of the total Egyptian sheep population.

Table 2 shows some productive parameters among the main Egyptian sheep breeds (Elshazly & Youngs

2019).

Figure 2. Morphological characteristics of the main sheep breeds in Egypt. (A) Barki ram (B) Barki

ewe (C) Ossimi ram (D) Ossimi ewe (E) Rahmani ram (F) Rahmani ewe (Elshazly & Youngs 2019).

Table 2. Productive parameters of the main Egyptian sheep breeds Ossimi, Rahmani and Barki.

Production traits Ossimi Rahmani Barki
Birth weight (kg) 3.06-3.64 3.60-4.00 2.3-3.5
Weaning weight at 3 months (kg) 14 15 12
Average daily gain from birth to weaning (g) 115-135 140-170 120-150
Ram mature body weight (kg) 60-65 65-75 50-60
Ewe mature body weight (kg) 45-50 50-55 40-45
Prolificacy rate (%) 115 125-130 103-105
Lambs mortality rate from birth to weaning (%) 11.8 14.6 16.6
Fleece weight (kg) 1.25 1.50 1.1
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1.3.1. Productive traits in sheep
1.3.1.1. Growth traits

There is a positive correlation between meat production and growth traits as the higher growth
performance will produce heavier lambs and increase the mutton yield at slaughter age. Accordingly,
growth performance has been a common target for genetic improvement in sheep for a long time. It
is well-known that growth traits are quantitative traits, which are controlled by both genetic and
environmental factors. In addition to the genetic potentiality of the lambs for growth, growth traits
are also influenced by different environmental factors such as, nutrition, health condition, sex, litter
size, month or season of lambing, age of dam and year of lamb birth (Kuchtik & Dobea 2018). Body
weight is one of the important growth and development indices for meat type animals that can be
measured at birth or at other animal life stages and regulate incomes from sheep meat production. It
influences meat, wool production and fertility of sheep (Wei 2014). Body weight is used for various
reproduction, nutrition and preventive management decisions (Buzanskas et al. 2014). The growth
performance of the individual lamb can be measured in terms of several traits such as birth, weaning
and yearling weights. Birth weight is the earliest indicator with considerable impact on growth
performance traits (Ptacek et al. 2017). The heritability of birth weight was estimated and ranges
between 0.19 to 0.39 in some sheep breeds such as Lori-Bakhtiari and Barki, respectively (Zamani &
Mohammadi 2008; Ghasemi et al. 2019; Sallam et al. 2019). Weaning weight is considered one of the
most important growth traits as indicator for the pre-weaning growth of the lambs. Estimates of
weaning weight heritability were 0.2 in Barki sheep and 0.25 in Iranian Mehraban sheep (Zamani &
Mohammadi 2008). The growth rate or average daily gain is an economic trait of interest and used as
a criteria for the selection programs of growth traits (Lalit. et al. 2016). Heritability of average daily
gain from birth to weaning was 0.15 in Afshari sheep (Ghafouri-Kesbi & Eskandarinasab 2018) and 0.24
in Iranian Mehraban sheep and 0.18 in Barki sheep breed. In Barki sheep breed, some parameters were
estimated to indicate the productive life of this breed. The average of productive age is 6.6 years,
lambing number per ewe is 4.4, the total number of lambs born per ewe are 4.7 lamb, the total weight
of lambs born per ewe is 16.2 kg, the total number of lambs weaned per ewe are 4 lambs and the total

weight of lambs weaned per ewe is 82.3 kg (Ibrahim & Alsheik 2016).
1.3.1.2. Milk performance traits

Milk is commonly defined as the secretion of the mammary gland and it is used to feed the new born
progeny during the early stage of their life, i.e., from birth until weaning. Sheep have been raised for
milk for thousands of years, which is much longer than cow milk production (Zervas & Tsiplakou 2011).
Sheep milk and its products are widely consumed in many countries, especially the Mediterranean. It

has a high degree of similarity with human milk in the total fatty acid composition, which makes it a
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good raw material for infant formula production (Martin et al. 2016). Sheep milk production and
composition are influenced by genetic and environmental factors. Estimates of heritability for milk
yield, fat content and protein content in sheep are 0.38, 0.48 and 0.51, respectively (Milan et al. 2005).
Milk components such as fat, protein and lactose are considered as indicator for milk quality and the
efficiency of milk production. Furthermore, it affects the newborn lamb’s growth, and increases the
immunity of the newborn lambs through feeding on colostrum, which contains considerable amounts
of albumin and globulin, especially in the first three days after birth. Ovine milk has on average 7.2 %,
4.6%, 4.8 % and 0.9 % for fat, protein, lactose and minerals, respectively. The milk protein fraction
consists of six milk proteins. Those six proteins divided into four caseins proteins (aS1-, 8-, S2- and -
casein) and two whey proteins (a-lacto albumin and 8-lacto globulin) (Tetens et al. 2014). Milk protein
also is a source for amino acids for the new lambs and it is the main factor in cheese industry. Milk fat
is an essential component for healthy lambs feeding as a source of different fatty acids, energy besides
milk lactose and it isimportant in the production of some milk products like butter and yoghurt (Osorio

et al. 2016).
1.3.1.3. Wool traits

Wool is the natural fiber of domesticated sheep, it is also used as the name of hair from different
livestock species such as goat, camel, vicuna, alpaca, angora, rabbit and yak. Wool is widely used to
produce clothing, bedding, carpets and textiles around the world. Wool quality traits such as fiber
diameter, yellowness, brightness, staple strength, staple length, yield, greasy fleece weight and clean
fleece weight are very important in wool industry (Doyle et al. 2021). The wool type varies from coarse
to fine wool (M-L et al. 2007). Estimates for the heritability of most wool traits are generally high (h? =
0.3-0.6), indicating that wool traits are under genetic control (Benavides & Maher 2000). Many reports
identified the association between wool traits and some candidate genes. These studies identified
some candidate genes such as KAP1.1, KAP1.3, K33, KAP21-1 and KRTAP6-3 genes in different sheep
breeds (Itenge et al. 2010; Li et al. 2019b; Ullah et al. 2020). In Barki sheep, wool production is lower
than other Egyptian breeds and the fleece is of carpet-wool type including some kemp and usually
used in carpets industry (Elshazly & Youngs 2019). Keratin-associated protein 6-1 (KAP6-1) gene was

identified as a candidate gene for some wool traits in Barki sheep (Sallam et al. 2020).

1.3.2. Future of native sheep breeds

Sheep breeds around the world are divided into 3 categories; breeds not at risk, breeds at risk and
breeds with unknown risk status. Most of these breeds are common in the developing countries,
especially in arid and semi-arid regions. In Africa, sheep breeds are categorized into 88 breeds not at
risk, 39 breeds at risk and 690 with unknown risk status (FAOSTAT 2019b). In Egypt, there are 12 sheep

breeds that are listed in the Domestic Animal Diversity Information System (DAD-IS) database

8
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(FAOSTAT 2019a). Information about the Egyptian sheep breeds are often lacking. It is important to
take care of preserving the diversity of sheep breeds in Egypt. The extinction of well-adapted local
breeds will obstruct future sheep farming improvement strategies. There were several attempts of
crossbreeding with exotic breeds to improve the productive and reproductive performance of the
Egyptian sheep breeds. For example, the Egyptian Ministry of Agriculture performed the Egyptian
Finnsheep breeding project aimed improving the productivity of some Egyptian breeds through
crossing with the highly prolific Finnsheep (Elshazly & Youngs 2019). Likewise, crossbreeding with
Awassi sheep was reported for the same purpose (Shehata 2006). These experiments did not provide
the expected results due to the non-adaptation of these exotic breeds to the environmental conditions

in Egypt.

Recently, the Egyptian sheep researchers with collaboration with the Egyptian ministry of Agriculture
suggested some recommendation to improve the performance and to maintain the diversity of sheep

breeds in Egypt such as:

o Crossbreeding among the improved three local fat-tailed breeds (Rahmani, Ossimi, Barki)

aiming to get a hybrid for the commercial and fattening purposes (Marai et al. 2009).
o Crossbreeding with the well adapted exotic breeds to the Egyptian environment conditions.

. Using of assisted reproductive technologies such as artificial insemination and embryo transfer.

These technologies will help in rapid genetic improvement.

o Genetic evaluation of these breeds for the purpose of applying genetic improvement

techniques like marker-assisted selection or genomic selection.

Around the world there are some principles recommended by FAO/UNEP (FAO/UNEP) for genetic

improvement of indigenous animals in the tropic regions like:

o Monitoring animal performances and avoidance of inbreeding.

o Selection of outstanding individuals by population screening.

o Use of nucleus herds.

. Establishment of societies for recording pedigree and performance.

. Use of artificial insemination and embryo transfer.

. Using some new approaches for improving the reproductive performance in sheep such as

using of hormones for synchronization of estrus, superovulation and induction of early sexual

maturity.



General introduction

o Applying of selection on body weight gain, which is heritable in sheep meat production.

1.4. Molecular marker techniques

The development of molecular genetics and associated technology has facilitated the understanding
of the genetic basis of important traits in livestock. Different approaches are widely used to identify
the quantitative trait loci (QTLs) underlying economic traits in various livestock species; such as
candidate gene association approach, genome-wide scan and selection signatures. Candidate gene
approach identify genes that are thought to be responsible for the phenotype variance of the trait of
interest based on known function or position in the genome. Similarly, genome-wide association
analyses and selection signature studies screens out the genome to identify putative genes or
chromosomal region of interest that influence the desired trait across the whole genome. (Rothschild

& Solkner 1997).

1.4.1. Candidate gene approach

The candidate gene technique is an effective way to study the association between phenotypic data
of the traits and genotypes of the candidate gene that may affect the physiological pathways of these
traits (Andersson 2001). SNP-trait association analysis to detect the candidate genes consists of the
following five steps: (step1) detection of a resource population, (step 2) collection of phenotypic data
of the trait(s) of interest, (step 3) selection of the candidate genes that may affect the traits, (step 4)
genotyping of the individuals of the resource population to identify the genetic polymorphisms in these
genes, (step 5) statistical analysis to study the association between the phenotypic and genotypic data
(Da 2003). Detection of genes affecting growth traits is important to understand the genetic and
physiological pathways affecting this trait. Candidate genes affecting body weight in farm animals such
as GH, IGF-I, LEP, MSTN and ADRB3 have been detected (Forrest et al. 2007; Gholibeikifard et al. 2013)
and some QTL studies have been conducted in sheep (Margawati et al. 2006). Many researchers also
used candidate gene technique to study the association between some candidate genes and milk
performance traits in various sheep breeds (Moioli et al. 2007; Orford et al. 2010). Several of candidate
genes like CSN3, CSN1S, DGAT1, GHR, LEP and PRL have been used as marker genes for milk traits in
sheep (Staiger et al. 2010). Recently, some genetic markers are available and can be used commercially
in industry breeding programs of different livestock species such as cattle, sheep and pigs. Table 3
shows the most common genes which are intensively used in the breeding programs for different

economic traits in different species (Dekkers 2004).
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Table 3. Most common candidate genes identified in different livestock species and used in breeding

programs.
Species Trait Candidate genes References
Milk quality k-casein (Medrano & Aguilar-Cordova 1990;
B-lacto globulin Rincén & Medrano 2003)
Dairy cattle | Milk yield and | DGAT (Grisart et al. 2002; Lundén et al.
composition GHR 2002; Blott et al. 2003)
FMO3
Appearance MCIR / MSHR (Klungland et al. 1995; Seitz et al.
Beef cattle 1999)
Growth and body | MSTN (Grobet et al. 1998)
composition
Body weights MEF2B (Mahrous et al. 2016b; Zhang et al.
TRHDE 2016)
CAPN
Growth traits MSTN (Broad et al. 2000; Sahu et al. 2017)
Carcass traits ucr1 (Barzehkar et al. 2009; Yang et al.
Sheep LEP 2014; Aali et al. 2017)
CAST
Milk traits POUI1F1 (Garcia-Gamez et al. 2012b; Moioli et
LALBA al. 2013; Ozmen et al. 2014)
PALMD
Meat quality RYR (Fujii et al. 1991; Milan et al. 2000)
Pigs RN/PRKAG3
Growth and feed | MC4R (Kim et al. 2000)
intake IGF-2

1.4.2. Genome Wide Association Study (GWAS)

GWAS is a method for the study of associations between a genome-wide set of single-nucleotide
polymorphisms (SNPs) and desired phenotypic traits. Development of SNP genotyping technologies
led to the use of GWASs to detect candidate genes for quantitative traits, which increase the accuracy

of selection to improve these traits. Currently, GWAS is used for identification of major QTLs for
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economic traits in various species of farm animals (Al-Mamun et al. 2015). GWAS compares the
frequency of alleles or genotypes of many genetic markers between different phenotypes (Hirschhorn
& Daly 2005). It is used to screen the whole genome for target genes that correlate with phenotypic
traits, using SNPs as genetic markers. They have become an important method for identifying genomic
regions harboring candidate genes for important economic traits in livestock. This approach has
become feasible because of the large number of single nucleotide polymorphisms (SNPs) discovered
by genome sequencing to genotype large number of SNPs (Goddard & Hayes 2007). Compared to
linkage based QTL mapping by microsatellites, GWAS has a greater capability to detect causal
mutations due to the higher marker density (Koopaee et al 2014). Two main platforms used to perform
the GWAS, the Illumina platform (San Diego, California, USA) and the Affymetrix platform (Santa Clara,
California, USA) (Hirschhorn & Daly 2005). Genome markers can be tested for association with most of
productive traits faster and cheaper than before through using of the developed SNP chip genotyping
method. SNP chips enables researchers to genotype thousands of markers with low costs (Fan et al.
2010). GWAS depends on studying the correlation between the genotypes and the phenotypic data,
so the design of GWAS based on the kind of the phenotypic data. If the phenotypes are categorical,
then the GWAS is a case/control study. If the phenotypes are quantitative then the GWAS is a
quantitative study. The quantitative design might seem more powerful but the case/control design has

also resulted in many successful results (Bush & Moore 2012).

In recent years, GWAS have been carried out for different productive traits in most of livestock species
like pigs, cattle, sheep, and chickens, and have identified many genes or molecular markers that could
regulate important economic traits in livestock (Gao et al. 2019; Ghasemi et al. 2019; Li et al. 20193;
Liu et al. 2019). Genomes of several livestock species have been partially or completely sequenced (Bai
et al. 2012). Chicken were the first species to be sequenced (Burt 2005) followed by pig (Archibald et
al. 2010a), cow (Zimin et al. 2009), horse (Wade et al. 2009) and sheep (Archibald et al. 2010b).

The sheep genome information was generated by sequencing the DNA of a single Texel ewe and a
single Texel ram using lllumina technology. The latest assembly of the sheep genome (Oar_v3.1) is
based on the dataset of the Texel ewe (Jiang et al. 2014). Before the sequencing of the sheep genome,
there were about 700 genes known in sheep (Zhang et al. 2013) but the genes reached about 20,921
after the sequencing of the sheep genome (Flicek et al. 2014). In sheep, some GWASs were performed
for some growth traits such as birth weight in Lori-Bakhtiari sheep (Ghasemi et al. 2019), weaning
weight in Australian Merino sheep (Al-Mamun et al. 2015), body weight traits in Chinese Fine-Wool
Sheep (Lu et al. 2020), meat and carcass traits in Scottish Blackface lambs (Zhang et al. 2013; Matika
et al. 2016), milk performance in Lacune sheep (Yuan et al. 2019) and some reproductive traits in

Rahmani sheep in Egypt (El-Halawany et al. 2016).
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1.4.3. Selection signatures studies

Selection signatures used to analyze the genomic differentiation among the livestock breeds or
diversified populations. The detection of selection signatures is important to characterize livestock
genetic resources and to determine the genomic regions and the candidate genes which are
responsible for the variation in economic traits (Cesarani et al. 2018). They may be used to detect the
candidate genes that are associated with some traits such as adaptation to the environment which is
difficult in measuring (Yurchenko et al. 2018). Detection of selection signatures is important to deeply
understand the population origin and genetic processes that causes the phenotypic differentiation in
livestock breeds. Understanding the selection effect on particular population may help us to perform
better breeding programs to improve the important economic traits in different livestock species
(Gurgul et al. 2018). The selection signature detection can be used to identify the candidate genes
under selection with diversified populations (Chen et al. 2016). Selection signature detection is usually
carried out with a “top-down” approach, from genotype to phenotype, followed by statistical analysis
of the genomic SNP data to identify selection signatures (Bomba et al. 2015). Sometimes selection
signature studies can be an alternative approach to GWAS in detection of significant SNPs associated
with genes or genomic regions which are related with particular traits such as tolerance to high
temperatures, adaptation to the environmental conditions and disease resistance (Maiorano et al.

2018).

There are many different approaches commonly used for the detection of selection signatures in
livestock populations. Fixation Index (Fsr) of Weir and Cockerham (1984) is one of the most popular
methods to detect selection signatures between diversified populations, groups or breeds. The Fsr
approach measures genomic differentiation depending on allele frequency between populations and
can detect highly differentiated alleles undergoing selection among populations (Weir & Cockerham
1984; McRae et al. 2014). Fsr value ranges from 0 to 1. High Fr values revealed positive selection,
whereas low Fsr values suggest negative selection (Zhao et al. 2015). Several genomic studies were
performed for the detection of selection signatures associated with different economic traits in sheep.
For example, a genomic scan was performed for selection signatures using different approaches in six
sheep breeds and identified the NPR2 gene on chromosome 2 to be associated with muscle formation,
weight gain, body size and skeletal morphology (Kijas et al. 2012; Purfield et al. 2017; Manzari et al.
2019). Other studies were performed to detect selection signatures associated with adaptation traits
in sheep and identified some candidate genes such as NPAS2 gene for regulation of body temperature

and blood pressure (Mastrangelo et al. 2017), RELN and TRHDE genes for cold adaptation (Edea et al.
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2019) and LDLRAD4, LRP11, CFl, and VLDLR genes for metabolic response to stress and

thermotolerance (Alvarez et al. 2020).

1.5. Application in animal breeding

1.5.1. Marker Assisted Selection (MAS)

Marker-assisted selection refers to a modern breeding process where selection of targeted traits is
based on specific molecular markers, such as single nucleotide polymorphism (SNPs). Marker assisted
selection (MAS) was the first breeding tool to apply molecular markers for the genetic improvement
of livestock species. It involves the selection of animals carrying specific alleles indicating genomic
regions or genes that are involved in the expression of traits of interest through molecular markers.
Molecular markers or genetic markers are small sequences of DNA that reveal polymorphism in genes
(Tanksley 1983). Instead of selecting for a trait, the breeder can select for a marker that can be
detected very easily and early in selection scheme. Identification of DNA polymorphism and the genes
associated with body weight traits provides additional information for MAS and gene-based selection
(Goddard & Hayes 2009). The use of DNA markers has provided opportunities to enhance response to
selection, in particular for traits that are difficult to improve by traditional selection (low heritability or
traits for which measurement of phenotype is difficult such as for disease resistance genes, expensive,
and only possible late in life) (Wakchaure et al. 2015). With the development and availability of the
SNP-chip of molecular markers, MAS has become possible for traits controlled by major genes as well
as quantitative trait loci (QTLs). It has become a promising and potent approach for integrating
biotechnology with conventional and traditional breeding. MAS is used as a tool to reduce generation
interval through early selection. Many genetic markers linked with QTL affecting economic traits in
livestock, comprising milk production, growth and health have been verified (Van Tassell et al.
2000).The success of MAS is influenced by the relationship between markers and gene of interest

(Dekkers 2004), in which three kind of relationships are addressed:

1. The molecular marker is located within gene of interest. This is most favorable situation for
MAS and it could be ideally referred to as gene assisted selection.

2. The marker is in linkage disequilibrium (LD) with gene of interest throughout the population.
Population wide LD can be found when marker and gene of interest are physically very close
to each other.

3. The marker is in linkage equilibrium (LE) with gene of interest throughout whole population

14



General introduction

1.5.2. Genomic Selection (GS)

The new advances in genomic technologies and the development of genome SNP-chip give the
researchers the ability to implement the genomic selection (GS). Genomic selection is a form of MAS
in which genetic markers covering the whole genome (lbtisham et al. 2017) and breeding values of
animals can be accurately estimated using dense maker map of chromosomes without information
about their phenotype and gene location (Rabier et al. 2016). GS relies on the expectation that some
QTLs will be in strong linkage disequilibrium (LD) with at least one marker (Schulz-Streeck et al. 2012).
The genomic selection is based on the analysis of large number of SNPs which increase the accuracy of
prediction (Hayes et al. 2009) and the rate of genetic gain by decreasing the generation interval
(Meuwissen & Goddard 2010). Animals’ selection can be performed at very early age, it can even be
applied on embryonic stage. The efficiency of genomic selection for sex-limited traits such as milk
performance, or low heritable traits (fertility) is high compared to traditional selections (Hiendleder et
al. 2005). The development of genomic selection simplified the selection process and decreased its
cost due to the reduction in generation interval, improving the yearly genetic trend. Further in GS
progeny testing is no longer necessary, selection can be done for a much larger number of animals and
it may limit inbreeding trends (Henryon et al. 2014). Genomic selection has been implemented in
different livestock species. In dairy cattle, several studies have been performed to identify genomic
regions associated with milk production, health, cow conformation and fertility traits (Wiggans et al.
2009; Bolormaa et al. 2010; Jiang et al. 2010). The reliability of genomic prediction in dairy cattle
exceeds 0.7 to 0.8 for production and fertility traits (Lund et al. 2011; Wiggans et al. 2011). In pigs,
genomic selection improved some economic traits such as litter size, post-weaning mortality and
number of teats (Tusell et al. 2013; Rohrer & Nonneman 2017). The genetic gain was increased up to
50% for post-weaning mortality and teats number in pigs using genomic selection (Knol et al. 2016;
Lopes et al. 2017). In sheep and goats, some studies have been done to improve growth, milk and
fertility traits using genomic data (Al-Mamun et al. 2015; El-Halawany et al. 2016; Matika et al. 2016;
Ghasemi et al. 2019; Yuan et al. 2019; Lu et al. 2020).

15



General introduction

1.6. Aims of the research

In Egypt, sheep are reared mainly for mutton with milk as a minor interest and wool as a by-product.
Improving growth traits such as birth weight, weaning weight and average daily gain and milk
performance traits like milk yield and milk quality in sheep using new molecular techniques such as the
candidate gene approach and the genome-wide scan approach is very important to increase the total
meat yield of weaned lambs and decrease the mortality rate of newborn lambs due to starvation.
Therefore, in this thesis phenotypic and genotypic data from a Barki ewe’s population and their lambs
from one breeding season were used. The effect of polymorphisms in some candidate genes on growth
and milk performance traits was analyzed. Also, the genomic differences between high and low groups
of growth and milk performance traits using genome wide scan were studied. In this thesis, three main

objectives were focused:

The goal of the first study was to identify segregating polymorphisms of major candidate genes
described in recent literature such as LEP, IGF-1, DGAT1, STAT5A, PRL, CSN1S2, GHR and GHRHR for
growth (birth weight, weaning weight and average daily gain) and milk traits (milk yield and milk
composition) in a Barki population of ewes and lambs. Subsequently, investigation of the association

between the genotypes and phenotypes, which might be used to improve these traits.

The goal of the second study was to identify the genomic differences for growth traits in a Barki lamb
population using a genome-wide scan to detect the genomic regions and candidate genes that may

cause the variability between high and low groups of early growth-related traits.

The aim of the third study was to explore the genomic differences between high and low groups for
milk performance traits in Barki ewe population to investigate the genomic regions and candidate

genes related to milk performance traits.
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2. Experimental studies

2.1. Analysis of Candidate Genes for Growth and Milk Performance Traits in
the Egyptian Barki Sheep

Originally published in Animals 2020; 10, 197.
doi.org/10.3390/ani10020197

Ibrahim Abousoliman designed and performed the experiment, analyzed the data, and
wrote the manuscript with the support of and in agreement with his supervisor Prof.
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Simple Summary

The Barki sheep breed is one of the main sheep breeds in Egypt, and it is well adapted to the harsh
desert conditions in the Mediterranean zone. Growth performance has an important role regarding
the supply of red meat for human consumption. In addition, milk production is very important to
adequately feed newborn lambs and prevent them from starvation. In this study, segregating single
nucleotide polymorphisms (SNP) were identified in the coding regions of eight candidate genes for
growth and milk traits by direct sequencing. Subsequently, a population of Barki ewes and lambs was
screened for these SNPs, and associations between genotypes and traits of interest were assessed.
Out of the candidate genes, SNPs of LEP, STAT5A, PRL, and GHRHR were significantly associated with
phenotypes. This study provides first insights into the genetics of milk and growth traits in the Barki
sheep. The findings concluded that LEP, STAT5A, PRL, and GHRHR might be regarded as candidate

genes to improve the Egyptian Barki sheep breed.
Abstract

The most common sheep breeds of Egypt are Ossimi, Rahmani, and Barki breeds. The latter one is well
adapted to the challenging desert environment, characterized by food shortage and a high
temperature fluctuation. Growth performance of Barki sheep has an important economic value in
terms of minimizing the shortage of mutton meat in Egypt. Further, milk production is of great
importance for feeding newborn lambs. Eight candidate genes, recently associated with production

traits in different breeds, were used to study the effect of genotype on lamb growth and ewe milk
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traits. The examined genes were LEP, IGF1, DGAT1, STAT5A, PRL, CSN1S2, GHR, and GHRHR, of which
one representative single nucleotide polymorphism (SNP) located in the coding region was selected
for genotyping. Data from 251 Barki sheep were used in this study. Association analysis between SNPs
and lamb growth traits identified rs420693815 of the LEP gene to be significantly associated with
weaning weight and average daily gain. In ewes, significant effects on milk yield and composition have
been estimated for LEP (rs420693815), STAT5A (rs161082816), PRL (rs422713690), and GHRHR
(rs414991449). The results indicated that these genes might be considered as interesting candidates

for further investigations to improve growth and milk performance in Barki sheep.

Keywords: Barki sheep; growth traits; milk performance; single nucleotide polymorphism; association

analysis
1. Introduction

Small ruminants play an important role in supplying meat and meat products in arid regions. Regarding
the Egyptian agriculture sector, sheep production serves as a valuable source of income to farmers and
as an important source of meat and milk [1]. In Egypt, the contribution of sheep is about 6.4% of the
total red meat production. The most common indigenous sheep breeds in Egypt are Ossimi, Rahmani,
and Barki [2]. The sheep population in Egypt has increased rapidly during the last five years, reaching
about 5.7 million animals in 2017 [3]. Barki sheep spread along the northwestern coastal zone (NWCZ)
of Egypt with a population of 470,000 heads (8.5% of the total Egyptian sheep population). Barki sheep
are raised under the transhumant system, grazing grasses, little bushes, and plants that grow during
the period between August and June as a result of the rainfall of this Mediterranean area. Barki sheep
are well adapted to harsh desert conditions, such as feed shortage and high ambient temperatures
and have the ability to produce a considerable amount of meat, wool, and milk under these conditions
[4]. However, the newborn lambs suffer from the starvation because of the scrawny milk production
of their dams. This problem augments lamb mortality particularly in the early ages. Hence, there is a
great interest in understanding the genomic architecture of growth and milk traits of these animals in
order to improve both meat and milk characteristics. Improvement programs depending on genetic
information should be established aiming to facilitate the selection of breeding animals, which will
actually improve these important traits. In various sheep breeds, researchers have genotyped such
molecular markers in order to study the association of candidate genes and milk performance traits
(e.g., some milk traits in Sfakia sheep [5] and carcass traits in Iranian Mehraban sheep [6]). Highly
important candidate genes, which showed association with milk and growth traits, are prolactin (PRL),
leptin (LEP), insulin-like growth factor hormone 1 (/GF1), diacylglycerol O-acyltransferase 1 (DGAT1),
signal transducer and activator of transcription 5 (STAT5), alpha (a)s2-casein (CSN1S2), growth

hormone receptor (GHR), and growth hormone-releasing hormone receptor (GHRHR) [7-9]. Prolactin
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is essential for lactation and plays an important role in milk production [10]. Polymorphisms in PRL can
be used as a candidate marker associated with milk yield and milk composition traits [7]. Leptin is a
non-glycosylated protein, which plays an important role in animal growth and metabolism. It regulates
feed intake, energy metabolism, and fat distribution in the body [11]. It has been shown that leptin
influences milk performance in cattle [12] and in Murrah buffaloes [13]. As a member of the IGF family,
IGF1is considered an important factor associated with cell differentiation, embryogenesis, metabolism
[14, 15], reproduction, and fetal development [16, 17]. Therefore, it is a major candidate gene for most
of the productive and economic traits in sheep. DGAT plays an important role in triacylglycerol
biosynthesis as well as milk and growth traits [18]. The STAT family has seven members (STAT1-4,
STAT5A, STAT5B, and STAT6), and STAT5 is known to play a central role in signal transduction from
prolactin to milk protein genes [19]. Caseins represent about 80% of proteins in ruminant milk [20].
The casein family consists of four genes as a cluster (alpha (a)s1-casein, alpha (a)s2-casein, beta (B)-
casein, and kappa (k)-casein) [21,22]. CSN1S2 alleles are associated with a normal (a) s2-casein
synthesis level [23]. The growth hormone receptor initiates several signaling processes regulating body
growth. As such, GHR and GHRHR are valuable candidate genes. Polymorphisms in GHR are associated
with traits related to growth performance, body size, and meat quality in cattle [24-27]. The genetic
analysis of the Barki sheep has so far been limited mainly to the assessment of some candidate genes
for wool traits [28]. Concerning growth characteristics, there are only analyses available which examine
the effects of FABP4 and calpastatin on some carcass traits of Barki lambs [29]. Heritabilities of some
growth traits in Barki sheep are 0.19, 0.20, and 0.18 for birth weight, weaning weight, and average
daily gain, respectively [30]. Therefore, the current study aims to identify segregating polymorphisms
of major candidate genes for growth and milk traits in a Barki population of ewes and lambs.
Subsequently, a SNP trait association analysis was performed to investigate the connection between
genotype and production phenotypes as a prerequisite to improve performance parameters in Barki

sheep.
2. Materials and Methods
2.1. Animals and Management

Samples and data were collected from the farm of the Matrouh Resources Project (location 1) and the
Maryout research station (location 2) that belongs to the Desert Research Centre (DRC), Ministry of
Agriculture, Egypt. The experiment was carried out according to all ethics and animal rights (DRC)
considering all regulations in conformity with the European Union Directive for the protection of

experimental animals (2010/63/EU).

Phenotypic and genotypic data from 111 Barki ewes and 140 of their lambs (44 ewes and 66 lambs
from location 1 and 67 ewes and 74 lambs from location 2) from one breeding season were used in
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this study. Ewes were randomly mated with certain rams of the same breed according to the normal
farm practice. No records were available for the rams. Animals were kept under an intensive
production system and were housed in semi-open yards throughout the experimental period. The
lambs were kept all day with their dams for suckling until weaning at three months of age, respecting
the natural ewe-lamb relationship. Some of the examined lambs are not the offspring of the ewes
under study. Furthermore, some lambs have no data for their mother's milk. Ewes in the two locations
were daily fed on a feed concentrate (0.75 kg), and clover hay (0.5kg) per head during the experimental
period, and lambs were daily fed only on their dam's milk from birth to weaning age at 3 months of

age. Fresh water was available to sheep ad libitum.
2.2.  Phenotypic Data

Live body weight for each lamb was recorded at birth and weaning by electronic balance. Average daily
gain was calculated for every lamb. Milk yield was recorded biweekly from the time of parturition till
weaning using hand milking technique. Lambs were separated from their dams 12 hour before milking.
The ewe was milked in the morning; another milking was carried out in the evening by the same
approach. Milk yield per day was measured in milliliter by summation the morning and evening milking.
Total milk yield was calculated by summation of the daily milk yields for 90 days. Milk samples were
stored at -20°C and chemically analyzed to determine the percentages of fat, protein, lactose and total

solids using milko-scan (130 A/SN. Foss Electric, Denmark).
2.3.  Blood samples and DNA Extraction

Blood samples were collected from the jugular vein using test tubes containing disodium ethylene
diamine tetra acetic acid (EDTA-Na2). The whole blood samples were stored at -80°C until DNA
extraction. DNA was extracted by using a commercially available kit according to manufacturer's

instructions (G-spin™ Total DNA Extraction kit; intron Biotechnology, Korea).
2.4.  Detection of Polymorphisms and Genotyping

Pooled DNA samples were prepared from 5 lamb samples and 5 ewes samples from different locations.
The pooled samples were subjected to a polymerase chain reaction (PCR) to amplify specific regions
of the candidate genes and to identify segregating SNPs. The PCR assay was performed using respective
primer sets in a total volume of 20ul according to the manufacture instructions (SupraTherm Taq).

Gene-specific primers were designed with Primer3 software (v.0.4.0) (http://bioinfo.ut.ee/primer3-

0.4.0/) according to the latest sheep genome information (Ensembl Oar_v3.1, Build v96). The Primer
pairs used to detect SNPs are shown in Table (1). PCR products were separated on a 2% agarose gel
and visualized under UV light. For all SNPs investigated, primer pair combinations resulting in only one

specific amplification signal were selected. The PCR products were purified using beads purification
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method (Agencourt AMPure XP, Beckman Coulter) and sequenced on an ABI 3500 Genetic analyzer
(Applied Biosystems, Foster City, USA). Sequencing results were aligned and the SNPs were detected
using Bio Edit software (V 7.0.5.3). Subsequently, all animals with phenotypic data were genotyped by
Kompetitive Allele Specific PCR (KASP, LGC Genomics, Teddington, Middlesex, UK). KASP assays were
developed for corresponding SNPs, validated in a subset of samples and applied to the entire sample
set. The PCR mixture consisted of 10 plL according to the manufacture instructions. The PCR products
were amplified and analyzed using the Light Cycler 480 machine (Roche, Mannheim, Germany) to

identify genotype clusters.
2.5.  Statistical analysis

The Hardy—Weinberg equilibrium (HWE), polymorphic information content (PIC), heterozygosity (He)
and homozygosity (Ho) were tested for all alleles by using Cervus (V3.0.7.0) program [31]. The
association analysis between the SNPs of the candidate genes and phenotypes of the studied sheep
traits was carried out using the general linear model (GLM) of the analysis of variance (ANOVA) by SPSS
V20 (IBM, New York, NY, USA). The statistical model for ewes milk traits used was as follows: Yj=u +
Gi+ L+ e, where Y is the analyzed trait, u is the overall mean, G; is the effect of genotype (i=3 levels,
except rs409119650 of DGATI1 gene where i=2 levels), L is the effect of location (j=2 levels) and ey is
the error effect. Another model was used to detect the effect of genotype on the lamb growth traits
as follows: Y= u + Gi+ Lj+ Sx+ ejji, where Yijjq is the analyzed trait, i is the overall mean, Gj is the effect
of genotype (i=3 levels), L; is the effect of location (j=2 levels), Sk is the effect of lamb sex (k= 2 levels)
and ejj is the error effect. P < 0.05 was considered significant. P < 0.1 was considered a tendency for

significance.

Table 1. Primer pairs of the studied candidate genes

Gene Gene ID Allele? Primer sequence Product Annealing
name size(bp) temperature(°C)
LEP? ENSOARG00000002407 T/G(V181L) F:AGGAAGCACCTCTACACTC 471 53
R:CTTCAAGGCTTCAGCACC
IGF1 ENSOARG00000015856 G/A F:GTTCTGGAATGGCAGGTTTG 570 60
R:GCCACTGTCTTTGGATTTTCTC
DGAT1 ENSOARG00000014070 T/C F:ACTGTGCTTCAGGGTGTCGG 429 60
R:GAGTGATGGACTCTAGGAGGAAGG
PRL ENSOARG00000009137 A/G F:TGGAATTTAGATGACAAGCAACTG 745 63
R:AATTGGTGGCTCAAGTGGTG
CSN1S2 ENSOARG00000010683 A/C F:CCCTGAAGGAATCTGCTGAAG 855 63
R:AGCCAAGCAAAATGATATAGAAGC
GHR ENSOARG00000008837  C/T(P448S) F:TGATGACCCTGATGAGAAGACTG 857 63
RTTTTGTTCAGTTGGTCTGTGCTC
GHRHR ENSOARG00000007636 c/T F:-TTGTTCTTGGAGGTGAGGACTG 759 63
R:AACACGGGTGGCTCTCTTG
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ENSOARG00000000809 G/A F:GGGTGCATACAGGACAGTGC 446
R:CCAGTCTCTGGCTTTCCCAA

60

1 primer design according to [32].

2 ¢ present, consequences at the protein level are shown.

3. Results

3.1. Phenotypic Data of Growth and Milk Traits
Descriptive statistics of total milk yield in three months and percentages of milk components including
fat, protein, lactose, and total solids are shown in Table 2. An overview of growth traits comprising

birth weight, weaning weight, and average daily gain of Barki lamb is shown in Table 3.

Table 2. Descriptive statistics of ewe milk traits.

Trait N Mean Standard Minimum  Maximum
Deviation

Total Milk Yield (kg) 111 28.95 12.64 9.90 77.40

Fat (%) 111 4.30 1.74 1.00 9.60

Protein (%) 111 5.11 1.35 2.70 9.50

Lactose (%) 111 6.34 1.42 0.81 9.90

Total Solids (%) 111 18.72 5.38 12.14 34.70

Table 3. Descriptive statistics of lamb growth traits.

Trait N Mean  Standard Minimum  Maximum
Deviation
Birth Weight (kg) 140 3.71 0.58 2.42 5.04
Weaning Weight (kg) 140 13.83 3.89 5.15 28.80
Average Daily Gain (kg/day) 140 0.112 0.04 0.02 0.27

3.2. Genetic Parameters

Sequencing results of DNA pooled samples from ewes and lambs revealed segregating SNPs in the
studied genes. One SNP was selected from every gene for subsequent genotyping. The selected SNPs
were rs420693815 in exon 3 of LEP, rs400398060 in exon 3 of IGF1, rs409119650 in exon 9 of DGAT],
rs161082816 in exon 11 of STAT5A, rs422713690 in exon 3 of PRL, rs420391387 in exon 8 of CSN1S2,
rs413776054 in exon 10 of GHR, and rs414991449 in exon 13 of GHRHR. Results of Hardy—Weinberg
equilibrium for all selected SNPs are shown in Table 4. All selected SNPs were in Hardy—Weinberg
equilibrium status (p > 0.05). rs409119650 and rs161082816 were in low polymorphic information
content status (PIC < 0.25), while rs420693815, rs400398060, rs422713690, rs420391387,
rs413776054, and rs414991449 were in moderate polymorphic information content status (0.25 < PIC
< 0.50). The homozygosity of all loci sites was higher than the heterozygosity, except for rs420391387

and rs422713690, where the homozygosity was equal to the heterozygosity. In lambs, the selected
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SNPs for all candidate genes were in Hardy—Weinberg equilibrium status (p > 0.05; Table 5).
rs409119650 and rs413776054 were in low polymorphic information content status (PIC < 0.25), while
rs420693815, rs400398060, rs161082816, rs422713690, rs420391387, and rs414991449 were in
moderate polymorphic information content status (0.25 < PIC < 0.50). The homozygosity of all loci was

higher than the heterozygosity.

Table 4. Genetic parameters of the SNP markers of the studied candidate genes in the Barki ewe

population.
Gene SNP locus Genotype Genotypic Allele Allelic He Ho PIC HWE test
frequency frequency (p Value)
LEP rs420693815 TT 0.15 T 0.41 0.48 0.52 0.37 0.35
GT 0.53 G 0.59
GG 0.32
IGF1 rs400398060 GG 0.47 G 0.69 0.43 0.57 0.34 0.93
AG 0.43 A 0.31
AA 0.10
DGAT1 rs409119650 TT 0.00 T 0.10 0.18 0.82 0.16 0.49
CT 0.19 C 0.90
CC 0.81
STAT5A rs161082816 GG 0.03 G 0.14 0.24 0.76 0.21 0.34
AG 0.22 A 0.86
AA 0.75
PRL rs422713690 GG 0.31 G 0.53 0.50 0.50 0.37 0.26
AG 0.44 A 0.47
AA 0.25
CSN1S2  rs420391387 CC 0.22 C 0.50 0.50 0.50 0.38 0.20
AC 0.56 A 0.50
AA 0.22
GHR rs413776054 T 0.05 T 0.21 0.33 0.67 0.28 0.70
CT 0.32 C 0.79
CC 0.63
GHRHR  rs414991449 T 0.43 T 0.66 0.45 0.55 0.35 0.39
CT 0.47 C 0.34
CcC 0.10
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Table 5. Genetic parameters describing the SNP markers of the investigated candidate genes in the

Barki lamb population.

Gene SNP locus Genotype Genotypic Allele Allelic He Ho PIC HWE test
frequency frequency (p value)
LEP rs420693815 TT 0.34 T 0.56 0.49 0.51 0.37 0.13
GT 0.43 G 0.44
GG 0.23
IGF1 rs400398060 GG 0.51 G 0.70 0.42 0.58 0.33 0.54
AG 0.39 A 0.30
AA 0.10
DGAT1 rs409119650 TT 0.01 T 0.07 0.13 0.87 0.12 0.68
CT 0.13 C 0.93
CC 0.86
STAT5A rs161082816 GG 0.04 G 0.22 0.34 0.66 0.28 0.44
AG 0.37 A 0.78
AA 0.59
PRL rs422713690 GG 0.39 G 0.61 0.48 0.52 0.36 0.56
AG 0.45 A 0.39
AA 0.16
CSN1S2  rs420391387 CcC 0.38 C 0.60 0.48 0.52 0.37 0.36
AC 0.44 A 0.40
AA 0.18
GHR rs413776054 TT 0.01 T 0.17 0.28 0.72 0.24 0.13
CT 0.33 C 0.83
CC 0.66
GHRHR rs414991449 TT 0.49 T 0.70 0.42 0.58 0.33 0.74
CT 0.43 C 0.30
CcC 0.08

He Heterozygosity, Ho Homozygosity, PIC polymorphic information content, HWE Hardy-Weinberg Equilibrium

3.3. Association of SNPs with Milk Traits of Barki Ewes

Table 6 shows the results of the association analysis of SNP with milk traits of ewes. rs420693815 of

LEP showed a trend for milk yield and fat percentage (p < 0.1). Ewes with TT genotype had a higher

milk yield than ewes with GT and GG genotypes. Ewes carrying the GT genotype had a higher fat

percentage than ewes with GG and TT genotypes. For rs161082816 of STAT5A, the milk of ewes with

AA genotype were significantly (p £ 0.05) higher in lactose percentage compared to ewes with GG and

AG genotypes. For rs422713690 of PRL, a significant association with milk yield (p < 0.1) was observed.

Ewes with GG genotypes had a higher milk yield than ewes with AG and AA genotypes. rs414991449

of GHRHR was significantly associated with total solids percentage (p < 0.05) and with protein

percentage (p < 0.1). Ewes having TT genotypes had higher total solids and protein percentages than

ewes with CT and CC genotypes.
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Table 6. Association of SNPs of studied genes with milk traits in Barki ewes (Mean + SE).

Gene SNP locus Genotype Milk Yield (kg) Fat % Protein % Lactose %  Total Solids %
LEP rs420693815 TT(15) 35.551+4.18 3.81+0.32 5.33+0.30 6.7310.24 19.17+1.27
GT(55) 26.67+1.27 4.56+0.26 5.241+0.20 6.3610.22 19.05+0.79
GG(33) 29.7712.66 3.92+0.20 4.67+0.17 6.23+0.17 17.24+0.66
p Value 0.053 0.085 0.105 0.397 0.185
IGF1 rs400398060 GG(48) 29.59+1.93 4.22+0.22 5.06+0.19 6.61+0.19 18.93+0.76
AG(44) 28.4612.07 4.22+0.26 5.14+0.20 6.22+0.21 18.39+0.76
AA(10) 28.08+1.83 3.90+0.39 4.35+0.25 5.71+0.18 14.56+0.46
p Value 0.940 0.969 0.467 0.583 0.572
DGAT1  rs409119650 TT(0) - - - - -
CT(20) 26.25+2.39 4.44+0.28  4.94+0.30 6.18+0.33 18.43+1.05
CC(84) 29.56+1.45 4.20+0.19 5.04+0.14 6.38+0.14 18.26+0.56
p Value 0.287 0.607 0.643 0.282 0.807
STAT5A 15161082816 GG(3) 34.97+4.02 3.4510.55 4.84+0.81 4.19+1.30 19.28+3.41
AG(21) 30.39+2.83 3.84+0.31 4.581+0.22 6.38+0.23 17.01+0.86
AA(73) 28.62+1.52 4.37+0.19 5.21+0.16 6.52+0.15 18.98+0.60
p Value 0.638 0.297 0.149 0.001 0.199
PRL rs422713690 GG(33) 32.5912.98 4.21+0.24 5.09+0.23 6.61+0.22 18.38+0.92
AG(48) 25.90+1.23 3.95+0.24  4.93#0.18 6.20+0.20 18.02+0.71
AA(27) 30.62+2.14 4.79+0.35 5.40+0.28 6.18+0.30 19.96+1.07
p Value 0.052 0.125 0.411 0.152 0.322
CSN1S2  rs420391387 CC(23) 31.44£3.57 4.02+0.32 5.05+0.22 6.31+0.25 17.56+0.72
AC(58) 28.61+1.37 4.53+0.25 5.12+0.18 6.34+0.19 19.56+0.71
AA(22) 25.3312.01 4.061£0.30 5.09+0.34 6.27+0.31 17.47+1.20
p Value 0.264 0.562 0.886 0.578 0.637
GHR rs413776054 TT(5) 20.72+2.77 4.931+0.78 5.31+0.37 6.51+0.47 19.52+2.53
CT(32) 31.10+2.57 4.25+0.25 5.12+0.21 5.98+0.23 18.03+0.86
CC(64) 29.07£1.50 4.20+0.22 5.09+0.19 6.49+0.18 19.05+0.68
p Value 0.249 0.556 0.791 0.450 0.667
GHRHR  rs414991449 TT(43) 28.61+1.95 4.49+0.26 5.32+0.22 6.17+0.23 19.26+0.84
CT(48) 29.71£1.90 4.09+0.25 4.96+0.19 6.57+0.19 18.71+0.72
CC(10) 26.44+1.86 4.39+0.35 5.12+0.44 5.91+0.44 16.76x1.74
p Value 0.794 0.215 0.081 0.612 0.035

3.4. Association of SNPs with Growth Traits of Barki Lambs

The results of the association analysis of SNPs with lamb growth traits are summarized in Table 7. The

analysis revealed rs420693815 of LEP as significantly associated with weaning weight and average daily

gain (p £ 0.1). Lambs with GT and GG genotypes had a higher weaning weight and average daily gain

than lambs with TT genotype. The other selected SNPs in the candidate genes showed a non-significant

association with growth traits (p = 0.1).
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Table 7. Association of SNPs of studied genes with growth traits in Barki lambs (Mean * SE).

Gene SNP locus Genotype Birth Weight Weaning Average Daily
(kg) Weight (kg) Gain (g)

LEP rs420693815 TT(46) 3.67+0.09 13.25+0.60 106.0£6.0
GT(58) 3.75+0.07 14.40+0.52 118.0%5.0
GG(31) 3.82+0.10 14.3210.61 117.046.0

p Value 0.589 0.075 0.076
IGF1 rs400398060 GG(67) 3.75+0.06 14.35+0.42 118.0+4.0
AG(52) 3.73+£0.09 13.7410.60 111.0+6.0
AA(13) 3.63+0.18 12.06+0.92 93.0+10.0

p Value 0.442 0.354 0.416

DGAT1 rs409119650 TT(1)® 4.29 14.00 108.0
CT(17) 3.8610.14 14.92+0.62 123.0£7.0
CC(114) 3.71+0.05 13.73+0.38 111.0+4.0

p Value 0.519 0.170 0.163
STAT5A rs161082816 GG(4) 3.1540.28 11.234£1.76 85.8£19.0
AG(41) 3.81+0.11 14.6710.67 120.74£7.0
AA(66) 3.71+0.07 13.8610.42 112.8+4.0

p Value 0.631 0.255 0.273
PRL rs422713690 GG(48) 3.751£0.07 13.52+0.45 109.0+9.0
AG(53) 3.74+0.09 14.31+0.59 117.0+6.0
AA(19) 3.701+0.11 14.16+0.82 116.0£5.0

p Value 0.965 0.593 0.567
CSN1S2 rs420391387 CC(35) 3.7940.12 15.07£0.75 125.3+8.0
AC(40) 3.86+0.08 14.3410.48 116.545.0
AA(17) 3.7240.13 14.1740.63 116.147.0

p Value 0.939 0.335 0.278

GHR rs413776054 TT(1)® 3.5 20 183.3
CT(35) 3.74+0.11 14.77+0.49 122.5+5.0
CC(70) 3.7610.07 14.31+0.49 117.3£5.0

p Value 0.608 0.446 0.309
GHRHR rs414991449 TT(49) 3.7240.08 14.8310.58 123.446.0
CT(43) 3.7940.11 13.9140.58 112.446.0
CC(8) 3.7310.22 14.9240.81 124.449.0

p Value 0.856 0.146 0.107

@ Only one individual of the population carries the TT genotype.

4. Discussion

In this study, a representative SNP of each of the selected functional candidate genes was associated
with growth and milk production traits obtained from Barki lambs and ewes. Genotyping results
showed that none of the selected SNPs deviates from HWE. These results indicated for the absence of
strong selection pressures, probably due to the coherent housing environment and the lack of artificial
selection. These facts might contribute to a stability of allelic and genotypic frequency for a long time.
Results of the polymorphic information content state and homozygosity to heterozygosity
relationships confirmed that an inbreeding scheme was applied at the different locations creating a
high genetic variation between populations and lower genetic variation between individuals in the
same population. These results suggest that an application of selection employing genomic
information will be effective in the respective population. However, the relatively low sample size, due

to the lack of management with breeding programs and routine sampling in the Barki sheep,
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represents a certain limitation for the genetic evaluation in this study. The results of association of
SNPs with lamb growth traits showed that rs420693815 of LEP were significantly associated with
weaning weight and average daily gain. Interestingly, rs420693815 had also a significant effect on milk
traits comprising milk yield and fat percentage in the Barki ewes. The results indicated the inverse
relationship between milk yield and fat percentage. Ewes with the highest milk yield had the lowest
fat percentage [33]. Accordingly, lambs whose mothers had the highest fat content in their milk had a
higher weaning weight and a higher average daily gain. LEP is considered as one of the candidate genes
affecting body fat content [11]. Through signaling to the hypothalamus, leptin mediates the balance
between feed intake and energy expenditure [34, 35]. Due to its lipolytic effect and the regulation of
fat stores, genetic variants of LEP might be of relevance in mobilizing lipids for, e.g., milk production
with possible implication on the offspring’s body weight. In agreement, genetic variants of leptin have
been shown to influence milk performance in cattle [36]. A LEP polymorphism was found to be
significantly associated with milk yield in Najdi ewes of Saudi Arabia [37]. Moreover, several studies
indicated the role of LEP in growth traits [38, 39]. With respect to the results of the current study, it is
questionable if LEP (rs420693815) is causative for the effects or acts as tagging SNP in linkage
disequilibrium with the causal one. However, LEP as candidate gene might be further considered as a
locus for improving performance and production traits in the breeding programs of Barki sheep.
Furthermore, analyzed SNPs in STAT5A, PRL, and GHRHR revealed a significant association with milk
production traits in the Barki ewes. For PRL (rs422713690), animals with the heterozygous AG
genotype showed lower milk yields than homozygous animals. PRL is a hormone released from the
anterior pituitary gland and acts to initiate and maintain lactation [40]. The PRL gene is located on the
ovine chromosome 20 where putative quantitative trait loci for milk yield, fat, and protein percentage
are located [41, 42]. Indeed, a polymorphism in PRL has been shown to affect all these traits in Serra
da Estrella sheep [43] and milk yield in East Friesian sheep [8]. Consequently, PRL might act as a marker
gene for milk production traits also in the Barki sheep. Regarding the investigated SNP in STAT5A
(rs161082816), Barki ewes which carried A alleles showed higher milk lactose percentages compared
to animals exhibiting G alleles. STAT5A is a key player in mammary gland development [44]. In
particular, STAT5A is known to mediate PRL and GH signals via transcriptional stimulation of gene
expression in milk-secreting mammary epithelial cells. Due to its prominent role in milk production
traits, STAT5A has been previously investigated in cattle and goat and genetic variants have been
associated with milk fatty acid profiles and milk yield [45—-47]. The significant association with milk
lactose percentage emphasizes STAT5A as a promising candidate gene for further analyses of milk
traits in Barki sheep. The SNP located in GHRHR (rs414991449) was significantly associated with the
percentages of total milk solids and milk protein, whereby the appearance of the T allele prompted

the highest values. In fact, GHRHR mediates effects of its ligand growth hormone-releasing hormone
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(GHRH) to regulate growth hormone (GH) synthesis and secretion [48-50]. Genetic variants in the
functional candidate GHRHR might therefore impact on GH axis signaling as it has been shown for body
growth in humans and mice [51, 52]. In studies on sheep, the GH locus has been associated with milk
traits such as milk fat percentage and milk yield [53, 54]. Corresponding effects might be mediated via
GHRHR on GH signaling affecting milk production and composition. Results did not support any
significant associations of sequence variants of IGF1, DGAT1, CSN1S2, and GHR with growth or milk
traits in the studied Barki population. This might also be related to the fact that for some of the SNPs,
a low representation of alternative homozygotes was found in the studied population. However,
associations of segregating SNPs in IGF1 and DGAT1 with growth, milk, and wool performance traits
have been described in various sheep breeds such as Makeoi, Baluchi, Hu, Sarda, and Mehraban [55—
62]. These breed differences might be due to artificial selection pressures or housing due to
geographical conditions. Clearly, comprehensive approaches including a holistic genomic evaluation

are needed to elucidate the genetics and to improve milk and performance traits of Barki sheep.

5. Conclusions

A SNP-trait association analysis was performed to study the effect of genotype on growth and milk
performance traits in Egyptian Barki sheep. Results concluded that the selected polymorphisms in LEP,
STAT5A, PRL, and GHRHR were significantly associated with lamb growth and ewe milk traits, while
IGF1, DGAT1, CSN1S2, and GHR genes showed no significant associations. LEP, STAT5A, PRL, and
GHRHR might be considered as interesting candidate genes for further investigations to improve
growth and milk performance in the Barki sheep.
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Simple Summary

The Barki sheep breed spread throughout the northwestern coastal region of Egypt. It is well adapted
to the harsh conditions and considered the main source of meat for people in that region. Growth
performance traits such as birth and weaning weights are very important in sheep breeding and affect
the breeder’s profit. In this study, phenotypic data of early-growth performance traits and genomic
information of Barki sheep were used to detect genomic regions and candidate genes that could
elucidate the variability of these traits in the studied population of Barki lambs. Genome-wide
analysis revealed genomic regions covering promising candidate genes, including CPXM2, EYA2,
GDF2, GDF10, LRIG3, MEF2B, SLC16A7, TBX15, TFAP2B and TNNC2, which are involved in the
development during the embryonic stage and after birth. The findings present valuable information
for a better understanding of the genetics factors influencing early growth-related traits in the

Egyptian Barki sheep breed.
Abstract

Sheep play an important role in the livestock sector in Egypt. For sheep meat production, growth
traits such as birth and weaning weights are very important and determine the supply and income of
local farmers. The Barki sheep originates from the northeastern coastal zone of Africa and due to its
good adaptation to the harsh environmental conditions it contributes significantly to the meat
production in these semi-arid regions. The objective of this study was to use a genome-wide SNP
panel to identify genomic regions that are diversified between groups of individuals of Egyptian Barki

sheep with high and low growth performance traits. In this context, from a phenotyped population
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of in total 140 lambs of Barki sheep, 69 lambs were considered for a genome-wide scan with the
Illumina OvineSNP50 V2 BeadChip. The selected lambs were grouped into divergent subsets with
significantly different performance for birth weight and weaning weight. After quality control, 63
animals and 40,383 SNPs were used for analyses. The fixation index (Fsr) for each SNP was calculated
between the groups. The results verified genomic regions harboring some previously proposed
candidate genes for traits related to body growth, i.e., EYA2, GDF2, GDF10, MEF2B, SLC16A7, TBX15,
TFAP2B and TNNC2. Moreover, novel candidate genes were proposed with known functional
implications on growth processes such as CPXM2 and LRIG3. Subsequent association analysis showed
significant effects of the considered SNPs on birth and weaning weights. Results highlight the genetic
diversity associated with performance traits and thus the potential to improve growth traits in the

Barki sheep breed.

Keywords: Barki sheep; growth; birth weight; weaning weight; indigenous sheep; lamb; SNP chip.

1. Introduction

Breeding is one of the main drivers affecting allele frequencies, leading to genomic regions with genetic
differentiation, thus contributing to the genetic diversity of livestock species [1]. Many studies
analyzing the genetic architecture of complex traits using genome-wide SNP data have been conducted
in different livestock species in the last decade. In ruminants, these studies have detected candidate
genes related to growth, muscle conformation, adaptation and reproduction traits in sheep [2-6]; milk
production, reproduction, body constitution, muscle development, coat color and thermotolerance in
cattle [7, 8]; and adaptation, coat color, milk composition and growth traits in goats [9, 10]. To identify
the corresponding genomic regions, several methods are available that are capable of analyzing
genetic variation within a population and between populations or groups of individuals. The calculation
of fixation index (Fsr) of Weir and Cockerham (1984) is one of the most popular methods to analyze
population structure in this framework. The Fsr-approach measures genomic differentiation between
populations depending on allele frequency and is thus able to identify highly differentiated alleles that
undergo selection, while being unbiased for sample size [7, 11].

Growth traits are very important in sheep breeding and considerably affect the resource efficiency and
breeder’s profit. Growth traits, like other quantitative traits, are controlled by the complex genetic
background of the animal as well as environmental factors such as feed and herd management. Gain
in body weight is a highly heritable trait and is one of the main indices of selection especially for meat
type breeds. However, it also influences wool production and the reproduction performance of sheep
[12]. Body weight gain can be monitored at birth or at other animal life stages and largely determines
the amount of income from sheep meat production. Weight measurement at birth represents the

earliest indicator of growth performance and related traits [13]. Various genetic but also non-genetic
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factors affect the birth weight, such as dam’s weight, age and nutrient supply during pregnancy [14].
The heritability of birth weight was estimated to be 0.39 and 0.31 in Iranian Mehraban and Lori-
Bakhtiari sheep breeds. For weaning weight, heritabilities were estimated to be 0.25 and 0.24 for
weaning weight in Iranian Mehraban sheep [5, 14]. Estimates of heritability for birth weight and
weaning weight in Barki sheep are 0.19 and 0.20, respectively [15]. For the Barki sheep breeding in
particular, high weight at birth is not a primary goal; more importance is given to achieve higher
weaning weights [15]. This is also related to the fact that problems for the dam or the newborn lamb
should be avoided during the birth process. In fact, Barki sheep show large differences in growth traits,
ranging from 2.4 to 5.0 kg for birth weight with an average of 3.7 kg and 5.2 to 28.8 kg for weaning
weight with an average of 13.8 kg [16]. In general, although Barki sheep are well adapted to the harsh
environmental conditions of northeast Africa and have a high value for farmers in this region, it
remains difficult to obtain a large number of genotyped and comprehensively phenotyped animals due
to the smallholder sheep farming systems in Egypt [17]. Improving growth traits in sheep using genetics
is promising and is being implemented in different sheep populations, but would further benefit from
an understanding of the underlying biological processes and functions. The aim of the current study
was to gain insight into diversified genomic regions for growth traits in the Barki sheep breed and to

derive potential candidate genes that are functionally related to the traits of interest.

2. Materials and Methods

2.1. Animals and Phenotypes

In this study, a population of 140 male and female lambs from single births of the Egyptian Barki sheep
were considered for detection of the genomic regions and candidate genes for growth traits
comprising birth weight and weaning weight. Animals were raised in the farms of the Desert Research
Centre (DRC), Ministry of Agriculture, Egypt. They were kept in an intensive system in semi-open yards.
Lambs were from one breeding season and were offspring of 10 rams. Birth weight within 12 hours
after parturition and weaning weight after a lactation period of 3 months (90 days) were recorded for
every lamb using an electronic balance. From birth to weaning age, the lambs were suckled only their
mother's milk daily. Fresh water was offered two times daily to lambs ad libitum. The experiment was
conducted according to all ethics and animal rights (DRC) considering all regulations in conformity with

the European Union Directive for the protection of experimental animals (2010/63/EU).

2.2. Genotyping and Quality Control

For each lamb, blood was sampled from the jugular vein in EDTA-containing tubes and stored at - 80
°C until DNA extraction. DNA extraction was performed according to the manufacturer’s instructions

with the G-spin Total DNA Extraction kit (iNtRON Biotechnology, Seoul, Korea). Out of the entire
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population of 140 animals, 69 lambs with considerable differences in the respective growth trait were
genotyped using the lllumina OvineSNP50 V2 BeadChip (Illumina, San Diego, USA).The relative identity-
by-descent (IBD) was calculated for all pairs of lambs. The genetic relatedness average was 0.15. The
raw signal intensities of the 53,516 SNPs on the chip were imaged using the iScan Reader (lllumina)
and converted into genotype calls with the GenomeStudio software (version 2.0). The samples with
call rates < 90% were removed from further analysis. The SNPs with genotype call rates < 98%, minor
allele frequencies (MAF) < 0.05, in high linkage disequilibrium (r? > 0.5) within windows of 50 SNPs and
significant deviation from Hardy-Weinberg equilibrium at P < 107 were removed from the analysis.
JMP Genomics software (version 9) was used for the quality control. A total of 63 animals and 40,383
SNPs remained and passed the quality control. Base pair positions and names of SNP markers were
updated to the latest version of the ovine genome (Oar_v3.1 accessed on 6 July 2020). SNPs not located

on autosomes and lacking reference SNP (rs) identifiers were excluded.

2.3. Fsranalysis and screening for candidate genes

For each of the traits birth weight (BW) and weaning weight (WW), the genotyped animals were divided
into two subgroups, each representing the extreme phenotypes for the respective trait with significant
differences between the groups. Student’s t-test was used to compute the differences between the
means of high and low groups. The fixation index (Fsr) for each SNP was calculated between the groups
low BW (LBW) — high BW (HBW) and low WW — high WW (HWW) by the SNPRelate R package (version
1.24.0) using Weir & Cockerham method [18, 19]. Fsr values were Z-transformed using the following
equation Z(Fsr) = (Fsr- W Fs7) / 6 Fst where [ Fsris the overall mean of Fsrvalues and 6 Fsris the standard
deviation of Fsr values. Only the SNPs having the top 0.05% of Z(Fsr) values were selected for further
analysis. Manhattan plots of Z(Fsr) value for each SNP were constructed using ggman package (version
0.1.4) in R software. To identify the candidate genes, Ensembl database was used to select the genes
within 2-Mb windows around high Z(Fsr) SNPs. Genes harboring a highlighted Z(Fsr) SNP were considered
as positional candidate genes. Functional candidate genes in the respective genomic region were
identified according to their functional relation with the phenotypes employing available gene
annotations from GeneCards (http://www.genecards.org; accessed on 19 May 2021) and Uniprot
(http://www.uniprot.org; accessed on 19 May 2021) databases.
2.4. Marker-trait association analysis

The association analysis was carried out to test the effect of the genotypes of the selected SNPs on the
phenotypes of birth and weaning weight by SPSS V20 (IBM, New York, USA) using the general linear
model (GLM) of the analysis of variance (ANOVA) (Supplementary Table S1 and S2). The statistical model

was: Yii= |+ Gi+ Si+ e, where Yii is the analyzed trait, W is the overall mean, G; is the effect of genotype

38



Experimental studies

(i = 3 levels), Sj is the effect of lamb sex (j = 2 levels), and eiji is the error effect. P < 0.05 was considered
significant, P < 0.01 highly significant, and P > 0.05 not significant.

3. Results

3.1. Phenotypic data of growth traits

Descriptive statistics of birth weight and weaning weight of Barki lambs with divergent

performance in the respective trait are shown in Table 1.

Table 1. Descriptive statistics of lamb growth traits.

Trait Abbreviation Group* Mean SD Min Max P value**

Birth weight (kg) BW HBW 4.3 03 40 5.0 P<0.001
LBW 3.2 03 26 35

Weaning weight (kg) ww HWW 181 2.5 15.0 28.8 P <0.001

LWW 11.2 17 74 133

*HBW= High birth weight, LBW = Low birth weight, HWW = High weaning weight, LWW = Low weaning weight. ** = P

value computed using t-test, SD = Standard deviation.

3.2. Detection of Genomic Regions and Candidate Genes

For the investigation of genomic regions and candidate genes of growth traits, subgroups with distinct
differences in the respective traits were analyzed. In particular, Z(Fs7) values were calculated to explore
genomic differences between groups using genome-wide distributed SNPs. Figure 1 shows a
Manhattan plot of SNP-specific Z(Fsr) values for BW and highlighted genomic regions and SNPs with
highest Z(Fs7r) values. Obtained SNPs and regions were distributed on chromosomes 1, 2, 3, 5, 6, 8, 13,
14, 16, 17, 19, 22, 23, 24 and 25 (cut-off Z(Fsr) 2 7.68, Table2). Genomic regions highlighted by the
selected SNPs were mined for positional and functional candidate genes (Table 2). This analysis yielded
8 positional candidate genes comprising PCKS5, WDR35, LAMAS, HYDIN, FAM160A1, GPR26, PTPRM
and DNAH3. Moreover, a total of 13 functional candidate genes in the indicated genomic regions were
identified, which are known to affect BW or are involved in the development during the embryonic
stage and after birth. These comprise TBX15, SLC16A7, LRIG3, MATN3, OSR1, CITED2, LAMAS5, URI1,
SUCLG2, CPXM2, LAMA1, GDF2 and GDF10. Among the vital processes to which these genes contribute
are the development of body organs such as limbs, liver, lungs, brain, skeletal system and muscles.
Except for the SNPs indicating the genomic regions harboring BRINP1, CITED2, CPXM2, GDF2 and
GDF10, the marker-trait association analysis confirmed a significant relationship of the candidate loci

with BW in the Barki lamb population (Table 2).
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Figure 1. Manhattan plot of the Z(Fsr) values for each single nucleotide polymorphism (SNP) between

Barki sheep groups divergent in birth weight (LBW — HBW). Orange dots represent SNPs that passed

the cut-off threshold at 99.95% of the percentile distribution (Z(Fsr) > 7.68).

Table 2. Genomic regions positions and candidate genes within 2 Mb windows around SNPs that

passed the cut-off threshold (Z(Fsr) = 7.68) for divergence in birth weight (BW).

Rs identifier Chr Position = MAF Z(Fsr) Pvalue! Candidate genes?
rs426652102 1 95369397 0.335 10.68 0.015 TBX15, SPAG17

rs409727057 1 124117118 0.220 7.97 0.041 CLDN17, GRIK1

rs423222301 2 5472326 0.301 8.88 0.568 BRINP1, TLR4

rs419514091 2 60044110 0.369 8.17 0.044 PCKS5, RFK, ENSOARG00000012533
rs428614465 3 27732721 0.492 7.68 0.001 MATN3, OSR1, WDR35, TTC32
rs417060060 3 160252310 0.446 10.61 <0.0001 SLC16A7, LRIG3

rs413547561 5 31477570 0.481 8.21 0.026 PRR16, FAM170A
rs413364871 6 51650705 0.301 10.06 0.023 -

rs427385309 8 64075259 0.276 8.00 0.534 CITED2, U5, NMBR
rs406649973 13 54940415 0.444 9.61 0.047 LAMAS, CDH28, CDH4
rs419112095 13 54219758 0.295 8.03 0.301 LAMAS5, RPS21, ADRM1
rs410323459 14 39415649 0.328 8.00 <0.0001 URI1, HYDIN, CMTR2, POP4
rs423237115 16 56144068 0.412 11.67 0.002 MYO10

rs413049228 16 18186560 0.134 7.84 0.010 ZSWIM6, SMIM15
rs413966946 17 6026379 0.465 9.34 0.001 FAM160A1, GATB, SH3D19
rs430430903 19 33088813 0.289 8.08 0.005 SUCLG2, ENSOARG00000010424
rs417719085 22 42323039 0.444 10.23 0.113 CPXM2, GPR26, ACADSB
rs412781362 23 41177245 0.127 8.07 0.003 LAMA1, PTPRM, RAB12
rs421209784 24 18748352 0.086 7.84 0.011 DNAH3, LYRM1, TMEM159
rs429736586 25 41911462 0.348 8.03 0.182 GDF2, GDF10, PTPN20
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1 p value resulting from association analysis of the respective SNP with BW; 2 Gene names in bold = functional
candidate genes, underlined = positional candidate genes, only italic = closest up- and downstream located genes
within 2 Mb window, Chr = chromosome, MAF = minor allele frequency, Z(Fsr) = SNP-specific Z-transformed
fixation index.

For WW, 20 SNPs, which reached the threshold Z(Fsr) value at 99.95% of the percentile distribution
were identified (cut-off Z(Fsr) 2 6.99, Table 3). These SNPs indicated 13 genomic regions distributed on
chromosomes 1, 2, 3,5, 6, 10, 12, 13, 15, 18, 20, 22 and 25 as illustrated in Figure 2. Considering these
regions, 7 positional candidate genes, directly tagged by one of the identified SNPs, were detected.
These genes are ASB3, SOX5, TP53RK, DGKZ, FBLN5, PCDH15 and GLUD1. Moreover, 19 functional
candidate genes were identified in the respective genomic regions for WW including MEGF9, PTPRU,
FABP3, MEF2B, HAPLN4, NCAN, WNT9A, WNT3A, POSTN, EYA2, MMPS, TNNC2, ACP2, LRP4, FBLNS,
TFAP2B, BMPR1A, GDF2 and GDF10. Considering the SNPs indicative for these candidate genes, all
SNPs except rs405054059 appeared to be significantly associated with WW (Table 3).
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Figure 2. Manhattan plot of the Z(Fsr) values for each single nucleotide polymorphism (SNP) of weaning
weight. Orange dots represent SNPs that passed the cut-off threshold at 99.95% of the percentile
distribution (Z(Fs7) = 6.99).

Table 3. Genomic regions positions and candidate genes within 2 Mb around SNPs that passed the

cut-off threshold (Z(Fst) 2 6.99) for divergence in weaning weight (WW).

Rs hame Chr  Position MAF Z(Fst) Pvalue' Candidate genes?
rs401497638 1 226047403 0.274 7.30 0.166 IL12A, 1QCJ
rs402362274 2 4014386 0.194 8.80 0.005 MEGF9, CDK5RAP2, BRINP1
rs427650461 2 8985061 0.259 7.90 0.024 TNFSF15, TMEM268
rs405054059 2 236085906 0.354 7.69 0.249 FABP3, MATN1, PTPRU
rs420573745 3 70227376 0.500 8.59 0.008  ASB3, CHAC2
rs422502823 3 124010853 0.408 8.47 <0.0001 MGAT4C, C12orf50
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rs425747978 3 191139722 0.269 7.90 0.006 SOX5, BCAT1, ETNK1

rs410754805 3 182669294 0.341 7.00 0.063  RESF1, AMNI1

rs429678680 5 3076397 0.224 8.10 0.023  MEF2B, HAPLN4, NCAN, WNT9A,
WNT3A, PRSS38, SNAP47

rs418926568 6 86505675 0.381 7.00 0.010 SLC4A4, GC

rs401888979 10 25115607 0.219 8.10 0.010  POSTN, RFXAP, SERTM1

rs428497629 10 59974520 0.263 7.64 0.078  SLITRK1, SLITRK6

rs426943634 12 12266633 0.436 7.60 0.001 RGS18, BRINP3

rs413169429 13 74924747 0.303 8.38 0.003 EYA2, MMP9, TNNC2, TP53RK,
SLC13A3, SLC2A10

rs411451096 15 74597812 0.399 7.36 0.002  ACP2, LRP4, DGKZ, CREB3L1, MDK

rs430684800 18 36936501 0.322 7.01 0.118 NOVAI, FOXG1

rs426036565 18 55537048 0.414 6.99 0.05 FBLNS5, TC2N, TRIP11

rs410079568 20 23394498 0.470 8.23 0.004 TFAP2B, PKHD1

rs421690996 22 5090223 0.345 7.03 0.050 PCDH15, U3, SYCE1

rs400432841 25 41241866 0.459 8.23 0.046 BMPRI1A, GDF10, GDF2, GLUD1

Ue, SHLD2

1 pvalue resulting from association analysis of the respective SNP with WW; 2 Gene names in bold = functional
candidate genes, underlined = positional candidate genes, only jtalics = closest up- and downstream located
genes within 2 Mb window, Chr = chromosome, MAF = minor allele frequency, Z(Fst) = SNP-specific Z-
transformed fixation index.

4. Discussion

In this study, we used the Ovine SNP50 V2 BeadChip to investigate the genomic differences between
groups of Barki sheep that differed significantly in growth traits (birth and weaning weight). The
average BW of Barki lambs was similar to those of lambs of the native Egyptian breeds such as Rahmani
and Ossimi breeds with 3.73 and 3.9 kg. However, in terms of WW, Rahmani and Ossimi lambs are
slightly heavier than Barki lambs with average weights of 17.63 and 14.05 kg, respectively [20, 21]. Also
BW (5.08 kg) and WW (29.8 kg) of Romney lambs, as one of the worldwide economically important
meat type breeds, were reported to be higher than the weights of Barki sheep [22]. In order to
elucidate genetic contributions, genetic differentiations between the subgroups were investigated by
the calculation of SNP-specific Z(Fsr) values. A total of 15 genomic regions were detected to exhibit
divergent allele frequencies for BW in Barki lambs. Regions on chromosomes 1, 3 and 16 are proposed
to be the most promising regions, since they enclose four SNPs with the highest Z(Fsr) values. Within
the genomic region on chromosome 1 at 95.3 Mb, T-box 15 (Tbx15) appears to be the most promising
functional candidate gene. Thx15 gene is a member of T-box gene family, which encodes for

transcription factors. T-box genes play a critical role in the development of different tissues and organs
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in vertebrates and invertebrates such as the skeletal system during the embryonic stage [23]. The
expression of Tbx15 was reported in the development of forelimb and hind limb buds in chick and
mouse [24, 25]. Within chromosome 3, the solute carrier family 16 member 7(SLC16A7) gene at 159.6
Mb and the leucine-rich repeats and immunoglobulin-like domains protein 3 (LRIG3) gene at 160.4 Mb
were proposed as additional promising candidates for BW. SLC16A7 was reported to have a role in
skeletal muscle as a lactate cotransporter [26]. LRIG3 is known to be involved in placenta and
embryonic development in pigs [27]. Moreover, the carboxypeptidase-like protein X2 encoding gene
(CPXM_2) located on chromosome 22 at 42.4 Mb plays an important role in growth processes. It was
reported to be one of the genes that regulate backfat thickness at different life stages in pigs [28].
However, no significant marker-trait association was found between the corresponding SNP and BW
in the investigated Barki lamb population (P = 0.113).

Within the genomic region on chromosome 5 at 3.1 Mb, the myocyte enhancer factor-2B (MEF2B)
gene was proposed as a functional gene for WW. This gene encodes a member of the myocyte
enhancer factor-2 family (MEF2A, MEF2B, MEF2C and MEF2D), which play an important and critical
role in cell development, embryonic development, muscle tissues growth and development processes
[29, 30]. Polymorphism in the 3’-UTR of the MEF2B gene showed a significant correlation with some
growth traits in New Ujumgin Sheep such as body weight and chest girth at 4 and 6 months [31].
Previous studies revealed a significant association between MEF2B and skeletal muscle satellite cell
and reproductive traits in pigs [32] as well as diameter of muscle fibers in goats [33]. The SNP indicating
the MEF2B region was found to be significantly associated with WW (P = 0.023). Within chromosome
13, the eyes absent homolog 2 (EYA2) and the fast skeletal muscle troponin C (TNNC2) genes were
revealed as candidates for weaning weight. In Ethiopian sheep, EYA2 was proposed as a candidate for
embryonic development of tendons, bones and cartilages [34]. TNNC2 plays a critical role in skeletal
muscle contraction and modulates the Ca2+-activation characteristics of muscle fibers [35] and is
highly expressed during the myoblast differentiation and skeletal muscle development [36]. Previous
studies on TNNC2 reported a significant association with growth traits in porcine skeletal muscles [37]
and with carcass weight, marbling score in three native sheep breeds [38].

Within the region on chromosome 20 at 23.4 Mb, the transcription factor AP-2B (TFAP2B) gene was
proposed as a functional candidate for weaning weight. TFAP2B was documented in vertebrates and
invertebrates and has a critical role during embryonic development [39]. The function of TFAP2B in the
development of craniofacial structures, limb formation, kidney and skin development was reported in
mice [40].

Based on the indicated genomic regions of BW and WW, some functional candidate genes were
proposed such as growth differentiation factors 2 and 10 genes (GDF2, GDF10) on chromosome 25.

GDF2 and GDF10 are members of the transforming growth factor-beta (TGF- B) super family and the
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bone morphogenetic protein family (BMP), also known as bone morphogenetic protein 9 and 3B
(BMP9, BMP3B) [41]. Previous studies reported a significant correlation between GDF2 and GDF10
genes and weaning weight in New Zealand dual-purpose sheep [42]. GDF10 regulates cell growth and
differentiation in embryonic and adult tissues. Genetic polymorphism in the bovine GDF10 gene
showed a significant effect on some body measurements in Chinese indigenous cattle [43]. Results of
the marker-trait association analysis confirmed the significant effect of the majority of selected SNPs
on both BW and WW and reflected the contribution of these SNPs to the phenotypic differences
between high and low groups of these traits. However, the robustness of association analysis is a
matter of sample size [44], whereas the Fsr-approach is expected to be less affected by the sample size

[45].

5. Conclusions

The genome-wide SNPs analysis revealed a number of genomic regions containing putative QTL for
growth traits including birth weight and weaning weight. The QTL regions cover a number of
promising functional candidate genes like CPXM2, EYA2, GDF2, GDF10, LRIG3, MEF2B, SLC16A7,
TBX15, TFAP2B and TNNC2, which deserve further investigation, due to their relation to biological
processes, including metabolism, body growth, organ morphogenesis, skeletal muscle development,
and cell proliferation and differentiation. Moreover, the marker-trait association analysis revealed a
significant relationship of the considered SNPs to the studied traits. Our findings provide valuable
information for a better understanding of the genetics of early growth-related traits and might

contribute to the improvement of these traits in the Barki sheep breed.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1. Table S1:
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Simple Summary

The Barki sheep is one of the three main breeds in Egypt, which is spread mainly throughout the
northwestern coastal zone, which has harsh conditions. Considering the harsh, semi-arid habitat of
this breed, milk performance traits such as milk yield and milk composition have a very important role
in the feeding of newborn lambs and affect their growth during the early stage of life. In this study,
rare milk performance data and genomic information of Barki sheep were used to uncover diversified
genomic regions that could explain the variability of milk yield and milk quality traits in the studied
population of Barki ewes. Genome-wide analysis identified genomic regions harboring interesting
candidate genes such as SLC5A8, NUB1, TBC1D1, KLF3 and ABHD5 for milk yield and PPARA and FBLN1
genes for milk quality traits. The findings offer valuable information for obtaining a better
understanding of the genetics of milk performance traits and contribute to the genetic improvement

of these traits in Barki sheep.
Abstract

Sheep milk yield and milk composition traits play an important role in supplying newborn lambs with
essential components such as amino acids, energy, vitamins and immune antibodies and are also of
interest in terms of the nutritional value of the milk for human consumption. The aim of this study was
to identify genomic regions and candidate genes for milk yield and milk composition traits through
genome-wide SNP analyses between high and low performing ewes of the Egyptian Barki sheep breed,

which is well adapted to the harsh conditions of North-East Africa.
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Therefore, out of a herd of 111 ewes of the Egyptian Barki sheep breed (IBD = 0.08), ewes representing
extremes in milk yield and milk quality traits (n = 25 for each group of animals) were genotyped using
the lllumina OvineSNP50 V2 BeadChip. The fixation index (Fst) for each SNP was calculated between
the diversified groups. Fsr values were Z-transformed and used to identify putative SNPs for further
analysis (Z(Fst) > 10). Genome-wide SNP analysis revealed genomic regions covering promising
candidate genes related to milk performance traits such as SLC5A8, NUB1, TBC1D1, KLF3 and ABHD5
for milk yield and PPARA and FBLN1 genes for milk quality trait. The results of this study may contribute
to the genetic improvement of milk performance traits in Barki sheep breed and to the general

understanding of the genetic contribution to variability in milk yield and quality traits
Keywords: Barki sheep; milk performance; genome wide SNPs; genomic regions; candidate genes.
1. Introduction

Sheep have been raised for milk production for thousands of years, before most other mammalian
species [1]. In many countries around the world, especially in the Mediterranean region, sheep milk
and its products are widely consumed by humans and are considered an important food resource.
Sheep contribute about 5% of the total annual milk production in Egypt, whereas cows and buffaloes
are the major suppliers of milk. This is a reflection of the management system of sheep milk
production, which is characterized by subsistence and smallholder farming systems [2]. Sheep milk is
highly similar to human milk in fatty acids composition, which makes it a suitable raw material for
infant formula production [3]. Moreover, milk is the most important feed resource for newborn lambs
during the early stage of their lifetime, from birth to weaning age (90 days), providing energy and
proteins for growth and antibodies against infections and diseases [4]. Milk components such as fat,
protein and lactose are important indicators of milk quality, which affects the growth and healthy
feeding of the newborn lambs. Sheep milk production and composition are influenced by genetic and
environmental factors. Estimates of heritability for milk yield, fat content and protein content in some
sheep breeds such as Churra ewes were 0.32, 0.29 and 0.41, respectively [5,6]. The Barki sheep is one
of the three most important breeds in Egypt, as it has adapted well to the harsh environmental
conditions of Egypt’s northwestern coastal zone, where it is raised for meat, as its main product, and
milk, as its by-product. The total population of Barki sheep is about 470,000 heads, which are owned
by small holders [7]. The current Barki sheep breeding is characterized by a phenotypic selection
approach considering mainly the number of offspring and the growth performance of lambs. In
addition, the general health status is included, which enables ewes and lambs to cope with the harsh
environmental conditions. Neither a structured breeding program nor a genetic selection program is
applied. The amount of milk produced by Barki sheep in particular is low compared to the other native

Egyptian breeds or worldwide breeds, possibly due to the absence of any attempts to perform
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phenotypic or genomic selection of milk performance traits in this breed. This low production affects
lambs’ growth and viability and increases the percentage of the lambs lost due to inanition. It is also
noticeable that the production of milk and its composition varies greatly between individuals in the
Barki sheep breed, which is attributed to both genetic and environmental factors [8]. Therefore, it is
feasible to study the differences between high and low productive individuals. The development of
high-density SNP arrays and bioinformatics tools enables researchers to detect genomic regions that
contribute to phenotypic variation in different livestock species, using different approaches based on
linkage disequilibrium, allele frequency or haplotype characteristics [9]. To gain further knowledge
about the genetic architecture, the fixation index (Fst) approach of Weir and Cockerham is a suitable
method, also for small data sets, to uncover genomic differences between experimental populations
or groups and detect genomic regions with divergent allelic frequencies indicating putative candidate
genes [10,11]. In this context, several studies were performed using genome-wide SNP data and
revealed some candidate genes for milk traits in dairy cattle [12—14], sheep [15, 16] and goats [17, 18].
Previously, Fsr approach was conducted to detect some candidate genes for productive and
reproductive traits such as fertility in Egyptian native Rahmani sheep breed [19]. The aim of the current
study is to explore genomic differences of Barki ewes divergent in milk performance traits, thereby

identifying genomic regions and candidate genes related to milk yield and milk composition.
2. Materials and Methods
2.1. Animals and phenotypes

The experiment was conducted in accordance with all ethical and animal welfare standards of the
Desert Research Center, taking into account all regulations in compliance with the European Union
Directive for the Protection of Experimental Animals (2010/63/EU). A population of 111 Egyptian Barki
ewes aged between 4 and 5 years was kept in the farms of Desert Research Centre, Ministry of
Agriculture, Egypt under an intensive system and housed in semi-open yards for one breeding season.
All ewes in the study were sired by 10 rams. Throughout the experimental period, ewes were fed daily
on a feed concentrate (0.75 kg per head) and clover hay (0.5 kg per head). Fresh water was available
to sheep ad libitum. Ewes were in the same parity and lactation period. Milk yield was recorded from
parturition for a period of 3 months by hand milking in the morning and evening. Daily milk yield was
measured by summation of the morning and evening milking. Total milk yield was calculated by
summation of the daily milk yields for 90 days. Milk was sampled and stored at -20 C. Milk from mixed
samples of morning and afternoon milk were analyzed for percentages of fat, protein, lactose, and
total solids using milko-scan (130 A/SN Foss Electric, Hillerod, Denmark). For genetic analysis of milk
traits, both milk yield and milk composition served as selection criteria. For milk yield, in total 50 ewes

were selected from the two tails of the phenotypic distribution and divided into two subgroups (high
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milk yield—HMY represent top 25 animals and low milk yield—LMY represent bottom 25 animals),
each representing the extreme phenotypes for the milk yield trait. For milk composition, the measured
values for fat, protein, lactose and total solids were used for a principal component analysis to calculate
animal-individual eigenvalues. Therefore, the phenotypic correlation matrix was used to compute
principal components using R statistical software [20]. The first and second principal components
explained about 59.7% and 19.3% of the phenotypic variance of the traits. The first principal
component was considered for grouping of animals according to milk quality (Supplementary Figure
S1). Ewes having extreme negative loadings on PC1 were considered as high milk quality (HMQ)
animals (n = 25), whereas individuals with extreme positive loading on PC1 were assigned to the low
milk quality (LMQ) group (n = 25). Student’s t-test was used to compute the differences between the
group means using SPSS V20 (IBM, New York, NY, USA). Phenotypic Spearman correlation coefficients

among milk performance traits and PC1 were calculated for all animals (n = 111).
2.2. Genotyping and quality control

DNA was extracted from blood samples, collected from the jugular vein of all ewes, using the G-spin
Total DNA Extraction kit (iNtRON Biotechnology, Seoul, Korea) according to the manufacturer’s
instructions. Out of the entire population of 111 animals, 71 ewes were genotyped using the lllumina
OvineSNP50 V2 BeadChip (lllumina, San Diego, CA, USA). The genetic relatedness of all pairs of ewes
was assessed by calculating relative identity—by-descent (IBD) probabilities, which revealed an average
relatedness of 0.08. The raw signal intensities of the 53,516 SNPs on the chip were imaged using the
iScan Reader (lllumina). The signals were converted into genotype calls using the Genome Studio
software (version 2.0). The SNPs with genotype call rates <90%, minor allele frequencies (MAF) < 0.03
[21] and significant deviation from Hardy—Weinberg equilibrium at p < 10® were removed from
analysis using JIMP Genomics software (version 9). Base pair positions and names of SNP markers were
updated to the latest version of the ovine genome of Texel breed (Oar_v3.1 accessed on 6 July 2020).
SNPs not located on autosomes and lacking rs identifiers were excluded. After quality control, 49,184

SNPs were used for analyses.
2.3. Genome Wide Fsr calculation

SNPRelate R package was used to calculate the Fsr of Weir and Cockerham for each SNP between the
subgroups (LMY-HMY and LMQ-HMQ) [22]. The resultant distribution of Fsr values were Z-transformed
and the extreme tail of the distribution was used to identify putative SNPs for further analysis, using a
threshold Z(Fs7) > 10. In addition, all SNPs that passed the cutoff threshold at Z(Fsr) > 5 were listed in
Supplementary Tables S1 and S2 [23]. Manhattan plots of the genome-wide Z(Fst) values were
performed using ggman package in R software. Genomic regions with the highest Z(Fsr) values were

considered as region of interest. Genes within 1 megabase (Mb) regions up- and downstream of SNPs
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with highest Z(Fsr) values were scrutinized based on positional and functional evidences according to
the Ensembl database. Genes harboring a highlighted SNP were considered positional candidate genes.
Genes within the 2-Mb window were considered functional candidate genes, taking into account their
functional relationship to phenotypes using available gene annotations from the GeneCards
(http://www.genecards.org (accessed on: 3 February 2021) and Uniprot (http://www.uniprot.org

(accessed on: 3 February 2021) databases.
3. Results
3.1. Phenotypic data of milk performance traits

Descriptive statistics of milk yield and milk composition, comprising fat, protein, lactose and total solids
percentages and principal component 1 (PC1) for milk quality (MQ), are shown for the Barki subgroups
in Table 1. A high MQ is indicated by negative loadings on PC1, whereas a low MQ is represented by

positive values.

Table 1. Descriptive statistics of milk performance traits.

Trait Group N Mean SE Min Max p value
Milk yield MY(kg) HMY 25 41.97 2.02 31.50 72.00 p <0.001
LMY 25 17.20 0.71 9.90 23.40
Milk quality (MQ; HMQ 25 -1.11 0.08 -0.63 -2.21 p <0.001
PC1)
LMQ 25 2.05 0.29 4.91 0.14
Milk fat HMQ 25 6.28 0.26 4.78 9.60 p <0.001
(%)
LMQ 25 2.61 0.13 1.45 3.60
Milk protein HMQ 25 6.85 0.25 5.20 9.20 p <0.001
(%)
LMQ 25 4.09 0.10 2.85 4.60
Milk lactose (%) HMQ 25 7.99 0.14 7.30 9.90 p <0.001
LMQ 25 5.14 0.22 1.01 6.10
Total solids (%) HMQ 25 25.49 0.87 20.00 33.10 p <0.001
LMQ 25 1483 0.18 12.68 16.24

* HMY = High milk yield, LMY = Low milk yield, HMQ = High milk quality, LMQ = Low milk quality. ** p value computed using

t-test, SE = Standard error, PC1 = Principal component 1.

Significant correlation coefficients were determined between the milk composition traits (Table 2). The
highest correlation coefficient was obtained for TS and P (0.83), followed by the coefficients of F and

TS (0.47), and TS and L (0.43). There was no considerable correlation between milk yield and milk
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composition traits. The correlation coefficients obtained for PC1 showed that all milk composition
traits are correlated to varying degrees by PC1, with protein and total solids having the highest

correlation coefficients.

Table 2. Phenotypic Spearman correlation among milk performance traits.

Trait My F P L TS PC1
MY 1

Fat -0.12 1

Protein -0.05 0.38** 1

Lactose 0.05 0.26** 0.29%* 1

Total solids 0.06 0.47%* 0.83** 0.43%* 1

PC1 -0.06 0.69** 0.90** 0.61** 0.94** 1

**highly significant correlation (p < 0.01) using t-test for the significance. PC1 = Principal component 1.

3.2. Detection of genomic regions and candidate genes

The animals were divided into two subgroups representing extreme phenotypes for milk yield (HMY
and LMY) and milk composition (HMQ and LMQ). Z(Fst) values were calculated to investigate the
genomic differences between the groups using a genome-wide SNP panel. For milk yield, a number of
genomic regions and SNPs were indicated to differentiate between the groups (Z(Fsr) > 10, Figure 1).
These regions and SNPs were distributed on the chromosomes 1, 3,4, 6, 12, 18 and 19 (Table 3). Within
these genomic regions, OR6C75, ANO4, MCTP2 and SNRK were identified as positional candidate
genes. Moreover, SLC5A8, NUB1, TBC1D1, KLF3 and ABHD5 were proposed as functional candidate
genes, which are known to affect lactation, mammary gland development and secretion and fatty acids

synthesis and lipids’ metabolism.
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Figure 1. Manhattan plot of Z(Fsr) values at each SNP for milk yield. The red dots represent the SNPs

that passed the cut-off threshold at Z(Fsr) = 10and are labelled with candidate genes within a 2 Mb

window.

Table 3. Genomic positions and putative candidate genes derived from SNPs differentiating between

ewes divergent in milk yield and milk quality (Z(Fst) > 10).

Trait Rs name Chr Position MAF  Fsr Z(Fst) Candidate genes*
rs412092721 1 158753375  0.477 0.263 10.68  ENSOARG00000017360
rs428217479 3 164177406  0.429 0.278 11.32  OR6C76, OR6C1, OR6C75
rs430736025 3 169823214  0.374 0.270 10.99  GAS2L3, SLC5A8, ANO4
rs420351948 4 109338529  0.332 0.319 13.07  ENSOARG00000001351

_ rs399050266 4 113362135  0.350 0.254 10.30  NUBI, RHEB

z:/ile”:; rs418394216 6 57451934 0.201 0.255 10.34  TBC1D1, KLF3

rs427343726 12 15424350 0.228 0.287 11.70  ENSOARG00000025431,
ENSOARG00000025432

rs412626910 12 79966574 0.421 0.247 10.04  CRB1, DENND1B

rs430297634 18 11841541 0.433 0.259 10.53  MCTP2

rs423654488 19 15202234 0.352 0.281 11.48  GASK1A, ANO10, SNRK, ABHD5

Milk rs408700818 3 220103217  0.370 0.300 10.14  ATXN10, FBLN1, PPARA

quality  rs414244120 3 220048441 0.485 0.299 10.09  FBLN1, ATXN10, PPARA

* Gene names in bold = functional candidate genes; underlined = positional candidate genes; only italic = closest up- and

downstream located genes within 1 Mb window; Chr = Chromosome, MAF = Minor allele frequency.

Figure 2 shows the Manhattan plot representation of SNP-specific Z(Fst) values for milk quality. A

genomic region and corresponding SNPs located on chromosomes 3 are highlighted to be linked to this

trait in the Barki sheep population (Table 3). Positional and functional candidate genes derived by the

selected SNPs are indicated in Table 3. Within the genomic region on chromosome 3, ATXN10 gene

was identified as a positional candidate gene. Moreover, FBLN1 and PPARA genes were designated as

functional candidate genes in the identified genomic region.

55



Experimental studies

FBLN1; ATXN10; PPARA
-

® e . . . Ld
.

R B T
oy o * ) -’ ‘..c N T ¥ . ='- e
Rii Ei o TR R
”% # ‘.*a a
) j | i.ﬂ | | i
00 i . . e

' ' \ ' ' ' ! R R R N
2 3 4 5 [ 7 8 9 10 11 12 13 14 15 16 17 18 19 202122 23 242526
Chromosome

Figure 2. Manhattan plot of Z(Fsr) values at each SNP comparing LMQ and HMQ Barki ewes. The red
dots represent the SNPs that passed the cut-off threshold at Z(Fst) = 10 and are labelled with candidate

genes within a 2 Mb window..
4. Discussion

The averages of milk yield and milk composition traits (fat, protein, lactose and total solids
percentages) in this study were similar to the previously recorded values of Barki ewes with 44.7 kg,
4.17%, 3.34%, 5.01% and 15.88%, respectively [24]. The results of the correlation analysis between the
recorded milk traits confirmed the positive correlation among milk composition traits [25]. In contrast
to other studies in sheep and cattle, there was no considerable negative correlation between milk yield
and milk composition traits, possibly due to the overall low milk production of Barki sheep and the
limited breeding efforts on these traits. Furthermore, a positive correlation was revealed between PC1
and milk composition traits as shown in Table 2. For comparison, the average milk yield of the Rahmani
breed (70.75 kg), which is another important indigenous Egyptian sheep breed, was reported to be
significantly higher [26]. The correlation results among milk yield and milk components were in
agreement with those of ewes from the ancient Iberian Churra breed, which also have low average
milk performance [6]. The ewes in this study were considered not substantially related according to
genetic relatedness (IBD = 0.08) and were suitable for the application of the Fsr approach [27]. For milk
yield, a total of seven genomic regions were identified to differentiate comparing HMY and LMY
animals as shown in Table 3. Scrutiny of the genes in the identified genomic regions revealed functional
candidates on chromosomes 3, 4, 6, 18 and 19. Several QTL for milk yield on these chromosomes in
different genomic regions in the Sheep Genome were reported previously in various sheep breeds [8,
28-33]. The same genomic region on chromosome 18 was detected to be associated with milk yield in
East Friesian and Dorset sheep breeds [32]. In the genomic region on chromosome 3 at 169.8 Mb,
Solute Carrier Family 5 (Sodium/Monocarboxylate Cotransporter) Member 8 (SLC5A8) was previously
reported to be associated with milk yield in Italian Holstein dairy cows [34]. The genomic region on

chromosome 4 harbors the Negative Regulator of Ubiquitin-Like Proteins 1 (NUB1) gene as one of the
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proposed genes affecting milk yield and contributing to the proteasomal degradation pathway. NUB1
was previously proposed as a strong candidate gene explaining the variation in milk yield in Gir X
Holstein (Girolando) crossbreed animals [35]. The QTL on chromosome 6 at 57 Mb includes TBC1
Domain Family Member 1 (TBC1D1) and Kruppel-Like Factor 3 (KLF3). Selection signatures study in
dairy and beef cattle revealed TBC1D1 as candidate for milk production [36]. In Holstein cows, a scan
for polymorphisms in TBCID1 yielded two SNPs associated with milk protein yield [37] and another SNP
associated with fat and protein percentages [38]. The importance of KLF3 was suggested in Chinese
Holstein cows based on its physiological and biochemical functions in many processes such as cell
proliferation, differentiation, homeostasis and apoptosis [39, 40]. Moreover, a SNP in KLF3 was
significantly associated with milk yield and protein yield also in Chinese Holstein [41]. The Abhydrolase
Domain Containing 5 (ABHD5) gene, which resides on chromosome 19 at 15.5 Mb, represents a
prospective functional candidate, based on its important role in lipid metabolism, the energy balance
signaling pathway and triglyceride metabolism in dairy cows and Qinchuan cattle [42, 43]. For milk
quality, a genomic region on chromosome 3 was shown to be differentiated between HMQ and LMQ
ewes, confirming previously reported QTL for milk fat percentage [30,33], protein percentage [44, 45]
and lactose percentage [46]. Within this genomic region on chromosome 3, PPARA and FBLN1 genes
were proposed as candidates. The Peroxisome Proliferator Activated Receptor Alpha (PPARA) gene
located at 220.6 Mb is a member of the PPARs family, which has a critical role in the regulation of milk
fat synthesis in lactating ruminants [47]. PPARA is one of the genes involved in lipid metabolism in
mammary gland in dairy cows [48]. In Charolais X German Holstein cross-breed dairy cows, PPARA was
associated with milk yield and protein synthesis [49]. In line with the results of the Barki study, Fibulin
1 (FBLN1) located on chromosome 3 at 220 Mb was reported to be associated with milk protein yield
and protein percentage in dairy cattle [25]. In addition, FBLN1 was reported to play a critical role in the
development and cell differentiation of the mammary gland [50]. However, due to the limited sample
size available for Barki sheep in the current study, the results deserve further investigation involving a
larger number of animals and other indigenous sheep breeds.

5. Conclusions

The results of the genome-wide analysis uncovered some genomic regions contributing to variability
in milk performance traits such as milk yield and milk quality in Bakri sheep. These regions harbor some
interesting functional candidate genes such as SLC5A8, NUB1, TBC1D1, KLF3 and ABHD5 for milk yield,
and PPARA and FBLN1 for milk quality traits. These genes deserve further investigation to analyze the
association between genetic variations of these genes and their respective milk phenotypes. Given the
current absence of structured genetic improvement programs in Barki sheep, the current analysis

provides insights into genomic regions that are critical for milk quantity and quality in ruminants. Our
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findings offer valuable information for the future improvement of milk performance traits and the
associated assurance of offspring supply in the Barki sheep breed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ani11061671/s1. Table S1: Genomic positions derived from SNPs differentiating between ewes
divergent in milk yield (Z(Fsr) > 5), Table S2: Genomic positions derived from SNPs differentiating
between ewes divergent in milk quality (Z(Fst) > 5), Figure S1: Eigenvalues from the principle
component analysis for milk quality traits. Animals have been assigned to low (red) and high (blue)
milk quality.
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3. General discussion

In this chapter, the possibility of improving the growth traits such as birth weight, weaning weight and
average daily gain and milk performance traits like milk yield and milk composition in the Egyptian
Barki sheep breed using two different approaches is discussed. The findings of the first study provide
insights into the genetics of milk and growth traits in the Barki sheep based on eight candidate genes,
recently associated with production traits in different breeds. The second and third study identified
genomic regions harboring interesting candidate genes for growth and milk performance traits in a
Barki sheep population. These findings provide valuable information for a better understanding of the
genetics of these traits and contribute to the genetic improvement in Barki sheep. Finally, the
implementation of these results in current Barki sheep breeding schemes by marker-assisted selection
or genomic selection provides alternatives to improve these traits. Therefore, advantages,
disadvantages and requirements to implement genomic information in Barki sheep breeding will be

addressed and discussed.

3.1. Phenotypic data of growth and milk traits in Barki sheep

Barki sheep as one of the three main sheep breeds in Egypt play a critical role in supplying people with
meat and milk especially in the arid and semi-arid regions of Egypt (Sallam et al. 2012). Growth traits
such as birth weight, weaning weight and average daily gain are very important in sheep breeding
industry. Milk performance traits such as milk yield and milk quality play a main role in the feeding of
the new born lambs especially during the first stage of their life. Genetic improvement of growth traits
and milk performance traits is one of the main breeding goals of researchers in Egypt now using
different molecular genetic techniques. Growth and milk performance traits like other quantitative
traits, are affected by genetic background of the animal and non-genetic or environmental factors.
Growth traits considers indicators of the lamb adaptation to the existing environmental factors and
extensively used in the selection programs in different sheep breeds (Singh et al. 2006; Lalit. et al.
2016). Body weights and growth rate during the pre-weaning stage are early indicators of the post
weaning growth rates (Hanford et al. 2002; Zhang et al. 2008). Birth weight and early growth rate of
the animal are determined by the genetic potential of the animal and environmental factors (Mandal
et al. 2006; | et al. 2017). Birth weight is the earliest indicator with considerable impact on growth
performance traits (Ptacek et al. 2017). It ranges between 2.3 to 4.0 kg in the Egyptian sheep breeds
(Elshazly & Youngs 2019). Heritability estimation of birth weight is influenced by maternal genetic and
environmental effects (Zamani & Mohammadi 2008). High weight at birth in Barki sheep is not
favorable to avoid any problems for the dam or the newborn lamb during the birth process such as

dystocia; more importance is to achieve higher weaning weights (Sallam et al. 2019). Weaning weight
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is considered one of the most important growth traits as indicator for the pre-weaning growth of the
lambs. Weaning weight is affected by birth weight and the growth rate after birth, also weaning weight
is highly correlated with pre-weaning growth rate. Likewise, gain in body weight is a highly heritable
trait and is one of the main indices of selection especially for meat type breeds. It also influences most
of the productive traits of sheep. Body weight gain can be easily monitored at different life stages and
determines incomes from sheep meat production (Wei 2014). The growth rate or average daily gain is
an economic trait of interest and may be used as a criteria for the selection programs of growth traits
(Lalit. et al. 2016). Birth weight, weaning weight and average daily gain from birth to weaning are
correlated traits. Correlation between birth weight and weaning weight was 0.48 in Kermani sheep
(Bahreini Behzadi et al. 2007). Sheep milk production play a very critical role in supplying new born
lambs with considerable sufficient amounts of milk to decrease mortality rates due to starvation.
Estimates of heritability for milk yield, fat content and protein content in sheep are 0.38, 0.48 and 0.51,

respectively (Milan et al. 2005).

In general, productive traits in Barki sheep breed are relatively low compared to other different breeds
around the world which characterized by high growth and milk performance rates. This may be due to
genetic factors as a result of long-term genetic improvement and environmental factors such as feed
quality, housing systems and veterinary care. So, improvement of genetic and environmental factors
will lead to achieve higher growth rates, higher slaughtering weights, and higher meat yield in lambs.

Also lower lambs mortality rates due to ewes’ high milk production.

According to the presented results in the first study, phenotypic data of growth traits comprising birth
weight, weaning weight and average daily gain were recorded in Barki lambs population and reported
to be similar with records of some native Egyptian breeds (Marai et al. 2009; Abd-Allah et al. 2011). In
a comparison with some worldwide breeds, averages were reported to be heavier than those of Barki

lambs (Thomson 2004).

Also, averages of milk performance traits in Barki ewes such as milk yield and milk composition showed
lower value than other native or worldwide breeds (Othmane et al. 2002; Abd-Allah et al. 2013). These
variations of growth and milk performance traits with other breeds may be due to the effect of the
genotype between breeds or other environmental factors. A representative SNP of each of the selected
functional candidate genes in the first study was selected for genotyping in both lambs and ewes
samples. Genotyping results indicated that all selected SNPs were in Hardy—Weinberg equilibrium
status in both lambs and ewes. Results of the genetic parameters confirmed the absence of selection
processes and applying of inbreeding system leading to stability of allelic and genotypic frequency,
high genetic variation between populations or breeds and lower genetic variation between individuals

in the same population or breed. Inbreeding usually causes some changes in the population such as
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increasing in inbreeding, reduction of genetic diversity, loss of heterozygosity and stability of allelic

frequency (Shikano et al. 2001; Curik et al. 2014).

Summary at a glance: Phenotypic data of growth and milk traits in Barki sheep

v' Growth traits averages were similar with those of native breeds and lower than those of

worldwide sheep breeds.

v" Milk performance traits averages are lower than those of other native or worldwide sheep

breeds.

3.2. The candidate gene approach for growth and milk performance traits

During the past few decades, intrinsic advances have been achieved through the application of
molecular genetics in the identification of loci or genes that affect the economic productive traits in
livestock species (Andersson 2001). These advances enabled researches and breeders to implement
marker-assisted selection using these genes to promote genetic improvement programs (Dekkers
2004). The candidate gene approach has been used to study the association between phenotypic data
of the traits and genotypes of the candidate gene that may affect the physiological pathways of these
traits (Andersson 2001; Bush & Moore 2012). Detection of genetic polymorphisms and the candidate
genes associated with these traits provides valuable information for marker-assisted selection
(Goddard & Hayes 2009). There are many genetic markers available which can be used commercially
in breeding programs of different livestock species. In dairy cattle, the most common genetic markers
are k-casein, B-lacto globulin (Medrano & Aguilar-Cordova 1990; Rincon & Medrano 2003), FMO3
(Lundén et al. 2002), DGAT (Grisart et al. 2002), and GHR (Blott et al. 2003) for milk quality, milk yield
and composition. In beef cattle, some genetic markers were detected for commercial using such as
Myostatin for growth and body composition (Grobet et al. 1998), MCIR and MGF for the appearance
(Klungland et al. 1995; Seitz et al. 1999). In sheep breeding, the most important and common markers
are Callipyge for growth and body composition (Freking et al. 2002), Booroola, Hanna and Inverdale
markers for reproduction traits (Galloway et al. 2000; McNatty et al. 2001; Wilson et al. 2001). In pigs,
MC4R and IGF-2 used as genetic markers for growth, body composition and feed intake (Kim et al.
2000). Also, RYR and RN/PRKAG3 markers used for meat quality traits (Fujii et al. 1991; Milan et al.
2000). Previously, many researchers used candidate gene technique to study the association between
some candidate genes and milk performance traits in various sheep breeds (Moioli et al. 2007; Orford

et al. 2010; Staiger et al. 2010).

Currently in Egypt, candidate gene approach is used extensively to study the effect of genetic

polymorphism of candidate genes on most of the productive traits in Egyptian sheep breeds (tablel).
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Using of these candidate genes information to implement marker-assisted selection especially in Barki
sheep will contribute to improve the productive performance and decreases mortality rates. Applying
of marker-assisted selection in Barki sheep breeding programs is relatively easy but there are some
consequences such as additional costs and the small holder breeding system. Also the necessity to

validate the results in larger scale using higher number of animals and different sheep breeds.

Table 1. Candidate genes for different productive traits in some Egyptian sheep breeds.

Breed Trait Candidate genes Reference

Growth performance and | BMP4 (Ibrahim 2019)

body conformation traits

Productive life IGFIR (Ibrahim & Alsheik 2016)
Growth and carcass traits CAPN3 (Shehata et al. 2014)
Barki Lifespan traits FOX03 (Ibrahim & Alsheikh 2014)
Milk performance traits TLR4 (Sallam 2020)
Reproductive traits BMP2 - GDF9 (Ibrahim 2021)
Wool traits KAP6-1 (Sallam et al. 2020)
Rahmani and Ossimi | Growth traits GH - CAPN4 (Othman et al. 2015; Mahrous

et al. 2016a)

Meat related traits CAST - MSTN - DGAT1 - | (Mahrous et al. 2015)
IGFBP3 - FecB

Fecundity traits GDF9 — BMP15 (Barakat et al. 2017)

These results confirmed that candidate gene technique is an effective approach to study the
association between phenotypes of the traits and genotypes of the candidate gene that may

functionally share in the physiological pathways of these traits (Andersson 2001).

Some candidate genes comprising LEP, IGF-1, DGAT1, STAT5A, PRL, CSN1S2, GHR and GHRHR have
been previously reported to be associated with growth and milk performance traits in different sheep
breeds worldwide, and were selected for studying the association between the genetic polymorphisms
of these genes and the phenotypes of the Barki sheep analyzed here. The results of association of SNPs
of some selected candidate genes with lambs growth traits showed that genetic polymorphism in
Leptin gene was significantly associated with weaning weight and average daily gain. Leptin also plays
a major role in control of body growth, adoptability, and immune function (Zieba et al. 2003) and is
involved in the regulation of feed intake and energy balance (Javanmard et al. 2008). Leptin can be

considered as one of the best biological markers reflecting body fatness in animals (Nassiry et al. 2007).
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Many studies reported the effect of LEP gene on growth traits. Some studies on association between
Leptin gene polymorphism and productive traits have been reported in cattle (Buchanan et al. 2002;
Lagonigro et al. 2003; Schenkel et al. 2005), sheep and poultry (Boucher et al. 2006; Shojaei et al. 2010;

Sadeghi et al. 2014; Hajihosseinlo et al. 2015) with promising results.

The results of association analysis showed a significant effect of some of the selected SNPs of candidate
genes on some milk traits. Interestingly, genetic polymorphism of LEP gene associated significantly
with milk yield and milk fat percentage. LEP gene was reported to be a candidate gene for milk traits
in different species. It has also been shown that Leptin gene influence milk performance in dairy cattle
(Almeida et al. 2003; Buchanan et al. 2003), Buffalos (Jamuna et al. 2016) and sheep (Mahmoud et al.
2014). Moreover, PRL, STAT5A and GHRHR genes might be proposed as marker genes due to its
significant effect on some milk performance traits. Prolactin (PRL) was reported as a candidate marker
for milk production in dairy sheep (Knight 2001; Orford et al. 2010). Polymorphisms in prolactin gene
were reported to be associated with milk traits in some sheep breeds (Ramos et al. 2009; Staiger et al.
2010). STAT5 known as mammary gland factor as a mediator of prolactin signalling and can activate
transcription of milk protein genes in response to prolactin (Wakao et al. 1994; Dario et al. 2009).
STAT5A gene has been investigated in some dairy cattle breeds as a candidate gene affecting milk
production and composition (Brym et al. 2004; Khatib et al. 2008). GHRHR plays a critical role in the

regulation of growth hormone synthesis and secretion (Mayo 1992; Giustina & Veldhuis 1998).
Summary at a glance: Candidate genes for growth and milk performance traits of Barki
sheep

v LEP polymorphism (Val181Leu) were significantly associated with lambs weaning weight and

average daily gain.

v Selected polymorphisms in LEP, STAT5A, PRL, and GHRHR were significantly associated with
milk yield and milk fat percentage, milk lactose percentage, milk yield, and total solids

percentage, respectively.

v' IGF1, DGAT1, CSN1S2, and GHR genes showed no significant associations with the studied

traits.

v' LEP, STAT5A, PRL, and GHRHR genes might be considered as interesting candidates for further

investigations to improve growth and milk performance in the Barki sheep.
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3.3. Genome-wide SNP analysis revealed genomic regions and candidate genes for growth
and milk performance traits

Growth traits and milk performance traits are similar to many quantitative traits that are assumed to
be influenced by both genetics and environmental factors (Sallam 2019b). These factors lead to
phenotypic differences in these traits among the individuals. Studying these differences using new
technologies such as genome wide scan, developed high density SNP arrays, bioinformatics and
statistical models enables researchers to detect genomic regions covering candidate genes, which are
significantly associated with the studied traits and responsible for phenotypic differences of the traits
in different livestock species (Cesarani et al. 2018; Gao et al. 2019; Saravanan et al. 2020). There are
many approaches to detect genomic differences between populations and groups of individuals
depending on linkage disequilibrium (LD), allele frequency spectrum, reduced local variability, and
haplotype characteristics (Qanbari & Simianer 2014). The fixation index (Fsr) of Weir and Cockerham
(1984) is one of the most popular methods which is suitable for small data sets and can be used to
uncover genomic differences between experimental populations or groups and detect genomic

regions with divergent allelic frequencies (Weir & Cockerham 1984; Porto-Neto et al. 2013).

To complement the attempts to genetically improve the growth and milk performance traits of the
Egyptian Barki sheep, the second and third studies were conducted using genome wide SNPs data. Our
results of the second study using Fsr approach detected genomic regions covering some previously
proposed candidate genes associated with the growth traits such as ., EYA2, GDF2, GDF10, MEF2B,
SLC16A7, TBX15, TFAP2B and TNNC2. Moreover, novel candidate genes were proposed such as CPXM2
and LRIG3. These genes may cause the phenotypic differences between the two groups with high and
low growth trait performance. These genes were reported before to be associated with vital processes
such as development of body organs such as skeletal system and limps during the embryonic stage,
cell growth and differentiation, muscle tissues growth, body weights at different life stages and carcass
weight (Firulli et al. 1996; Papaioannou 2001; Adoligbe et al. 2012). More recently, the use of genome-
wide scan and selection signature data increases the potential to implement genomic selection using
genetic markers or SNPs that cover the entire genome (Goddard & Hayes 2007). The derived candidate
genes from genome-wide scans can be used in breeding programs for different productive traits in
livestock species. Genome wide scans have been carried out to detect the candidate genes for different
growth traits in most of sheep breeds. Three genes were reported as candidates for birth weight in
Lori-Bakhtiari sheep using GWAS, including RAB6B (a member of RAS oncogene family), Tf
serotransferrin and GIGYF2 (GRB10 interacting GYF protein 2) (Ghasemi et al. 2019). GWAS in
Australian Merino sheep verified NCAPG and LCORL genes for weaning weight (Al-Mamun et al. 2015).
AADACL3, VGF, NPC1 and SERPINA12 genes were detected as candidates for body weight traits in
Chinese Fine-Wool Sheep (Lu et al. 2020). Also, (Almasi et al. 2021) indicated that both ATP8A2 and
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PLXDC2 genes could be considered as candidates for post weaning body weight traits in Lori-Bakhtiari
sheep. In beef cattle, genome-wide scan results lead to a detection of myostatin gene (MSTN) as a
candidate which can be used in breeding programs for growth performance. The mutations on MSTN
that underlie the phenotypic variation of muscle hypertrophy were identified in different cattle breeds

(Andersson & Georges 2004).

In our third study, genome wide SNP analysis was performed to identify genomic regions and
candidate genes, which are differentiated between the groups with high and low milk performance
traits. Our results revealed genomic regions harboring some interesting candidate genes related to
milk performance traits such as SLC5A8, NUB1, TBC1D1, KLF3 and ABHD5 for milk yield and PPARA and
FBLN1 genes for milk quality trait. These genes were identified to be associated with milk yield, milk
protein, milk fat, milk lactose lipid metabolism, the energy balance signaling pathway and triglyceride
metabolism and mammary gland development (Menzies et al. 2009; Contreras et al. 2017; Jiang et al.

2019; da Cruz et al. 2021).

Genome-wide SNP analysis have been widely applied in the breeding programs for milk traits of
different livestock species. In different dairy cattle breeds, some genes were detected as candidates
for milk performance traits such as DGAT1, PLBD1 and MGST1 in Holstein Cattle (Cruz et al. 2019; Liu
et al. 2020), CDH2 in dual-purpose Xinjiang Brown cattle (Zhou et al. 2019). DGAT1 is one of the most
important genes which used in breeding programs for milk performance in different livestock species.
The results of genome-wide scan detected DGAT1 as a candidate gene for milk performance traits such
as milk yield and milk components (Cruz et al. 2019; Liu et al. 2020). In Italian water buffalo, MFSD14A,
SLC35A3, PALMD, RGS22 and VPS13B genes were detected to be associated with milk yield and milk
composition (Liu et al. 2018). Furthermore, genome-wide scan studies have identified genes related
with milk traits in different sheep breeds including PALMD and RFP145 in Italian Altamurana sheep
(Moioli et al. 2013), LALBA in Spanish Churra sheep (Garcia-Gamez et al. 2012a), GH1 in Serrada Estrela
sheep (Vacca et al. 2013), SUCNR1 and PPARGCI1A genes in Lacune sheep (Yuan et al. 2019).

A second way to use the output data from genome wide SNPs analysis in the genetic improvement of
many quantitative traits through the genomic selection without knowledge of specific candidates but
with using all marker information. Currently, genome wide analysis is an effective tool in selection
programs due to the large number of detected SNPs by genome sequencing (Goddard & Hayes 2007).
Genome-wide scans were used for identification of major QTLs for economic traits in various species
of farm animals throughout screening the whole genome for target genes that correlate with
phenotypic traits, using single nucleotide polymorphisms (SNPs) as genetic markers (Al-Mamun et al.
2015). Genomic selection is very promising tool in terms of genetic improvement but its application in

breeding programs for different livestock species is relatively difficult especially for native breeds due
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to its high cost and needs high number of phenotyped and genotyped individuals to increase the
statistical power of the analysis. In Barki sheep which characterized by small holder breeding system,
it is difficult to implement the genomic selection. Using genome information to identify candidate
genes to use in Barki sheep breeding is quite promising but needs validation using an independent

population with higher number.

In Egypt, only two studies on Egyptian sheep breeds using genome-wide scan data have been
performed. First study identified some genomic regions in Barki sheep and goats to be under selection
for adaptation traits. Within these regions, several candidate genes were detected to affect adaptation
traits to hot arid environments such as FGF2, GNAI3, PLCB1, BMP2, BMP4, GJA3, GJB2, MYH, TRHDE
and ALDH1A3 genes for thermo-tolerance, body size and development, energy and digestive
metabolism (Kim et al. 2016). Second study in Egyptian native Rahmani sheep detected some
promising candidate genes comprising ROR1, HTR6, BIRC6 and NCAM1, which may improve ewes
reproductive performance (El-Halawany et al. 2016). These studies confirmed the possibility of using
genome wide scan analysis to detect the genomic regions and candidate genes for the productive traits

and for more understanding the genetics of these traits in the Egyptian sheep breeds.

Summary at a glance: Genome-wide SNPs for growth and milk performance traits

v" Genome-wide SNPs analysis revealed some genomic regions for growth and milk performance

traits.

v" Selected genomic regions harbors promising candidate genes for growth traits comprising

EYA2, GDF2, GDF10, MEF2B, SLC16A7, TBX15, TFAP2B, TNNC2, LRIG3 and CPXM2.

v' Genome-wide SNP analysis revealed genomic regions covering interesting candidate genes
related to milk performance traits such as SLC5A8, NUB1, TBC1D1, KLF3 and ABHD5 for milk
yield and PPARA and FBLN1 genes for milk quality trait.

v' Genome-wide SNPs results needs a validation in an independent population with larger number

of animals and other indigenous sheep breeds.
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Conclusions

In this thesis, analyses were conducted to study the potentiality of improving growth traits such as
birth weight, weaning weight and average daily gain in Barki sheep lambs and milk performance traits
such as milk yield and milk composition in Barki sheep ewes. The first study focused on studying the
association between genetic polymorphisms of some candidate genes and the phenotypic data of
growth and milk performance traits. The analysis results revealed a significant association between
polymorphism of LEP gene and weaning weight and average daily gain in Barki lambs. Results also
concluded a significant association between polymorphisms in LEP gene with milk yield and milk fat
percentage, STAT5A gene with milk lactose percentage, PRL gene with milk yield, and GHRHR gene
with milk total solids percentage. Based on the results, the dissection of the genetic variation especially
at the LEP locus might deserve further attention. This could aid to develop a genotyping method to

validate the results in independent Barki sheep population and to be putatively used in MAS.

Second and third study focused on using of Genome-wide SNPs data sets to identify genomic regions
and candidate genes, which differentiated between low and high producing groups of growth and milk
performance traits using the fixation index approach (Fsr). Results of the second study revealed
genomic regions covering some promising functional candidate genes for growth traits such as EYAZ2,
GDF2, GDF10, MEF2B, SLC16A7, TBX15, TFAP2B, TNNC2, LRIG3 and CPXM2. Third study detected
genomic regions harboring some candidates like SLC5A8, NUB1, TBC1D1, KLF3 and ABHD5 for milk
yield and PPARA and FBLN1 genes for milk quality trait. The results underline the polygenic nature of
the traits, which would argue for a GS approach to improve the traits. However, the use of the data to
set a focus on specific candidate genes is more appropriate such as TBX15, EYA2, ABHD5 and FBLN1

genes for birth weight, weaning weight, milk yield and milk quality, respectively .

The results of this work showed that using the candidate gene approach and genome-wide SNP
analysis, some genes can be discovered as interesting candidates for improving growth and milk yield
in Barki sheep. It was shown that there are genomic regions containing promising candidate genes
related to these traits that deserve further investigation to better understand the genetic contribution
to the variability of growth and milk yield traits in Barki sheep. This would be an important step

towards improving quantitative traits in the Egyptian Barki sheep breed.
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Summary

Sheep is one of the main livestock species in the agricultural sector in Egypt. The main three sheep
breeds in Egypt are Ossimi, Rahmani and Barki. The latter one is considered very important especially
in the arid and semi-arid regions of Egypt. Barki sheep spreads along the north western coastal zone
of Egypt and it is well adapted to live under the harsh environmental conditions. Moreover, it is the
main source of income for people in these regions and a major supplier for meat and milk. Growth
traits are very important in sheep farming and it affects the breeders profit through achieving high
growth rates and weaning weights to increase the meat yield from lambs. Sheep milk production play
a very critical role in supplying new born lambs with considerable sufficient amounts of milk to
decrease mortality rates due to starvation. Although the application of molecular genetic techniques
are very effective in the genetic improvement of these traits, knowledge about the genetics of these
traits in Barki sheep is currently sparse. In this context three genetic studies were carried out using a

Barki sheep population comprising growth and milk performance traits

In this thesis, the first chapter provides a general introduction into the topic of genetic improvement
in sheep. Firstly it started with the distribution, social and economic value of sheep around the world,
followed by the sheep situation in Egypt and overview on growth and milk production in sheep. And
finally it introduced the using of different approaches for geneticimprovement in sheep and the future

of native breeds in Egypt.
The second Chapter presents three experimental studies as a part of this thesis:

The first study presents the analysis of some candidate genes for growth and milk performance traits
in the Egyptian Barki sheep. The aim of this study is to perform a SNP trait association analysis to
investigate the connection between genotypes and production phenotypes. In conclusion, this study
confirmed the using of some candidate genes such as LEP, PRL, STAT5A and GHRHR as promising

candidates to improve growth and milk performance in Barki sheep.

To further address the complex nature of early growth related traits, the second study focused on
using of genome-wide SNP analysis to detect genomic regions and candidate genes that related to
growth traits in Barki lambs. Moreover, this study revealed genomic regions harboring interesting
candidate genes, which differentiated between high and low groups of growth traits such as EYA2,

GDF2, GDF10, MEF2B, SLC16A7, TBX15, TFAP2B, TNNC2, LRIG3 and CPXM2.

The third study used the same approach of the second paper aiming to identify candidate genes for
milk performance traits. This study investigated genomic regions covering promising candidates like
SLC5A8, NUB1, TBC1D1, KLF3 and ABHD5 for milk yield and PPARA and FBLN1 genes for milk quality

trait in Barki ewes’ population.
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The third chapter presents the general discussion of the experimental studies and their
interconnections. This chapter also discussed the possibility of using candidate genes resulted from
the experimental studies in breeding programs to improve growth and milk performance traits in the

Egyptian Barki sheep breed.

In summary, this work provided insights into the genetics of growth and milk yield traits using the
candidate gene approach and genome-wide SNP analysis. Genetic variation was demonstrated for
traits of interest that can be used for breeding. Understanding the genetics of these traits will provide
valuable information that will help improve growth and milk yield traits in the Egyptian Barki sheep

breed.
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Zusammenfassung

Schafe sind eine der wichtigsten Nutztierarten in der Landwirtschaft in Agypten. Die drei wichtigsten
Schafsrassen in Agypten sind Ossimi, Rahmani und Barki. Die letztere wird vor allem in den ariden und
semiariden Regionen Agyptens als sehr wichtig angesehen. Das Barki-Schaf ist entlang der
nordwestlichen Kiistenzone Agyptens verbreitet und ist gut an die rauen Umweltbedingungen
angepasst. AulRerdem ist es die Haupteinnahmequelle fir die Menschen in diesen Regionen und ein
wichtiger Lieferant fiir Fleisch und Milch. Wachstumsmerkmale sind in der Schafzucht sehr wichtig und
beeinflussen den Gewinn des Ziichters durch das Erreichen hoher Wachstumsraten und
Absetzgewichte, um den Fleischertrag der Limmer zu erhdhen. Die Milchproduktion von Schafen spielt
eine sehr kritische Rolle bei der Versorgung von neugeborenen Lammern mit einer ausreichenden
Menge an Milch, um die Sterblichkeitsrate durch Verhungern zu verringern. Obwohl die Anwendung
molekulargenetischer Techniken sehr effektiv bei der genetischen Verbesserung dieser Merkmale ist,
ist das Wissen Uber die Genetik dieser Merkmale bei Barki-Schafen derzeit sparlich. In diesem
Zusammenhang wurden drei genetische Studien mit einer Barki-Schafpopulation durchgefiihrt, die

Wachstums- und Milchleistungsmerkmale umfassen

In dieser Arbeit wird im ersten Kapitel eine allgemeine Einflihrung in das Thema der genetischen
Verbesserung bei Schafen gegeben. Es beginnt mit der Verbreitung, dem sozialen und wirtschaftlichen
Wert von Schafen auf der ganzen Welt, gefolgt von der Situation der Schafe in Agypten und einem
Uberblick tber Wachstum und Milchproduktion bei Schafen. Und schlieBlich werden die
verschiedenen Ansdtze zur genetischen Verbesserung von Schafen und die Zukunft der seltenen

Rassen in Agypten vorgestellt.
Das zweite Kapitel stellt drei experimentelle Studien als Teil dieser Arbeit vor:

Die erste Studie prasentiert die Analyse einiger Kandidatengene fir Wachstums- und
Milchleistungsmerkmale beim agyptischen Barki-Schaf. Das Ziel dieser Studie ist es, eine SNP-
Merkmalsassoziationsanalyse durchzuflihren, um den Zusammenhang zwischen Genotypen und
Produktionsphdnotypen zu untersuchen. Zusammenfassend bestatigt diese Studie die Verwendung
einiger Kandidatengene wie LEP, PRL, STAT5A und GHRHR als vielversprechende Kandidaten zur

Verbesserung des Wachstums und der Milchleistung bei Barki-Schafen.

Um die komplexe Natur der mit dem frithen Wachstum verbundenen Merkmale weiter zu erforschen,
konzentrierte sich die zweite Studie auf die Verwendung einer genomweiten SNP-Analyse, um
genomische Regionen und Kandidatengene zu entdecken, die mit den Wachstumsmerkmalen bei
Barki-Ldmmern zusammenhangen. Dariber hinaus enthiillte diese Studie genomische Regionen, die

interessante Kandidatengene beherbergen, die zwischen hohen und niedrigen Gruppen von
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Wachstumsmerkmalen unterscheiden, wie EYA2, GDF2, GDF10, MEF2B, SLC16A7, TBX15, TFAP2B,
TNNC2, LRIG3 und CPXM2.

Die dritte Studie verwendete den gleichen Ansatz wie die zweite Arbeit, um Kandidatengene fiir
Milchleistungsmerkmale zu identifizieren. Diese Studie untersuchte genomische Regionen, die
vielversprechende Kandidaten wie SLC5A8, NUB1, TBC1D1, KLF3 und ABHD?5 fiir die Milchleistung und
PPARA und FBLN1 Gene fir das Merkmal Milchqualitat in der Population der Barki-Schafe abdecken.

Das dritte Kapitel prasentiert die allgemeine Diskussion der experimentellen Studien und deren
Zusammenhange. In diesem Kapitel wird auch die Moglichkeit diskutiert, die aus den experimentellen
Studien resultierenden Kandidatengene in Zuchtprogrammen zu verwenden, um die Wachstums- und

Milchleistungsmerkmale bei der dgyptischen Barki-Schafrasse zu verbessern.

Zusammenfassend ldsst sich sagen, dass diese Arbeit Einblicke in die Genetik von Wachstums- und
Milchleistungsmerkmalen unter Verwendung des Kandidatengen-Ansatzes und der genomweiten SNP-
Analyse lieferte. Es wurde genetische Variation fiir Merkmale von Interesse nachgewiesen, die fiir die
Zucht verwendet werden kdnnen. Das Verstandnis der Genetik dieser Merkmale wird wertvolle
Informationen liefern, die zur Verbesserung von Wachstums- und Milchleistungsmerkmalen bei der

agyptischen Barki-Schafrasse beitragen werden.
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