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Chapter 1. General Introduction 

 

Around 150 million of the world’s households rely on dairy farming (FAO 2014). Small-holder dairying 

(SHD) plays a significant role in the production of the majority of the milk consumed in most of the 

developing countries in South Asia and sub-Saharan Africa (Hemme and Otte 2010).  There, small-holder 

dairying is characterised by integration of crops and dairy production, with one to five dairy cattle in less 

than 5 ha of land (Bebe et al. 2003a). Milk production from SHD contributes to the improvement of 

household livelihoods, food security and nutrition, and provides a source of daily income to the farmers, 

which significantly reduces poverty.   

 

The contribution of developing countries to global dairy production has steadily increased over recent 

years. India is the world’s largest milk producer and the Unites States of America, China, Pakistan and Brazil 

are, in this order, the next largest milk producers (FAOSTAT 2012; Madalena et al. 2012). However, in many 

developing countries, productivity of SHD is constrained by the use of animals with low genetic potential, 

poor-quality feed, diseases, limited access to markets and services, and adverse climatic conditions. In 

general, exotic dairy breeds have high milk production while local breeds are more resistant to heat, 

parasites and poor quality feed. In order to increase productivity, SHD farmers crossbreed their low-yield 

local cattle to high-production exotic breeds. Crossbred animals are expected to perform differently under 

different environmental and management conditions according to the contribution of local and exotic 

breeds to their genetics. It is generally expected that high-grade crosses require good feed and 

management systems to express their potential, while lower grade crosses will be more suited to the very 

low input conditions of many small-holder farms. To produce crossbred animals, farmers use semen from 

exotic breeds by artificial insemination or natural service using crosses with higher genetic potential or 
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pure exotic-breed bulls. Uncontrolled crossbreeding of local animals to exotic animals may increase the 

level of exotic genotypes beyond a sustainable limit. Analysis of crossbreeding by Cunningham and Syrstad 

(1987) revealed that the purebred and high-grade exotic animals may not be the optimum genotypes for 

SHD in developing countries. This may be due to reduced resistance to diseases and ticks and their poor 

adaptation to harsh environmental conditions, which are obstacles to profitable dairy production in 

developing countries in the tropical regions. This implies that the optimum proportion of exotic genes in 

crossbred cows for different production systems varies according to agro-climatic conditions and the levels 

of inputs. Therefore, it is important to identify the appropriate breed combinations for SHD under different 

production systems in developing countries. Most published research has concentrated on large, well-

managed commercial or research herds. The findings of those studies may not be applicable to real world 

SHD systems in developing countries (ILRI 2011).  

 

The most challenging issue in identifying the breed composition of animals under SHD is the lack of 

pedigree records. Most of the animals do not have formal animal identification and most of the farmers 

do not maintain pedigree or performance records of their animals. Also, farmers frequently sell their 

animals as an easy and quick source of income when in financial difficulties. Therefore, animals may not 

remain within one farm for a long period. These factors make it difficult to trace the ancestors of these 

SHD animals. Under these circumstances, traditional pedigree-based methods for prediction of breed 

composition are not applicable. However, the rapid advancements of molecular technologies, more 

specifically high-density single nucleotide polymorphism (SNP) markers, have enabled estimation of breed 

composition in animals which have incomplete or even no pedigree information (Montaldo et al. 2012).  
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High-density SNP markers are readily available for all the most important livestock species at ever 

decreasing costs. Several studies have been conducted to estimate the breed composition of crossbred 

animals using high-density SNP data. Kuehn et al. (2011) estimated the breed composition of two-way, 

three-way, and four-way crossbred cattle produced at the US Meat Animal Research Center. They pointed 

out that predicting breed composition in advanced generations of crossbred populations is more difficult 

with a low number of markers. This is because breed-specific alleles may not necessarily be passed on to 

later generations. Another study examined breed composition of Swiss Fleckvieh cattle  by applying 

different statistical approaches (Frkonja et al. 2012) to analysis of SNP data from the BovineSNP50 

BeadChip. More recently, the Yorkshire breed composition in crossbred pigs was estimated using SNP data 

obtained with the PorcineSNP60 BeadChip (Huang et al. 2014).  

 

The Dairy Genetic East Africa project (DGEA) was created to determine the most appropriate genotypes 

for the range of dairy productions systems and levels of production operated by small-holder farmers in 

East Africa. The project operated in Kenya, Uganda, Ethiopia and Tanzania. The project is a collaborative 

effort of the University of New England, International Livestock Research Institute (ILRI) and PICOTEAM 

funded by the Bill and Melinda Gates Foundation.  High-density single nucleotide polymorphism data were 

used to determine breed composition of crossbred cows owned by small-holders who keep no pedigree 

records. The generation and interpretation of breed composition estimates and accompanying 

interpretation of population genetic diversity measures is part of my thesis research. The estimates of 

breed composition I produced and tested were then combined with data on animal performance by other 

members of the DGEA team to determine the optimum genotypes for different production systems. The 

first phase of the project consisted of Kenyan and Ugandan small-holder dairy cattle, and in phase two the 

project was expanded to neighbouring Ethiopian and Tanzania small-holder dairy systems (ILRI 2011).  
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An earlier survey conducted on central Kenyan small-holder dairy systems using an arbitrary classification 

system identified that the cattle population comprised 3.8% zebus, 53.6% dairy crosses and 42.6% 

high-grade dairy animals (Staal et al. 1997). The predominant dairy breeds on the sample farms were 

classified as Friesian (51%), Ayrshire (23%) and Guernsey (13%) with the rest being Jersey and local zebus.  

In this and similar studies, the assignment of animals to classes (e.g. crossbred vs high-grade; Ayrshire vs 

Friesian) is based on the farmer’s assessment, and the accuracy of the information is unknown given that 

almost no farmers have pedigree records for their cows. The exotic breed preference in Uganda, Tanzania 

and Ethiopia is believed to be different to that in Kenya and Uganda. Also, these countries have different 

indigenous cattle breeds compared to Kenya and Uganda. This means that survey results in Kenya, or 

SNP-based breed estimates obtained within DGEA for Kenya and Uganda cannot automatically be 

extrapolated to Tanzania and Ethiopia. 

 

There is uncertainty about the accuracy and bias of methods to estimate breed composition using SNP 

data. To estimate accuracy and bias, a structured crossbred population with accurate pedigree information 

is required. This is available through the Australian Sheep Cooperative Research Centre (Sheep-CRC), 

which designed an information nucleus flock (INF) to estimate genetic parameters, measure new traits, 

undertake large-scale whole-genome association studies and improve the accuracy of the breeding values 

of breeding animals in commercial studs. Annually, 100 sires were mated to approximately 4500 dams and 

these dams were located at eight sites across Australia. All matings were by artificial insemination (van der 

Werf et al. 2010). The initial progeny were all from Merino ewes, and some three-way crosses were later 

produced from first generation F1 females. A high proportion of the sires and progeny were genotyped 

using a high-density SNP assay. This provided large-scale and diverse data to quantify accuracy and bias of 

estimates of breed composition. 
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1.1. Scope of the thesis  

The main aim of this thesis is the accurate estimation of breed composition of crossbred animals which do 

not have pedigree records, by use of high-density SNP markers. In the first step, I identified a suitable 

reference population and identified the genetic structure of reference and crossbred populations. Then I 

compared alternative statistical methods to estimate the breed proportion of crossbred animals and 

compared these estimates to pedigree information to determine the accuracy and bias of different 

estimates. The most accurate and lowest bias methods were then applied to several populations of 

small-holder crossbred dairy cattle in East Africa, for which no pedigree records were available. As part of 

this study, the accuracy of the farmer’s prediction of breed composition based on the external appearance 

and the history of the animals was examined.  

 

The format of the thesis is as follows. 

 

Chapter 2 provides a literature review that discusses the different methods used to estimate breed 

composition in crossbred animals, and the methods used to describe the genetic structure of livestock 

populations, with special emphasis on work done with sheep and cattle populations.  

 

Chapter 3 describes how I determined the accuracy and bias of estimates of breed composition based on 

SNP markers, in a pedigree-recorded F1 crossbred population, using data from the Sheep-CRC sheep as a 

model. In order to interpret the results of estimates of accuracy and bias, the chapter first presents results 

on the genetic structure of the key Australian sheep breeds. Then it details the estimation of breed 

composition of individual crossbred animals based on SNP data, and compares the performance of 

different methods of obtaining estimates.  The effect of different numbers of SNP markers and the use of 
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different reference populations on the accuracy and bias of estimates of breed compositions is then 

examined. Additionally, the chapter reports on the accuracy and bias of estimates when reference breeds 

other than the parent breed are included in the model. 

 

In Chapter 4, the accuracy and bias of estimates of breed composition of composite F1 crosses and 

three-way crosses in sheep is discussed. The effect of population stratification of the crossbred population 

on the accuracy and bias of estimates is also discussed. Furthermore, it explains how to determine the 

accuracy of estimates of individual crossbreds when the data for all crossbred and purebred populations 

are included in a single analysis. Moreover, it identifies how the genetic relationships between breeds can 

affect the accuracy and bias of estimates. Finally, recommendations are made on appropriate models to 

estimate breed composition in crossbred populations without pedigree records. 

 

Chapter 5 and Chapter 6 apply the best models identified in Chapter 4 to estimate the breed composition 

of different populations of crossbred dairy cattle used in SHD in East Africa. Chapter 5 deals with crossbred 

dairy cattle sampled from Kenya and Uganda. Chapter 6 is an examination of the population structure and 

the breed composition of crossbred dairy cattle in SHD in Tanzania and Ethiopia, which were sampled later 

than cattle from Kenya and are thought to have different SHD cattle populations compared to Kenya and 

Uganda. In both chapters, the genetic structure of indigenous and crossbred cattle is determined. Then 

the dairy proportion and individual breed composition were estimated using different models. The 

accuracy of farmer-predicted and SNP-based breed composition are compared in Kenya, Uganda and 

Ethiopia. 
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Chapter 7 provides a general discussion of this thesis. It discusses the four main points arising from this 

research work. These are: 1) The identification of genetic structures in reference breeds and crossbred 

populations. 2) The impact of the number of markers used in the estimation of breed compositions. 3) The 

construction of reference populations for breed proportion estimations.  4) The estimation of exotic dairy 

proportion and individual breed proportions in crossbred dairy cattle. 
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Chapter 2. Review of literature 

The Identification of the genetic structure and estimation of breed composition of crossbred population 

are two of the key features of successful breeding programs. In order to increase productivity, small-holder 

dairy (SHD) farmers in the developing world’s cross their existing cattle with different exotic dairy 

genotypes which have a high genetic potential for milk production. Thus, the small-holder dairy farmers 

have different breed combinations in their crossbred population. Most of the animals in SHD systems do 

not have formal animal identification and most of the farmers do not maintain pedigree or performance 

records of their animals. Therefore, the traditional methods based on the probabilistic estimates using 

pedigree records, cannot be applied to estimate the breed composition of developing world crossbreds. 

The use of molecular markers allows accurate estimates of the breed composition of crossbreds, without 

probabilistic estimations. Furthermore, two parallel developments, increasing the number of markers and 

decreasing the cost of markers, allows the frequent use of molecular markers for studying the genetic 

variability of animals. Hence, molecular markers would be the suitable approach to estimate breed 

composition of developing world’s crossbreds which do not have the long term proper recordings.  

 

This literature review focuses on the use of molecular data for identification of the genetic structure of 

sheep and cattle, and estimation of breed composition of small-holder crossbred animals. It briefly 

discusses the features of the small-holder dairy systems in East African countries used in this study, and 

DNA variants that are commonly used as genetic markers. Then, methods to measure genetic diversity in 

livestock species and the approaches used to estimate breed composition of crossbreds from genotype 

data are reviewed.  
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2.1. The main features of small-holder dairy systems in East African countries  

Dairy cattle are kept as an important source of income in East African farming households whilst also 

having cultural and social functions. There are several dairy production systems that can be seen in this 

region: small-holder dairying with indigenous cattle; small-holder commercialised dairying with 

indigenous, exotic or crossbred cattle and medium or large scale commercial dairying with exotic or 

crossbred cattle (Gryseels 1981). The majority of dairy production in the East African region is dominated 

by small-holder farmers. This system is characterised by small crop–livestock farms, each comprising a few 

acres (Muriuki 2002). The most common exotic dairy breeds in the region are Friesian, Holstein, Ayrshire, 

Jersey, Guernsey and Sahiwal, with Friesian being the predominant breed used in crosses (Mwenya 1992).  

 

The history and the use of exotic dairy breeds are different among the four countries (Kenya, Uganda, 

Tanzania and Ethiopia) examined in this study. Commercial dairy farming in Kenya is based on exotic dairy 

cattle breeds introduced by European settlers from their native countries in the early twentieth
 

century 

(Muriuki 2002). However, indigenous Kenyans were only allowed to engage in commercial dairy, after the 

Swynnerton Plan of 1954. There was a rapid transfer of dairy cattle from the settler farms to the 

small-holders soon after independence in 1963 (Conelly 1998). Crossbreeding between these animals and 

the local cattle population produced the base for the current national grade herd found in Kenya today.  

                   

Ethiopia has the largest livestock population in Africa. Their milk production predominantly depends on 

indigenous livestock (Tegegne et al. 2013). However, over sixty years ago, exotic dairy cattle breeds were 

introduced to upgrade the indigenous zebu herd (Chebo and Alemayehu 2012). The “Cattle Genetic 

Improvement Program” was initiated during the occupation of Ethiopia by Italy with the importation of 

exotic dairy cattle breeds. During the 1970’s, government and non-government organisations made 
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various efforts to improve the dairy sector by establishing dairy cattle improvement ranches and 

distributing crossbred F1 heifers to small-holder farmers (EARO 2001; Kelay 2002).  

 

Tanzania ranks third in Africa, after Ethiopia and Sudan in size of cattle population. However, dairy 

production is relatively low, since the majority of the milk production comes from the indigenous cattle 

population (Kurwijila 2002). According to Tidbury (1954), there were several efforts to increase the 

productivity of the Tanzanian indigenous cattle in the 1950’s. However, they achieved only limited 

improvement (530–950 kg per lactation of 232–257 days). Thus, since then the improvement of milk 

production has been focusing on cross-breeding, using exotic breeds. Cross-breeding zebu cows with Bos 

taurus cattle raised productivity to 1500–1700 litres per lactation. In view of the limitations of 

cross-breeding and subsequent upgrading towards Bos taurus, between 1932 and 1935 the Ministry of 

Agriculture under the colonial government initiated a programme to crossbreed exotic dairy cattle with 

indigenous zebu to develop the dual purpose cattle breed “Mpwapwa” (Goudet 1995). This breed 

incorporates genes from temperate and Asian breeds in the Tanzanian small zebu breeds. This increased 

the lactation yield, lactation length and growth rates compared to the Tanzanian Shorthorn Zebu (TSZ) 

cattle. Furthermore, in 1970, Tanzania imported a significant number of live heifers and bulls from various 

parts of the world, such as USA, New Zealand, Kenya and Zimbabwe (Kurwijila 2002). Crossbreeding of 

zebu cattle with Bos taurus breeds has continued using artificial insemination as well as selected bulls.  

 

Historical Ugandan dairy production has been entirely based on selective breeding within the indigenous 

cattle population (Queller and Goodnight 1989). In 1959, European cattle and artificial insemination of 

indigenous cattle with exotic semen were introduced (Queller and Goodnight 1989). Since then, there has 

been a continued importation of semen to improve the genetic potential of animals. However, semen 

importation was not linked to a successful breeding programme (GOU 2004), and did not increase the 



 
 

11 
 

number of exotic and improved cattle herds. Despite this, there is still a variety of dairy breeding services 

that are currently available to farmers ranging from natural service to artificial insemination to increase 

the production of animals. The small-holder dairy system is the major contributing sector to the dairy 

industry in the country, characterised by the presence of exotic (Holstein, Jersey, Guernsey) and cross 

breeds (Fonteh et al. 2005). Between 2005 and 2009, milk production increased with the increase in the 

proportion of crossbred dairy cows in the national herd.  

 

The productivity of dairy cattle remains low in many East African countries, for various reasons such as 

inadequate nutrition, poor genetic potential, limited access to services and inputs, low adoption of 

improved technologies, and other management related problems (Fikre 2007). However, the East African 

region has enormous resources to develop dairy production, such as large and diverse livestock genetic 

resources, existence of diverse agro-ecologies suitable for dairy production and an increase in the 

domestic demand for milk and milk products. Even though crossbreeding to increase milk production has 

been carried out to increase milk production for a long period of time, the improvement in the small-holder 

dairy production has progressed slowly, where the situations the genotype to the environment 

interactions matched poorly (Kahi 2002). In traditional breeding programs, one of the common problems 

which can be seen in the small-holder dairy systems in the developing world is a lack of pedigree records. 

As discussed in the introduction to this thesis, implementation of molecular markers would be a good 

solution to this problem.  
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2.2. Genetic markers  

Different types of DNA polymorphisms can be used as markers to measure genetic diversity. Markers can 

be used to determine the evolutionary history of the species, study genetic relationships, genetic 

structures of populations and genetic mapping (Hoshino et al. 2012). The two most common types of 

genetic variants used as markers in diversity and genetic evaluation studies are microsatellites and single 

nucleotide polymorphisms (SNP). Microsatellites are segments of DNA that consist of a variable number 

of tandem repeats (VNTR) of a simple sequence of nucleotides. These tandem repeats are distributed 

throughout the eukaryotic nuclear genome in both coding and noncoding regions, are highly polymorphic 

and have high mutation rates (Jarne and Lagoda ; Su et al. 2014). These features provide the foundation 

for their successful application in a wide range of fundamental and applied fields (Chistiakov et al. 2006). 

There are, however, some limitations to the use of microsatellites. Due to their high mutation rates, 

microsatellite primer sites may not be conserved and it cannot be guaranteed that two alleles identical by 

state are identical by descent (Vali et al. 2008). Furthermore, microsatellites are hard to genotype and 

have a limited density on the genome, so they have been replaced by SNP markers in many genomic 

evaluation systems.  

 

Single nucleotide polymorphisms are DNA substitutions at a single nucleotide. They are genetically stable  

as  they have very low mutation rates in comparison to other markers (Vignal et al. 2002). SNPs are the 

most abundant genetic markers in the genome and are now widely used in genome-wide association 

studies, valuation of genetic merit of individuals, and comparative genetic studies. SNPs exist in non-coding 

as well as coding areas of the genome. Coding regions’ SNPs are directly involved in changes in proteins 

and their inheritances are more stable (Beuzen et al. 2000). Several thousand SNPs can be typed 
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simultaneously on microarrays or bead arrays. High-density SNP arrays with several hundred thousand 

SNPs are available for several livestock species. High-density SNPs have been used to study the origin and 

differentiation of cattle (Gautier et al. 2009), pigs (Groenen et al. 2010), sheep (Kijas et al. 2009; Kijas et 

al. 2012), chicken (Muir et al. 2008; Mekchay et al. 2014) and horse (de Simoni Gouveia et al. 2014) breeds. 

The use of SNP markers can be used  for the genetic selection of livestock  populations with a limited 

number of individuals or phenotypic records (Eggen 2012). In this thesis, I have worked with data from the 

OvineSNP50 (50k), BovineSNP50 (50k) and BovineHD (700k) Bead Chip. The OvineSNP50 BeadChip has 

over 54 241 evenly spaced probes that target SNPs. The OvineSNP50 BeadChip covers SNPs validated in 

more than 75 Ovis aries breeds and other Ovis species (wild sheep) (Illumina, San Diego, CA, USA).  

 

The BovineSNP50 (50K) contains 54 609 markers which are evenly distributed across the genome of 19 

cattle breed types that includes mostly European Bos taurus such as Angus, Brown Swiss, Charolais, 

Guernsey, African Bos taurus (N’Dama), Bos indicus breeds (Brahman, Gir and Nelore) and hybrid breeds 

(Santa Gertrudis and Sheko) (Gunderson et al. 2005; Steemers et al. 2006). The BovineHD BeadChip (778K) 

by Illumina covers 777 962 SNPs across the bovine genome. The economically important Bos taurus breeds 

(such as Blonde d’Aquitaine, Lagunaire, Montbeliard, Normande, Senepol, Simmental and Wagyu) and 

Hybrid breed (Brangus) are added in this chip (Illumina, San Diego, CA, USA).  

 

SNPs are bi-allelic, and polymorphisms only occur in two alleles of a population; hence, compared to 

microsatellites, SNPs have lower information content per marker. Conversely, this could be corrected by 

use of high number of SNP markers which have more genetic information (Teneva 2009). However, a 

disadvantage of SNPs is that they are more susceptible to ascertainment bias than microsatellites 

(Schlotterer 2004; Romero et al. 2008). Because the individuals used for SNP discovery are selected from 

commercial populations, an underestimation of diversity in other breeds and their relatives can occur, 
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although methods have been described for reducing the bias (Guillot and Foll 2009). The largest proportion 

of the markers included on this beadchip was selected to be informative in European taurine breeds 

(Matukumalli et al. 2009). Hence, when we estimate the ancestral proportion using SNP markers, a small 

number of these markers are sufficient to estimate the European ancestral proportion. In contrast, more 

markers are required to estimate the zebu and, more particularly, the African taurine proportions. The 

current availability of the BovineHD genotyping bead chip (Illumina) offers an opportunity to use more 

zebu, African taurine and their crosses (Mbole-Kariuki et al. 2014). 

 

The discovery of SNPs in diverse cattle breeds has been further expanded (Eck et al. 2009) by the recent 

availability of massively parallel sequencing technologies called next-generation sequencing (NGS). The 

enormous amount of genomic information present in the sequencing data is more accurate in estimating 

breed composition. As the cost of sequencing continues to decrease, the access to individual 

whole-genome sequences becomes more affordable than in the past (Eggen 2012). 

 

2.3. Measure of genetic diversity of livestock species  

Genetic diversity within livestock species includes the genetic variation within and between breeds, strains 

and lines. Maintaining genetic variation is one of the key factors in animal breeding strategies. Some 

animals which are low producing, may, however, have current or future interesting traits, and therefore 

should be maintained for future breeding programs (Groeneveld et al. 2010).  In this thesis, several 

measurement techniques were used to determine the within and between breed variations of sheep and 

cattle.  
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2.3.1. Principal component analysis (PCA) 

PCA is carried out to determine the genetic structure of the reference breeds, to identify outliers, and to 

group the crossbred animals in relation to their parent breeds. Traditionally, PCA is performed on the 

symmetric covariance or correlation matrix. For SNP data, the PCA is estimated using the genomic 

relationship matrix (GRM). The GRM, based on the large amount of SNP data, explains the underlying 

covariance structure among individuals better than a matrix based on pedigree information alone because 

the GRM uses estimates of realised relationships rather than expected relationships (Hayes et al. 2009). 

There are several approaches proposed to build the GRM from SNP data, such as Wang (2002) approach, 

the approach of Lynch (1988), and that of or Queller and Goodnight (1989). The most popular methods for 

forming the genomic relationship matrix were described by VanRaden (2008) and Yang et al. (2010). These 

methods use identity by state (IBS) information which is scaled by the allele frequencies to build the GRM, 

as shared rare alleles are more likely to be IBD than common alleles. In this thesis I used the VanRaden 

method to construct the GRM. 

 

PCA is a mathematical process that reduces the dimensions of the data while retaining most of the 

variation in the data set (Ringner 2008). It transforms a number of correlated variables into a (smaller) 

number of uncorrelated variables by identifying “directions”; these directions are called eigenvectors. 

These eigenvectors of a matrix (in this case GRM) are perpendicular; that is, every eigenvector has its 

corresponding eigenvalue. Eigenvalues are the amount by which the original vector was scaled after 

multiplication by eigenvector, that is, it measures the amount of the original matrix variance that is 

explained by the new variable that is created by multiplying the original vector by the eigenvector. The 

eigenvector with the highest eigenvalue explains the most variance and is the first principal component of 

the matrix. The first principal component explains the most variance, while the second principal 
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component accounts for the next highest proportion of variance that is uncorrelated to the first principal 

component. Each succeeding principal component explains increasingly smaller amounts of variation. 

 

In genomic data, the matrix consists of n individuals have been genotyped for p SNPs. The elements of this 

matrix may be 0, 1 or 2 representing the genotype of each individual for each SNP (0 and 2 for homozygotes 

and 1 for heterozygotes). First, the genomic relationship matrix (GRM) is constructed to perform the PCA.  

In this thesis, I have used the “princomp” function in R, which was constructed as described by Venables 

and Ripley (2002). 

 

 The individual variations are visualised by plotting the principal components. Genetically closer animals 

cluster close to each other, whereas the animals clustered away from the common groups are identified 

as misclassified or outlier animals. As Ringner (2008) explained, since most of the information is lost in 

two- or three-dimensional plots, it is important to visualise different combinations of components when 

visualising the results.  

 

2.3.2. Allele sharing 

Allele sharing is a method to build a tree of genetic distance for the individuals in the populations. Here, 

for each SNP of every individual, the absolute differences in genotypes against all other individuals are 

taken, and then the mean of the differences across all SNPs is calculated for each individual (Gondro 2015). 

Based on these results, individuals are clustered and in this study I used the functions “hclust” to cluster 

the individuals and “as.phylo” in the ape to build  the phylogeny tree (R Core Team 2014).  
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2.3.3. Fixation indices 

One set of measures of genetic polymorphism of populations is the use of Wright’s fixation indices or 

F-statistics which measure the inbreeding coefficient (FIS), fixation index (FST) and overall fixation index 

(FIT). These indices are related to the amounts of heterozygosity at various levels of population structure. 

FIT is the correlation between gametes within an individual, relative to the entire population; FIS, is the 

correlation between gametes within an individual, relative to the subpopulation to which that individual 

belongs, and FST is the correlation between gametes chosen randomly from within the same sub 

population relative to the entire population.  

 

Another measure of genetic polymorphism of populations is Cockerham’s θ statistics. According to the 

Cockerham’s θ statistics, ƒ is co-ancestry for alleles within an individual relative to the subpopulation in 

which it occurs (i.e. equivalent to FIS); θ is co-ancestry for randomly chosen alleles within the same 

subpopulation relative to the entire population (i.e. equivalent to FST); and F is co-ancestry for alleles within 

an individual relative to the entire population (i.e. equivalent to FIT). In this study, I looked for the 

inbreeding coefficient and fixation index to understand the genetic structure of each population. The 

method of Wright (1978) embedded in PLINK software was used to calculate the inbreeding coefficient 

and  the Cockerham (1969) method was used to calculate the FST, using the R program. 

 

The inbreeding coefficient, FIS, is the mean reduction in heterozygosity of an individual due to non-random 

mating within a sub population. According to Wright’s definition, the inbreeding coefficient is (HS-HI)/HS, 

where HI is the mean observed heterozygosity per individual within subpopulations and HS the mean 

expected heterozygosity within random mating subpopulations (Wright 1951, 1978). The FIS can range 

from -1 (all individuals heterozygous) to +1 (no observed heterozygotes).  
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Following Cockerham (1969) to estimate the fixation index,  

  θ =
𝜎𝑃

2

𝜎𝑃
2+𝜎𝐼

2+𝜎𝐺
2 

Where, G stands for genotypes (alleles within individuals), I stands for individuals (individuals within 

populations) and P stands for populations (among populations)(Holsinger and Weir 2009).  

 

The above molecular tools can be successfully applied to identify the genetic structure of livestock species 

such as sheep and cattle.  

 

2.3.4. Application to genetic diversity of sheep 

The first application of PCA in population genetics was pioneered by Cavalli-Sforza et al. (1978) in a human 

variation research which studied the human genetic variation across continental regions (Menozzi et al. 

1978).  In animal genetics, PCA has been used to cluster the populations from different breeds and infer 

the genetic structure of the population (Lewis et al. 2011; Kijas et al. 2012; Ai et al. 2013). Here, I focus on 

the use of genetic diversity measurement techniques in sheep.  The molecular markers have been used in 

several studies to identify the genetic diversity of sheep breeds in relation to their geographical 

distributions. The top principal components (PCs) of microsatellite data have been shown to correlate well 

with geographic distances between sheep breeds in India (Arora et al. 2011).  SNP data differentiated the 

sheep breeds of three countries of the Mediterranean basin, with good correspondence to geographical 

locations (Pariset et al. 2011). This reflects geographical isolation, selection operated by local sheep 

farmers, and different flock management and breed admixture that occurred in the last centuries (Pariset 

et al. 2011).  In other studies, historic mixture of different sheep in various geographical regions around 

the world was revealed (Kijas et al. 2012; Mastrangelo et al. 2014).  Moreover, PCA analysis is sensitive 

enough to explore variability of sheep breeds that are genetically close, such as Merino and the 
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Merino-based breed, Corriedale (Grasso et al. 2014). Additionally, Daetwyler et al. (2012) used PCA to 

show the impact of population structure on the accuracy of the prediction of genomic breeding values 

(GEBVs) in an Australian sheep population.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

 

Fixation indices are commonly used to assess the genetic differentiation between populations from 

genetic polymorphism data.  According to Grasso et al. (2014), genetically closer breeds such as Merino 

and Corriedale displayed moderate genetic differentiation (FST = 0.08), while greater genetic 

differentiation was observed between the commercial breeds (Merino and Corriedale) and the local Creole 

sheep breed (FST = 0.17 for both breeds). A similar observation has been made among the Sicilian dairy 

sheep breeds. Here it was revealed that most divergent breeds such as Chios and Sarda showed high FST 

values (FST = 0.13) (Mastrangelo et al. 2014) while, the FST estimates (FST =  0.007) of subpopulations of fat-

tailed Barbarine sheep meant that they were not able to be genetically differentiated each other  (Ben et 

al. 2014). Sheep breeds such as Jordan and Albanian also showed poor genetic differentiation compared 

to other breeds (Hoda and Marsan 2012; Al-Atiyat et al. 2014).  

 

Allele sharing is frequently used as a tool to identify the genetic diversity of sheep breeds (Hoda and 

Marsan 2012). Sheep genotyped across Asia, Europe and South America, showed the mean allele sharing 

distance was lowest in South American populations, while it was highest in South East Asian populations 

(Periasamy et al. 2014). McKenzie et al. (2010) studied the genetic diversity of the feral sheep population 

in New Zealand and its offshore islands using allele sharing. They explored variation in four genes in 

Merino-like feral sheep populations. According to their results, allele richness was highest for the gene 

KRT33 indicating that the level of genetic diversity has remained quite high in these feral sheep 

populations. In another study, the microsatellite variation of native and Northern European sheep breeds 
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using allele sharing distance indicated that the domestic species were similar to the wild species (Tapio et 

al. 2005).  

 

2.3.5. Application to genetic diversity of African cattle 

The genetic structure of African cattle breeds is more complex than the cattle in many other regions and 

several molecular tools have been used to understand the genetic polymorphism of these cattle.  The PCA 

and FST have been frequently used with different types of molecular data to determine the population 

structure of African cattle. The microsatellite analysis carried out by Hanotte et al. (2002) identified the 

genetic signatures of the origin of African cattle, which included the East African cattle. According to their 

PCA results, the first principal component explained 38% of the total variation which separated the East 

African Bos indicus breeds and the Bos taurus breeds sampled from West and southern Africa.  The African 

indigenous breeds show a closer genetic relationship to each other (Okomo-Adhiambo 2002; Edea et al. 

2013). The PCA carried out with the indigenous cattle (sampled from the East African region), Sahiwal, 

N’Dama and Friesian, show the clear separation of East African local breeds from Sahiwal as well as from 

Friesian and N’Dama (Okomo-Adhiambo 2002). African Bos taurus N’Dama and European Bos taurus 

Friesian were also clustered separately. However, indigenous breeds cluster closer to each other and more 

towards Bos indicus (Sahiwal breed). The PCA with SNP data illustrated that Ethiopian indigenous breeds 

cluster closer to each other and Bos taurus (Hanwoo) cattle cluster separately (Edea et al. 2013).  According 

to Edea et al. (2013) results the first and the second principal components explained approximately 78.33% 

of the total variation. Furthermore, the genetic differentiation between indigenous breeds (varying 

between 0.01 and 0.007) was very low, whereas it was high between the indigenous breeds and Hanwoo 

(varying between 0.16 and 0.18). Moreover, PCA and FST were used to study the genetic divergence of 

Cameroonian indigenous breeds and Kenyan Boran cattle, but no close genetic relationship between the 

two groups was found (Ngono Ema et al. 2014). 
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Mbole-Kariuki et al. (2014) explored the variation between Kenyan East African short horn zebu cattle 

breeds. PCA showed that the first principal component explained 65% of the variation, separating the 

indicine and taurine breeds; whereas the second principal component explained 14% of the variation, 

separating the African taurine breed (represented here by the N’Dama of West Africa) from the European 

breeds. East African zebu breeds cluster closer to each other between Nelore and N’Dama breeds. In this 

study the STRUCTURE program was used to identify the genetic structure and it was found the Kenyan 

East African shorthorn zebu cattle are an admixture of Asian zebu, African and European taurine cattle.  

 

The above studies showed that PCA and FST were able to clearly separate the Bos indicus and Bos taurus 

breeds as well as differentiate between the African and European Bos taurus breeds. These techniques are 

sensitive enough to differentiate the East African indigenous breeds from each other and even able to 

identify the introgression of European Bos taurus genes.  

 

2.4. Statistical approaches to estimate the admixture proportion based 

on the genotype data using STRUCTURE, ADMIXTURE and FRAPPE 

In this thesis, the programs STRUCTURE, ADMIXTURE and FRAPPE were applied to estimate the admixture 

proportion of crossbred animals. STRUCTURE uses a Bayesian method to estimate the breed proportion 

and Markov Chain Monte Carlo (MCMC) and Gibbs Sampling to obtain the corresponding posterior 

distribution (Pritchard et al. 2000). ADMIXTURE adopts a maximum likelihood estimation (MLE) method 

to estimate the breed proportion (Alexander et al. 2009). ADMIXTURE’s computational speed has been 

accelerated by a fast block relaxation scheme using sequential quadratic programming with a novel 

quasi-Newton acceleration of convergence. FRAPPE also uses the MLE method to estimate the breed 

proportion adopting the EM algorithm (Tang et al. 2005).  
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All three programs use the genotype data to estimate the breed proportion. Usually, the data set consists 

of genotypes with a large number of SNPs j = 1,………, J, from a large number of unrelated animals, i =1,……, 

N,. All algorithms assume that a certain proportion, qik, of the genome of animal i comes from ancestral 

populations k (k=1,….., K), and every single SNP has a population specific allele frequency of fjk. Estimates 

of q and f have resulted as Q and F matrices, where Q (breed proportion) is of dimension N x J and, F (allele 

frequencies) of dimension J x K . The  ∑ 𝑄: , 𝑘,𝐾
𝑘=1  should result in a vector of 1. The cells in 𝐹:,𝑗 contain the 

frequency of the minor allele of SNP j in the respective populations.  Matrix G contains the genotypes of 

animals with the dimension of N x J with the values of 0, 1 or 2. Let gij represents the genotypes 0, 1 or 2 

for the jth SNP and ith animal; then, for each SNP the likelihood is  

𝐿(𝑄𝑖:, 𝐹:𝑗|𝑔𝑖,𝑗) = (𝑄𝑖,: 𝐹:𝑗)
𝑔𝑖𝑗 (𝑄𝑖,:(1 − 𝐹:,𝑗))

2−𝑔𝑖𝑗

                             (1) 

    

For all the SNPs the likelihood is 

𝐿(𝑄, 𝐹|𝐺) =  𝛱𝑖=1
𝑁 𝛱𝑗=1

𝐽 (𝑄𝑖,: 𝐹:𝑗)
𝑔𝑖𝑗 

(𝑄𝑖,:(1 − 𝐹:,𝑗))
2−𝑔𝑖𝑗

                             (2) 

The log likelihood is  

=𝑙𝑜𝑔𝐿(𝑄, 𝐹|𝐺) = 𝑙𝑜𝑔 ( 𝛱𝑖=1
𝑁 𝛱𝑗=1

𝐽 (𝑄𝑖,: 𝐹:𝑗)
𝑔𝑖𝑗 

(𝑄𝑖,:(1 − 𝐹:,𝑗))
2−𝑔𝑖𝑗

)                             (3) 

= 𝑙𝑜𝑔𝐿(𝑄, 𝐹|𝐺) = 𝛴𝑖=1
𝐼 𝛴𝑗=1

𝐽 ( 𝑔𝑖𝑗 𝑙𝑜𝑔(𝑄𝑖,: 𝐹:𝑗) + (2 − 𝑔𝑖𝑗)𝑙𝑜𝑔 (𝑄𝑖,:(1 − 𝐹:,𝑗)))                              

 

To infer Q and F, there is a need to get the maximum of𝑙𝑜𝑔𝐿(𝑄, 𝐹|𝐺). STRUCTURE solves this problem by 

using Bayesian analysis, 𝑝(𝑄, 𝐹|𝐺) ~𝑝(𝐺|𝑄, 𝐹)𝑝(𝑄)𝑝(𝐹), whereas, ADMIXTURE and FRAPPE use the block 

relaxation algorithm and EM algorithm, respectively. Finally, all three programs produce Q and F matrices. 

 

In addition to differences in algorithms to estimate Q and F, STRUCTURE, ADMIXTURE and FRAPPE have a 

range of differences in process and options. These are summarised in Table 2.1.  
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Table 2.1 Comparison of programs used in this study to estimate the breed proportion 

Feature STRUCTURE ADMIXTURE FRAPPE 

Method Bayesian method 
using MCMC 

Maximum likelihood 
with block relaxation 

Maximum likelihood 
with EM algorithm 

Data types Multi locus data, 
linked loci, phase 
data and genetic 
map data 

Multi locus data and 
linked  loci 

Multi locus data 

Marker capacity and 
computational speed 

Handles large 
amounts of marker 
data with low 
computational 
speed 

Handles high density 
markers with 
extremely high 
computational speed 

Handles high density 
markers with 
moderately high 
computational speed 

Use of prior  population 
information 

Option to use prior 
population 
information 

Option to use prior 
population 
information 

No option 

Identify optimal number 
of breed origins (K) 

Computing the 
model evidence for 
each K from a 
range of choices. 
 

Identifying the K with  
minimum cross 
validation value  

No option 

Reference (Pritchard et al. 
2000; Falush et al. 
2003; Falush et al. 
2007) 

(Alexander et al. 
2009; Alexander and 
Lange 2011) 

(Tang et al. 2005) 

 

 

2.4.1. Regression methods 

Another frequently use method to estimate admixture proportions is the regression approach as described 

by Chiang et al. (2010) who used it to estimate the admixture proportion of the human population. This 

method was also used in estimates of  the breed composition of several livestock species, such as beef 

cattle (Kuehn et al. 2011) and Coopworth sheep (Skaug 2001; Dodds et al. 2014). The regression approach 

has used the following model to estimate the breed compositions: 

𝑌 = 𝑋𝑏 + 𝑒 

Y = a vector of proportion of A alleles in the genotype for each SNP (i.e. half the number of A alleles) for 

an individual animal  
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X = a matrix of frequencies of A for each SNP and each breed 

b = a vector of regression coefficients representing the proportions of each ancestral breed in the animal 

(to be estimated) 

e = a vector of residual errors, with length equal to the number of SNPs.  

 

2.4.2. Example of application of molecular tools and statistical approaches to estimate the 

admixture proportion in non-livestock and livestock populations 

Accurate determination of the admixture proportion in humans is high of great interest in many areas such 

as biomedical research, personal genomics and forensics (Smith et al. 2004; Cheng et al. 2010; Lutsey et 

al. 2012; Pereira et al. 2012). It also remains an important topic in genetic association studies, as it has 

shown the population stratifications (Nievergelt et al. 2013). Programs such as STRUCTURE, ADMIXTURE, 

FRAPPE, MENDEL and ADMIXEDMAP were developed for human population studies. Later, these programs 

were used for pet animals (Parker et al. 2004), aquaculture (Hansen and Mensberg 2009; Perrier et al. 

2013) and plant admixture analysis (Larcombe et al. 2014; Unterseer et al. 2014).  

 

Estimation of admixture proportion in livestock species is useful in various aspects, such as facilitate fitting 

animal germplasm to the environment, managing livestock in the feedlot, and tracing disease conditions 

back to the geographic region or farm of origin (Kuehn et al. 2011). In addition, the knowledge of breed 

composition of livestock would be useful for animal breeders to predict the heterosis (Dickerson 1973), 

whereas population geneticists to understand the population structure and history of the livestock and 

identify the signature of selection.  

 

Recently, there has been a trend to use the molecular tools to estimate the breed composition of 

crossbreds in several livestock species (Kumar et al. 2003; Frkonja et al. 2012; Dodds et al. 2014; Huang et 
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al. 2014). The estimates of breed composition of crossbred cattle (that had pedigree information) using 

the 50k SNP chip genotypes and showed the high correlation (> 0.93) between the pedigree-based method 

and the SNP-based methods (Kuehn et al. 2011; Frkonja et al. 2012). However, according to  the results of 

Kuehn et al. (2011),  genetically related breeds  such as Angus and Red Angus show low correlations 

(averaged R= 0.88). Moreover, the estimates of breed composition of Simmental, Red Holstein Friesian 

and crossbred cattle using STRUCTURE, ADMIXTURE and the partial least squares regression method also 

show a high correlation (R> 0.97) between the SNP-based and pedigree-based methods (Frkonja et al. 

2012). However, the correlation of estimates using LASSO and the pedigree-based method is lower 

compared to the above approaches. Gorbach et al. (2010) used STRUCTURE to estimate the breed 

composition of a small sample of crossbred cattle in Kenya using STRUCTURE.  The most striking results to 

emerge from their analysis were that cows from large-scale farms were mainly of Holstein decedent, while 

the cows from small-scale were a mixture of Holstein and Guernsey. In the bulls used for artificial 

insemination it was found that the main genotype, comprising 30–98%, was Holstein with Guernsey having 

the second highest percentage. 

 

The admixture proportions of sheep have also been studied in detail using molecular data (Dodds et al. 

2014). Dodds et al. (2014) compared two genetic marker-based methods to estimate the breed 

composition of New Zealand sheep. Two methods were employed, the genomic selection methods (it was 

applied to the recorded breed proportions, as trait values to develop predictions for breed proportions) 

and the regression method. The results showed a high correlation between the pedigree-based and 

marker-based proportions which ranged from 0.91 to 0.97. Further, the genomic selection method was 

very effective in predicting proportions in animals where the breeds were included in the training data set. 
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Admixture levels of swine have been studied using molecular markers (García et al. 2006; Edea et al. 2014; 

Huang et al. 2014). Estimates of genetic composition of animal products were used to detect the genetic 

composition of dry-cured Iberian ham. According to Spanish regulations only Iberain pigs is accepted for 

crossing with the Duroc breed and only animals with a maximum 50% of the Duroc proportion are allowed 

to be used for ham production. The STRUCTURE program with microsatellite markers was used to estimate 

the admixture levels of the genome of each individual ham sample’s that originated in each ancestral 

population (García et al. 2006). In other study, Huang et al. (2014) estimated the breed composition of 

purebred Yorkshire animals and selected the pure animals for genetic improvement programs using 

genotypes from the Illumina PorcineSNP60 BeadChip (60K). Furthermore, the estimates of admixture 

levels of Korean native pigs were used to explore levels of the genetic introgression of Western pig breeds 

(Edea et al. 2014). The results revealed a substantial level of admixture between Western and Korean 

native pig breeds.  

 

Despite all this prior research, questions remain, such as: the accuracy of estimates of breed composition 

of crossbreds using molecular data, the number of markers required to get accurate estimates, the design 

of the reference population and the best approach to estimate the breed composition with low 

computational speed.  

 

2.5. Genetic diversity of sheep  

The knowledge of the genetic structure of sheep breeds reveals their domestication events, the history of 

breed formation and breed diversity. Genetic variation is an important factor in designing future animal 

breeding strategies and in selecting the animals for different agro-climatic and management systems 

(Lenstra et al. 2012). On the other hand, maintaining the purity of historical local livestock breeds is 
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important in genetic conservation programs. Several studies have been conducted using molecular 

markers to study the genetic structure of sheep, globally as well as regionally (Kijas et al. 2009; Blackburn 

et al. 2011; Soma et al. 2012; Mastrangelo et al. 2014).  

 

According to the genome-wide survey of SNP variation in sheep by Kijas et al. (2009), sheep are 

characterised by weak phylogeographic structure, overlapping genetic resemblances and generally low 

genetic differentiation between breeds. However, their results revealed that the amount of population 

substructure was sufficient to cluster individuals based on geographic origin and known breed history. The 

largest cluster contained all the European sheep including European-derived populations in Australia, New 

Zealand and North America. The geographical separation of populations is fully consistent with the history 

of the origins of the breeds tested.     

 

In this study, I worked with Australian sheep breeds. For more than 200 years, the wool industry has made 

a large contribution to the Australian economy. Australia is the world’s leading wool producer and wool 

exporter and account for 24% of the global wool production (AWI, 2012). The basis of the wool industry is 

the Merino sheep (NFF 1992). The Australian Merino is not considered to be a single homogenous breed 

but is partitioned in to a number of strains and blood-lines. There are three strains of Merinos, Dohne 

Merino, Poll Merino and Merino. The Dohne Merino is a dual-purpose breed developed in South Africa by 

crossing Peppin–type Merino ewes and German mutton Merino sires (AASMB 2015). The Poll Merino is a 

pure Merino breed which has been selected for the recessive poll gene causing lack of horns. Furthermore, 

four main Merino bloodlines can be seen, Superfine-wool, Fine-wool, Medium-wool and Strong-wool lines 

evolved over the years based on differential selection for wool quality (AASMB 2015).  
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The Australian sheep industry has developed the production of quality prime lamb efficiently.  In the first 

generation, a long-wool breeds, generally Border Leicester is mated to Merino (NFF 1992). The resulted 

Border Leicester:Merino cross is widely used as an Australian prime lamb mother.  The male progeny are 

used for the meat production whereas the ewes are crossed with the short wool rams. Dorset Horn, Poll 

Dorset, Suffolk, Southdown and South Suffolk are the commonly used terminal sire breeds.  

 

Border Leicester originated from the Dishley Leicester breed in the 1700s. The Border Leicester name is 

taken from the border country between England and Scotland (2013) and they first came to Australia in 

the 1870s. The terminal sire breed Dorset Horn is a pure breed sheep, imported to Australia from England 

in 1895. The Poll Dorset was developed in 1937 by introducing the poll gene into the Dorset Horn 

population from the Corriedale and Ryeland breeds, followed by back crossing to achieve close to 100% 

Dorset Horn blood (TAPA 2015).  

 

In addition, Suffolk, Texel and Coopworth breeds are widely used in the meat and wool production. The 

Suffolk breed originated in England by crossing Southdown and Norfolk and introduced to Australia in 1904 

(NFF 1992). The Texel breed originated as a composite of British bloodlines, Lincoln, Border Leicester and 

Wensleydale on Texel Island in Holland (TSS 2014). The Australian Coopworth originated from New 

Zealand, and is a recently developed synthetic breed. The Coopworth breed was created by crossing 

Romney Marsh ewes with Border Leicester rams to produce the F1 Border-Romney, subsequent 

inter-breeding of these F1s produced F2s and F3s, which were then established as the Coopworth breed 

in 1968. However, the current Coopworth population is believed to have approximately only 75% original 

Coopworth blood and 25% of white-faced or white-wool breed genes . As expected for a recent synthetic 

breed, the variation within Coopworth is high (CGA 2015). 
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2.6. Genetic Diversity of East African Cattle  

African domestic cattle diversity constitutes a valuable asset for Africa and for the world. The current  

classification of the African cattle population is divided into four main categories; Bos taurus, Bos indicus, 

Sanga and Zenga (Sanga x zebu) breeds (Rege 1999). According to the original classification by Epstein 

(1971), Bos taurus breeds are further subdivided into two types, long horn Bos taurus longiforns and short 

horn Bos taurus brachyceros (Rege 1999).  According to Epstein and Mason (1984), it was believed the 

humpless long horn first came to the Africa from western Asia approximately 5000 BC and the humpless 

shorthorn about 2500 years later and that the zebu breeds migrated into Africa around 1500 BC (Figure 

2.1).  Most of the breeds migrated to Africa through the horn of Africa and settled in the highlands of 

Ethiopia and Kenya (Figure 2.1). Interbreeding of long horn zebu cattle and humpless long horn cattle 

resulted in cervico-thorasic humped cattle or Sanga cattle. The second introduction of short-horn Zebu 

cattle in 670 AD led to the replacement of some Sanga cattle populations and also crossing with Sanga 

cattle which resulted in the “Zenga” cattle populations (Epstein 1971).  

 

This section mainly discusses the genetic diversity of East African indigenous cattle. The East African cattle 

population is comprised of indigenous cattle, exotic cattle and their crosses (Rege et al. 1994). These 

Indigenous cattle play a major role in the livestock production of East African countries due to their unique 

characters such as adaptability to harsh environmental conditions, resistance to ticks and parasites, and 

high fertility and high performance under poor management and poor quality feeds (Okomo-Adhiambo 

2002). There are nearly 75 zebu breeds across Africa, with the majority being in East Africa. East African 

zebu animals can be divided into two groups based on the body frame, “Small” and “Large”.  Almost 49 

breeds have been recognised within the Small East African Zebu (SEAZ) group while the Large East African 
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zebu is represented by 13 breeds (Rege et al. 2001). Large East African breeds are mainly restricted to dry 

regions of Sudan, Eritrea, Ethiopia, Somalia, Kenya, Tanzania and Uganda.        

    Source: (Oliver 1983) 

Figure 2.1 Possible migration routes of domestic cattle in Africa. 

 

 Molecular analysis has revealed a taurine influence in the East African zebu breeds, zebu introgression in 

the East African taurine, and a higher proportion of zebu background relative to taurine in the East African 

Sanga breeds (Okomo 1998; Murray et al. 2013). These results indicate that the East African cattle contain 

both indicine and taurine backgrounds. An introgression of European signals into the indigenous 
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population has some negative impacts, for example reducing fitness (outbreeding depression) (Murray et 

al. 2013).  

 

2.7. Conclusion  

Genetic diversity studies and breed composition estimation has value in livestock breeding to identify the 

proper breed combinations for the different climatic and management systems. The recent advances in 

molecular-based methods enable the identification of the genetic structure and breed composition of 

livestock species. This thesis aims to examine some of the unanswered questions posed in previous 

studies. The first question is: What is the genetic structure of Australian sheep breeds and their crosses, 

the local East African cattle and small-holder crossbred dairy cattle? Secondly: How can the accuracy and 

bias of estimates of breed composition using marker data with several programs be explored? The third 

question is: What is the impact of marker density and the makeup of reference populations on estimates 

of breed proportion, and how will this be-of benefit to future application of genetic studies? Finally: How 

to estimate the breed composition of East African small-holder crossbred cattle with limited amounts of 

records using high-density SNP markers?  
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Chapter 7. General Discussion and Conclusions 

7.1. General Discussion 

This thesis aimed to understand key aspects of population structure and estimate the breed composition 

of crossbred animals when no pedigree information is available. Analyses were carried out with data from 

high-density SNP assays, which provide dense genetic information. In the developing world, small-holder 

dairy farmers crossbreed their low-producing local cattle to high-producing exotic dairy breeds to increase 

the proportion of exotic dairy genes and consequently the production level of their livestock. Different 

grades of crossbred animals are expected to perform differently under various environmental and 

management conditions. It is important to know the breed composition of the crossbred animals to be 

able to identify the animals that are best suited for farmers’ needs. Since small-holder farmers in 

developing countries generally do not record pedigree, in this thesis, molecular markers were employed 

to estimate the breed composition.  

 

Previously, several studies have been conducted to estimate the breed composition of pure as well as 

crossbred animals using molecular markers (Gorbach et al. 2010; Kuehn et al. 2011; Frkonja et al. 2012; 

Bray et al. 2014; Kim and Rothschild 2014). However, these studies did not provide estimates of the 

absolute accuracy and bias of their estimates of breed composition. So this thesis set out to determine the 

accuracy and bias of estimates of breed composition based on SNP data and to explore methods to 

determine population structure, before applying the most accurate methods to small-holder crossbred 

dairy cattle populations. I used the Sheep-CRC crossbred sheep population as a model, because this 

population has complete pedigree records, and consequently the expected breed composition of 

individual animals is known. Then I applied the methods that I developed with sheep to determine the 
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population structure and estimated the breed composition of East African small-holders’ crossbred dairy 

cattle.  

 

Following the structure of the thesis, this general discussion will focus on four main points. 1) The 

identification of genetic structures in reference breeds and crossbred populations. 2) The impact of the 

number of markers used in the estimation of breed compositions. 3) The construction of reference 

populations for breed proportion estimations. 4) The estimation of the exotic dairy proportion and 

individual breed proportions in crossbred dairy cattle. 

 

7.1.1. The identification of genetic structures in reference breeds and crossbred populations. 

Most of the admixture analysis software were developed to estimate admixture levels of human 

populations (Falush et al. 2003; Alexander et al. 2009). The methods that programs are based on assume 

that individuals are unrelated and that markers are in linkage equilibrium. Livestock populations often 

comprise half-sib and full-sib families, and genetic correlations among individuals can be high, especially 

when technologies such as artificial insemination and embryo transfer are used to create large family 

groups. Therefore, with livestock, it is particularly important that reference samples should be selected 

from unrelated animals.  

 

The population structure analyses can help to detect population (e.g. breed) assignment errors prior to 

any advanced genomic marker data analysis. In this thesis, I have implemented several alternative analyses 

to detect population assignments errors. First, I constructed the genomic relationship matrix and from this 

I was able to eliminate all replicate animals. Where pedigree was available, I either eliminated or corrected 

(using pedigree assignment tools) the pedigree of animals whose genomic relationship did not agree with 

the pedigree assignment. Second, I used principal component analysis (PCA) with relevant highly 
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genetically distinct breeds to study broad population structure. I eliminated the animals that clearly have 

an incorrect breed assignment based on the clustering observed in PC plots. In particular, the PCA is 

sensitive enough to differentiate the variability between sub-populations within a breed, such as German 

Texel, New Zealand Texel and Scottish Texel in Chapter 4, and the different strains of Merino (Dohne 

Merino, Poll Merino and Merino). It can, however, be difficult to identify distinct breed signals from breeds 

that have closely shared ancestry, such as the zebu cattle breeds of East Africa. Here, I have only presented 

results for PC1 versus PC2, but when I looked at higher PC often breeds that overlap on PC1 and PC2 are 

separated by higher PCs. Also the ease with which breeds/strains are separated is dependent on the data 

in the analysis, for example Merino form a very tight cluster when analysed with many other breeds, but 

separate into strains when only Merino populations are analysed. After the use of GRM and PCA to identify 

the misclassified animals, the breed composition estimates for some of the animals still displayed extreme 

deviations from the others. These findings highlight that, while PC analyses are a powerful tool to detect 

pedigree or breed misclassifications of animals, they do not identify all misclassfied animals and other 

tools may detect additional errors. Thus, it is of great importance to perform different exploratory analyses 

to understand the population structure of the samples before any further analyses are conducted.  

 

In various stages of my thesis research, I identified the genetic structures of reference and crossbred 

populations. The results from the PCA, ADMIXTURE and STRUCTURE analyses confirmed the relatively tight 

clustering and hence the ability to genetically separate reference breeds in both sheep and cattle. 

However, the composite breeds, such as Coopworth and White Suffolk, showed very high genetic diversity 

and could not be clearly separated from several other sheep breeds. Although it may be that genetically 

diverse breeds provide a better base for rapid genetic improvement, particularly if combinations of traits 

are desired that do not occur in more homogeneous breeds, composite breeds may require special genetic 
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grouping strategies to be applied when undertaking genetic evaluations (Johnston et al. 1999; Swan et al. 

2015).  

 

7.1.2. The impact of the number of markers used in the estimation of breed compositions 

The SNP markers are widely implemented as a molecular breeding tool of livestock species in the 

developed world. However, there are some important factors limiting the application of SNP markers in 

the developing world. The genetic analysis methods that have been developed for application in the 

developed world all require very large populations with large volumes of accurate phenotype information 

and this is lacking in developing world. Another limiting factor is the high cost of SNP compared to 

traditional selection decisions based on the phenotype. Therefore, the number of markers which could 

use for each research question is essential, as this determines the application potential in low-income 

countries (Garrick 2011).  

 

The number of markers and their information content determine the accuracy and bias of the analysis. 

Therefore, subsets of markers have to be selected carefully to be useful for breed composition estimation. 

Various studies have focused on different methods to extract such a useful sample of SNPs for admixture 

analyses. Frkonja et al. (2012) and Xu and Jin (2008) used ancestry informative markers, while Paschou et 

al. (2010) used principal components analysis. In my study of the accuracy of estimation of breed 

composition in sheep populations, I extracted every 4th, 10th, 20th and 40th SNP along the genome to 

generate data sets containing 11 675, 4 670, 2 365, and 1 168 SNPs representative of the whole genome. 

The results from Chapter 3 showed that, as expected, the accuracy of estimates is increased and bias is 

reduced with increasing numbers of SNPs, and the correlations between estimates using all data (46k), 

and subsets of 11k, 4k, 2k, and 1k SNPs were 0.90, 0.77, 0.66 and 0.52, respectively. I concluded that when 
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SNPs are selected at random, approximately 11k SNPs are required to achieve reasonably accurate results. 

I did not examine whether a smaller sub-set of SNP could be selected that would give equal or higher 

accuracy than the randomly selected 11k SNP because results would likely be specific to the population 

crossbred sheep and hence have little generality, and there is no application  for a low-cost breed 

composition estimation tool for these populations. However, preliminary results of analyses using the 

same crossbred cattle data as used at University of New England indicate that 200 to 300 SNPs could suffice 

to estimate breed proportions in crossbred cattle (Strucken 2015). Depending on the selection method for 

the creation of small SNP sub-sets, Strucken (2015) has found that correlations of breed composition 

estimates between a full data set (>500k SNPs) and small sub-sets (>200 SNPs) are high (r>0.9). This shows 

that fewer numbers of SNPs suffice which also reduces genotyping costs and enables the implementation 

of SNP data in developing countries.  

 

7.1.3. The construction of reference populations for breed proportion estimations  

The design of the reference population has a strong impact on the accuracy of breed composition 

estimations. In this thesis, I focused on the number of reference animals as well as relationships between 

reference and test populations.  

 

In this research, I have observed when estimating ancestral breed proportions, ancestral contributions 

may be assigned to particular families rather than to ancestral breeds when the test population consists 

of closely related groups with varying family size and the numbers of animals in the reference populations 

are low. I showed that such failure can, however, be corrected by increasing the numbers of reference 

breeds and/or equalising group size within the crossbred population. Similar results were detected for a 

simulation of admixed European and African haplotypes using the Human Genome Diversity Project 
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(HGDP) data (Sohn et al. 2012). However, Frkonja et al. (2012) found that predictions of ancestral breed 

composition remained good, despite reducing the reference set from approximately 100 to 10 individuals 

per breed. This is likely because cattle breeds are more genetically diverse than the sheep breeds used in 

my analyses, particularly when analyses include both Bos indicus and Bos taurus sub-species, as was the 

case in the study of Frkonja et al. (2012).  In my analyses, the problem of family structure was removed 

once I used 20 animals from each reference breeds, as in Chapters 5 and 6.  

 

I was able to confirm this observation (Chapter 4). When the Irish Suffolk was used as the reference for 

Sheep-CRC Suffolk sires, I observed very highly biased estimates because Irish Suffolk did not accurately 

represent the Sheep-CRC Suffolk. Therefore, it is essential to select reference populations that represent 

the test population accurately. Furthermore, when the crossbreds are progeny of very highly diverse 

breeds, such as Coopworth, then to achieve accurate prediction of breed composition in their crossbred 

progeny, it is important to include ancestor breeds of the parent breed (Coopworth) in the model. Also, 

the use of supervised analysis options in STRUCTURE and ADMIXTURE analyses can increase the accuracy 

of the estimates of the breed composition of crossbreds. Since the supervised analysis uses the 

information from the reference data set, it is essential to select homogenous reference populations.   

 

7.1.4.  Estimation of exotic dairy proportion and individual breed proportions in crossbred 

dairy cattle 

The results showed that dairy cows owned by small-holder farmers in East Africa have a very wide range 

of breed composition. These results also showed that the farmers’ assessment of the breed composition 

of their cows is a very poor predictor of the actual breed composition. This is probably because, in the 

absence of pedigree recording and extensive use of natural mating, the farmers’ predictions of breed 
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composition of crossbreds are based heavily on the phenotypic appearance of the animal. In the DGEA 

study, farmers and enumerators recruited animals as being crossbred based on the presence of European 

dairy breed colouring and absence of a hump. However, many of the crossbred animals that resemble 

European taurines were shown in my analyses to be almost purebred indigenous. This demonstrated 

clearly that external appearance is of little value in determining crossbred status of individual animals. 

 

The high correlation (>97%, and generally >0.99) of estimates of exotic proportion across the different 

analyses indicated high reliability and robustness of the estimates. Here, the dairy proportion is defined 

as the total European taurine proportion of the total breed proportion.  As observed in PCA and other 

genetic analyses, European taurine breeds are genetically well separated from the Bos indicus and African 

Bos taurus breeds. The genetic distance between these groups allows ADMIXTURE to estimate the 

European taurine proportions reliably. In contrast, the estimates of individual dairy breed portions were 

more highly dependent on the model applied. Due to the genetic similarities between the European 

taurine breeds, each European breed proportion would be difficult to estimate reliably. As observed in 

Chapter 5, at ADMIXTURE K=5, the results from the same set of data show the Holstein proportion is 0.47, 

whereas at K=7, Friesian and Holstein separated from each other in the proportions of 0.46 and 0.10, 

respectively. These results indicate that the identification of breed origin (K) has a vital role in estimates 

of breed composition. Moreover, the knowledge of current and historical breed usage are also important 

in estimating individual breed composition reliably. The high proportion of Holstein Friesian in Kenyan 

crossbreds is consistent with the higher current and historical use of Holstein and Friesian breeds in 

Uganda. Similarly, higher proportions of Ayrshire genes appear in districts in Kenya where Ayrshire is 

known to have been historically or currently more widely used. Overall, the determination of K value and 

the knowledge of current and historical breed usage are important factors in estimating accurate 

individual breed proportions.  
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Another interesting observation was the high dependency of estimates of breed composition on the 

reference populations used in the analyses. When excluding Ayrshire and Friesian from the reference 

samples, high proportions of Holstein and Guernsey were estimated. Including Ayrshire as a reference 

breed separated the Ayrshire and Guernsey breeds, showing that Ayrshire previously clustered within the 

Guernsey population. Similarly, including Friesians as a reference breed separated the Friesian signal from 

the Holstein. Gorbach et al. (2010) estimated high Holstein and Guernsey proportions in a small population 

of high-grade crossbred cattle in East Africa. However, their analyses did not include Friesian and Ayrshire 

in the reference samples, and therefore, their results cannot be interpreted as Holstein and Guernsey 

being the dominant introgressed dairy breeds in their population. A key finding of my thesis work is that 

very careful consideration should be given to the selection of reference animals in order to obtain reliable 

estimates of breed proportions. This requires substantial prior knowledge of the history of the populations 

being analysed, which creates some obvious limitations to application of the methods and interpretation 

of results where prior knowledge is limited.   

 

The optimum proportion of exotic genes in crossbred cows for different production systems varies 

according to agro-climatic conditions and the levels of inputs. Researchers from UNE and ILRI 

(International Livestock Research Institute) have combined the estimates of individual dairy proportion 

from this study and the performance recording of individual animals to obtain assessment of crossbreed 

performance in different herd environments (Mujibi et al. 2014; Ojango et al. 2014). Animals were grouped 

into 5 classes based on their exotic dairy contribution: 0-20%, 21-35%, 36-60%, 61-87.5% and >87.5%. 

Three herd environments were classified according to their estimated milk production: 1 – 4kg milk/d; 

4 – 5kg/d and >5kg/d. Herd production estimates were obtained using a mixed model approach 

implemented in ASReml. Calving intervals were significantly different (p = 0.045) for different herd 

environments, with 42±18 days separating the lowest and highest environment groups. Animals in the 
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75% dairy group had longer calving intervals in the high producing herd group. Animals with greater than 

87.5% exotic dairy proportion tended to have similar calving intervals in all herd groups. The crossbreds 

with lower exotic dairy percentages (21-25%, 36-60%) had shorter calving interval in the high performing 

herd group compared to the higher crossbreds (Mujibi et al. 2014). There was no significant effect of herd 

or the dairy groups on number of services per conception. Additionally, the results from the mixed-effect 

regression model in ASReml revealed a significant differences in milk yield of dairy groups at different 

levels of herd production and also that there were differences in shape of lactation curve between the  

dairy groups (Ojango et al. 2014). The most interesting observation is that yields are remarkably constant 

across the lactation, with no evidence of a major peak early in lactation and very slow decline out to 400 

days of lactation. They pointed out that with very flat lactation curves, the optimum genotype and 

management strategy may be results very long lactations and long calving intervals.  In addition, they 

revealed that in low production environments, lower grade crosses (containing <60% exotic dairy alleles) 

had the almost equal yield as high grade crosses. This concludes the larger size and maintenance 

requirements of high grade exotics, lower grade exotics will be the most economically productive animals 

in these environments (Ojango et al. 2014). Further research is being undertaken to determine the best 

breed combinations for each production system. 

 

 

7.2. Conclusions 

The use of molecular markers to identify population genetic structure and estimate breed 

composition of indigenous and crossbred animals is an important tool for conservation and genetic 

improvement of many livestock populations in the developing world. My thesis research has shown 

that a thorough exploration of population structure is possible and should be undertaken to eliminate 

a wide range of sampling and data errors, and to determine appropriate reference samples, before 
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other quantitative studies are performed. While accuracy and bias of estimates of breed composition 

depend on factors such as SNP numbers, size and choice of reference populations, and the model 

used, my results showed that under a wide range of conditions, estimates with low bias and high 

accuracy can be obtained. One of the most important practical findings to emerge from this thesis is that 

the estimates of total exotic dairy proportion in the small-holder crossbred cows of Kenya and Uganda 

were highly robust. Given that there is large variation in breed composition of crossbred animals, and 

small-holder dairy farmers were shown to have a poor understanding of the degree of indigenous and 

exotic breed proportions in their animals, the ability to estimate breed composition based on a genetic 

test opens up a range of applications not hitherto possible in such populations. For many applications, 

however, the key to implementation will be the development of cheap low-density SNP assays. It is 

reasonable to expect that results found here should apply to all crossbred dairy populations, where the 

indigenous breeds are of pure Bos indicus or Bos indicus and African Bos taurus composition.  

 

An additional practical outcome of my research is the demonstration that many of the local indigenous 

populations are not completely purebred, but contain animals with substantial contamination from exotic 

breeds. This is an argument for the immediate implementation of conservation programs before 

contamination becomes so severe than insufficient pure indigenous animals can be found to constitute a 

pure breeding population. SNP assays can be used to identify pure indigenous animals to establish 

conservation programs.  
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