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Abstract 
Onzima, R. B. (2019). Genome-wide analysis of goat genetic diversity and production 
systems in Uganda. PhD thesis, Wageningen University & Research, Wageningen, 
The Netherlands. 
The need to promote sustainable utilization and conservation of indigenous livestock 
genetic resources has increased over the last century. Genetic diversity is a 
prerequisite for adaptation in the face of future challenges, therefore highlighting 
the need to ensure that animal genetic resources remain available to promote food 
security for future generations. The advances in genotyping technology provide 
unique opportunities for in-depth assessment of genetic diversity and to prioritize 
breeds for conservation and sustainable use. The aim of the research described in 
this thesis was therefore to characterize production systems and goat genetic 
resources in Uganda. First, using participatory approaches in defining breeding goal 
traits, smallholder farmers identified adaptation traits to be critical in an ideal goat 
breed for smallholder production systems. Subsequently, three indigenous goat 
breeds were assessed for their variation in resistance/resilience to the 
gastrointestinal nematode Haemonchus contortus. A weakly significant difference 
among breeds in faecal egg count (FEC) and packed cell volume (PCV) was observed 
suggesting potential differences in resistance to Haemonchus contortus. Secondly, 
using the caprine SNP50 BeadChip, the genetic diversity, population structure and 
admixture in Ugandan goat breeds was assessed. Moderate to high genetic 
variability was observed among the Ugandan indigenous goat breeds. The breeds 
exhibit a weak population structure and limited admixture with the exotic breed 
Boer. Genome-wide scans for selection signatures identified regions of the genome 
enriched with genes directly or indirectly associated with environmental adaptation 
such as immune response and thermo-tolerance. Genomic inbreeding values were 
generally low in the indigenous goat breeds. We conclude that the use of 
participatory approaches in identifying breeding objectives is crucial for successful 
implementation of breeding programs. Genome-wide SNP markers provide in-depth 
information about the genetic diversity and can be useful in promoting conservation 
and sustainable use of indigenous goat genetic resources. 
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1.1 Introduction 
In developing countries like Uganda, goats make a significant contribution to the 
livelihood of resource constrained farmers, particularly in rural areas. Globally, the 
largest number of goats lives in Asia (55.45% of the world total), followed by Africa 
(38.66%) and the Americas (3.78%) (FAOSTAT, 2016) (Table 1.1). Goat meat 
production follows a similar trend with Asia leading (73.18% of the global 
production), followed by Africa (22.13%) and the Americas (3.78%). There has 
generally been an upward trend in production, particularly in Asia and Africa (Figure 
1.1), with some of the countries reporting doubling of numbers of goats in the last 
decade. This highlights the critical role played by goats in the total livestock 
production in developing countries in Asia and Africa. In addition to meat and milk, 
goats also provide skins, manure and fibre (mohair and cashmere). Goats also play 
important socio-cultural roles in many communities such as e.g. bride price (Kosgey 
and Okeyo, 2007; Onzima et al., 2018). Moreover, indigenous goats constitute a 
major genetic resource which is well adapted to diverse agro-ecological conditions, 
and together with sheep they represent the livestock species of choice for marginal 
areas that are not suitable for arable agriculture and in places where keeping large 
livestock species may not be feasible. 
To exploit goat populations in a sustainable manner, there is a growing need to 
characterize, utilize and conserve goat genetic resources in developing countries like 
Uganda. The gap in knowledge about the variation in production environment as well 
as the diversity of goat genotypes in Uganda, is a serious constraint to sustainable 
utilization and conservation strategies. Characterization of breeds is considered by 
the FAO as one of the strategic priorities for the development of a national plan for 
the management of animal genetic resources (Ajmone-Marsan et al., 2014). 
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Table 1.1: Number of goats in the top 15 leading countries and their percentages of 
global population (millions) 

Country 2006 2016 % of World Population in 2016 

China 146.86 149.09 14.87 
India 136.29 133.88 13.35 

Nigeria 51.21 73.88 7.37 

Pakistan 53.79 70.30 7.01 

Bangladesh 43.60 56.08 5.59 

Sudan 29.26 31.33 3.12 

Ethiopia 18.56 30.20 3.01 

Kenya 10.21 26.75 2.67 

Mongolia 15.45 25.58 2.55 

Mali 12.00 22.14 2.21 

Indonesia 13.79 19.61 1.96 

Iran 25.83 19.10 1.90 

Tanzania 13.10 18.72 1.87 

Niger 11.69 16.10 1.61 

Uganda 8.03 15.59 1.55 

Total for 15 countries 589.67 708.35 70.64 

World Total 840.37 1,002.81 
 

Source FAOSTAT, 2016 
 
1.2 Domestication history 
Goats are believed to be amongst the first farm animals domesticated by man. They 
have had a symbiotic relationship with humans for over 10,000 years following 
human civilization (Ensminger and Parker, 1986). The centre of domestication of the 
goat is believed to be near the fertile crescent area spanning the region from eastern 
Anatolia (Turkey) to the Zagros mountains in present day Iran (Zeder and Hesse, 
2000; Naderi et al., 2008; Zeder, 2008;Nomura et al., 2013). From the centre of 
domestication, goats spread west to Eastern Europe and Northern Africa and arrival 
in sub-Saharan Africa occurred later, about 4000 – 5000 years ago (Gifford-Gonzalez 
and Hanotte, 2011). The migration of goats to Uganda could have occurred through 
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the Ethiopian highlands, although a central route through the Sahara desert was also 
suggested (Clutton-Brock, 2000). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.3 Genetic resources and goat improvement programs in 
Uganda 
The current Ugandan goat populations mainly comprise three indigenous 
geographically isolated breeds: Mubende, Kigezi and Small East African (SEA) goats 
(Mason and Maule, 1960; Nsubuga, 1996; MAAIF and UBOS, 2009). Additionally, 
several indistinct ecotypes or geographical isolated population of indigenous goats 
exist including Karamojong and Sebei. These ecotypes are a result of the response of 
the goat genotypes to their prevailing ecological conditions. The indigenous goat 
breeds are generally characterized by small body size, slow growth rate and low 
carcass weight. However, they show resistance to gastro-intestinal parasites and 
local diseases, tolerance to heat and water scarcity, and ability to utilize low quantity 
and quality fodder. In order to improve the productivity of the indigenous goat 
breeds, cross-breeding with exotic Boer goats was initiated in the early 1990’s 
(Nsubuga, 1996). Unfortunately, good as the initiative seemed, the cross-breeding 
was done indiscriminately and uncoordinatedly posing a threat to the existence of 
the resilient and adapted indigenous breeds. The indigenous and exotic goat breeds 
likely represent an enormous source of genetic diversity, but the benefits may only 
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Figure 1.1: Trends in goat population globally showing increasing contribution from 
Asia and Africa during the period from 2006 to 2016 (FAOSTAT, 2016) 
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be fully exploited if the germplasm can be characterized, conserved and utilized in a 
sustainable manner under the existing and future production systems. 
The prevalence of small-scale production in both intensive and extensive mixed 
farming systems in developing countries is expected to persist as a result of 
continuing fragmentation of land (Steinfeld et al., 2010). Smallholder mixed farming 
systems are predicted to remain the main producers of ruminants until 2050 
(Herrero et al., 2014). 
 
1.4 Role of local goat breeds for future improvement 
programs 
Local breeds generally play an unprecedented role in maintaining across-breed 
genetic diversity in animal genetic resources (Biscarini et al., 2015). Locally adapted 
breeds are crucial for many livestock-keeping livelihoods, particularly as climate 
change progresses, and as new environmental changes arise, some of the adaptive 
characteristics of the animals will become critical to counter the effects of the 
emergent challenges (FAO, 2015). However, local breeds tend to be less productive 
and often being replaced by high production trans-boundary breeds. Under 
smallholder conditions, these breeds could represent an important genetic resource 
and a livelihood for the farmers. Often, the reason for their preference by 
smallholder farmers is their resilience and ability to survive under often extreme 
conditions under which they must produce. This is an inherent advantage for the 
resource constrained smallholder farmer, who may not have the resources to 
improve the production environment. 
 
1.5 Breed adaptation to local environment 
Animals well adapted to a specific environmental condition usually are more likely 
to survive longer and pass on their genes to subsequent generations (offspring). 
Because of this adaptation process, the population will gradually consist of more 
animals with the favourable alleles which are passed from one generation to 
another. Therefore, in a population of indigenous goats, a higher number of 
individuals that are adapted to the local environmental conditions would be 
expected. However, the successful establishment of a well-adapted population will 
depend on the genetic diversity present (Fisher, 1930). Selection for adaptive traits 
in particular, will become very relevant with the current trend in climate change 
(Hoffmann, 2013). Climate change which manifests in ecosystem changes may result 
in changes in parasite burden or heat stress and the animals will need to adapt to 
these changes at the genome level. Farming systems in tropical, subtropical, and arid 
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regions are particularly prone to the effects of climate change. Small ruminants, 
particularly goats, are considered an integral part of these ecosystems. Genomic 
studies with adapted goats and comparing them to un-adapted goats, may provide 
an ideal model for the identification of genes for adaptation traits (Sejian et al., 2017; 
Visser, 2017). 
Moreover, as a result of concerted efforts, a reference genome sequence of the 
domestic goat (Capra hircus) was published in 2013 (Dong et al., 2013) by the 
International Goat Genome Consortium (https://www.goatgenome.org/) followed 
later by that of the wild progenitor, Bezoar (Capra aegagrus) (Dong et al., 2015). The 
availability of the reference genome sequence of the goat led to advances in goat 
genomics such as the development of the 52K SNP chip (Tosser-Klopp et al., 2014), 
sold commercially by Illumina as caprine SNP50 BeadChip. 
 
1.6 Motivation for this thesis 
The indigenous Ugandan goat breeds are poorly characterized, and they face risk of 
extinction due to their typically low productivity. Because of this low production, 
smallholder farmers may be compelled to adopt exotic breeds on economic grounds, 
which increases the risk of disappearance of the well adapted and resilient local 
breeds. To prevent undesired loss of genetic diversity, there is a need to characterize 
the breeds and their production environment to properly assess the value of the 
Ugandan breeds and to guide decision making in livestock development and 
breeding programs. This need is well recognized in smallholder small ruminant 
production systems in East Africa (Kosgey et al., 2006).  
The developments in genomics technologies like e.g. fast genotyping methods in the 
last decade, have created important tools for detailed genetic characterization of 
populations. However, detailed molecular information on its own does not capture 
the economic value and adaptive capacity of breeds in local conditions. There is a 
need to complement the molecular information with performance and pedigree 
information. This information is often lacking in the smallholder production systems 
in developing countries like Uganda due to non-existent institutional frameworks 
and infrastructure, and inadequate farmers’ organizations at the village level to 
effectively participate in breeding schemes (Kosgey and Okeyo, 2007). 
  

https://www.goatgenome.org/
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1.7 This Thesis 
The main aim of this thesis is to characterize Ugandan indigenous goat production 
systems and the Ugandan goat breeds to conserve and promote sustainable 
utilization of these breeds. To achieve these broad objectives, I undertook the 
following studies: 

1. Assess goat production systems and define breeding objectives for 
indigenous goat breeds in Uganda. 

2. Evaluate the variation in resistance/resilience in three indigenous goat 
breeds of Uganda when artificially infected with the gastrointestinal 
nematode Haemonchus contortus. 

3. Assess the degree of genetic diversity, population structure, breed 
relationships and breed admixture in Ugandan goats. 

4. Evaluate selection signatures and genomic inbreeding in six Ugandan 
goat breeds 

 
1.8 Outline of the thesis 
This thesis consists of 6 chapters. The general introduction (Chapter 1) provides an 
overview of the thesis. Using qualitative data collected from smallholder farmers and 
secondary literature, we assessed goat production systems and applied participatory 
approaches which actively involve the farmers in identification/assessment of 
possible breeding goal traits (Chapter 2). Subsequently, in Chapter 3 we evaluated 
the three main goat breeds: Kigezi, Mubende and Small East African, for variation in 
resistance/ resilience to the gastrointestinal parasite Haemonchus contortus, one of 
the key constraints to production identified by farmers. In Chapter 4 a genome-wide 
analysis was undertaken using the caprine SNP50 BeadChip to assess the genetic 
diversity, population structure and admixture in Ugandan goat breeds. In Chapter 5 
we undertook a genome-wide scan to identify signatures of selection and assess 
genomic inbreeding based on runs of homozygosity (ROH) in the goat genome. We 
further quantified the level of genomic inbreeding in the goat breeds using the 
number and length of ROH’s. Lastly, in Chapter 6 the results from the various studies 
were synthesized in a general discussion including perspectives for breed 
improvement and utilization under the current smallholder systems and future 
commercially oriented production. I further discuss current strategies for 
conservation of genetic diversity in the current goat populations to meet current and 
future challenges in breed improvement. 
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Abstract 
The success of breeding programs in improving indigenous livestock breeds in 
Uganda has hitherto been limited due to lack of involvement of the key stakeholders. 
Thus, participatory approaches are being promoted for designing community-based 
improvement programs. The aim of this study was to characterize the indigenous 
goat production systems and assess in a participatory manner farmer preferred trait 
for establishing breeding objectives for indigenous goat breeds in Uganda. 217 farm 
households representing three goat production systems (combinations of breed and 
region) were individually interviewed to assess the socio-economic characteristics of 
the regions and the preferences of the farmers for indigenous goat breeds. The three 
breed/region combinations were 78 households with the Small East African breed in 
Arua, 81 with the Mubende breed in Mubende and 58 with the Kigezi breed in 
Kabale. An index-based approach was used to rank farmers’ choices of traits 
considered important for their production systems. Descriptive statistics show that 
overall the production systems were not significantly different in terms of the nature 
of the farms and the trait preferences of the farmers. The sale of live animals was 
considered a primary objective for keeping goats by farmers across all the production 
systems studied. Adaptation traits (disease resistance, heat tolerance and survival) 
were considered critical in the farmers’ preferred breed. Production traits (better 
prolificacy and faster growth rate) and marketing ease were other characteristics 
considered by the farmers. The results from the study are useful for designing 
farmer-participatory breeding programs for goats in the different production 
systems in Uganda.  
 
Key words: Breed preference, Breeding objectives, breeding programs, smallholder 
farmers, indigenous goats, production/ adaptation traits 
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2.1 Introduction 
Goats are amongst the earliest animals domesticated and have been associated with 
humans symbiotically for over 10,000 years (Ensminger and Parker, 1986). They are 
amongst the most important livestock species used for meat production around the 
world producing over 5 million metric tonnes of meat (FAOSTAT, 2014).  
Goats show a high degree of diversity due to their ability to adapt to varying 
environmental conditions and nutritional regimes. There are over 576 breeds 
currently documented of which Africa is home to 96 breeds (FAO, 2015). The global 
goat population has continued to increase over the last decade to currently over 1 
billion goats, with Africa contributing 36.2%, Asia 58.2%, Americas 3.5%, Europe 1.7% 
and Oceania 0.4% (FAOSTAT, 2014). The goat population in Uganda is approximately 
14.0 million (UBOS, 2015). Over 95% of this population is comprised of indigenous 
goat breeds. Furthermore, there is a small proportion of exotic breeds composed of 
Boer, Savannah, Anglo-Nubian, Toggenburgs and Saanen among others (UBOS and 
MAAIF, 2009). Goats contribute significantly to the net cash income derived from 
livestock production in the crop–livestock production system, although the annual 
meat production from goats is relatively small compared to the number of heads 
(MAAIF, 2011). 
In Uganda, goats are mainly kept by smallholders composed of mainly the rural poor 
and vulnerable women headed households (Semakula et al., 2010a). They contribute 
substantially to the livelihoods of these households as a source of income, food 
(mainly meat) and non-food products like manure and skin. Goats also serve as a 
means of risk mitigation during crop failures, property security, monetary saving and 
investment, and have many other socio-economic and cultural functions such as 
dowry for marriage, sacrifice and in-kind payment of fines on breach of cultural 
norms and taboos (Kugonza et al., 2001).  
The Ugandan indigenous goat breeds are generally characterized by small body size, 
slow growth rate and low carcass weight. However, these indigenous goat breeds 
have evolved in diverse and stressful environments resulting in unique adaptive 
traits like disease and heat resistance, water scarcity tolerance and ability to cope 
with poor quality feed which has enabled them to survive and remain productive in 
these environments. To improve the productive performance of the indigenous 
goats for meat, cross breeding with South African Boer goats was started in early 
1990’s (Nsubuga, 1996). This offered short term solutions for increasing goat meat 
production. However, in the long run continuous cross breeding may lead to 
disappearance of the resilient indigenous breeds. Anecdotal reports indicate that 
there might be no net gains from crossbreeding with Boer goats since a larger 
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proportion of kids succumb to pre-weaning mortality arising from intestinal worm 
infections. The indiscriminate and unplanned cross breeding with the adapted 
indigenous breeds may lead to breed replacements. This may have a negative 
bearing on future breeding programs for goats. Although the threat level of Uganda’s 
indigenous goats is not quantified, already 3% of the world’s goat breeds is extinct, 
6% is at critical level and the risk status of some 32% is unknown (FAO, 2004, 2009, 
2011b). In order to qualify the uniqueness of indigenous goat breeds, there is need 
to characterize the breeds and their production system so as to properly assess the 
value of breeds and to guide decision making in livestock development and breeding 
programs (Kosgey et al., 2006). 
The most important indigenous goat breeds of Uganda are Small East African, 
Mubende and Kigezi goats (Mason and Maule, 1960; Nsubuga, 1996). The Small East 
African (SEA) goats have an adult live body weight of 20-25 kg and are distributed 
extensively in the northern and eastern savannah ecological areas and drier areas of 
central Uganda, contributing approximately 83.3% to the total indigenous goat 
population. The Mubende (MUB) goats are larger animals with adult live body weight 
of 30-35 kg and popular also for their high-quality skin. They contribute 
approximately 14.5% to the indigenous goat herd and are mainly found in Mubende 
and Ssembabule district. The Kigezi (KIG) goats have an adult live body weight of 25-
30 kg and are distributed widely in the south western highlands and make up 2.2% 
of the total indigenous goat population in Uganda (UBOS and MAAIF, 2009). 
As seen in many tropical developing countries, the animal production systems in 
Uganda are very diverse mainly due to the agro-ecological conditions and the level 
of commercialization (Wurzinger et al., 2006; Gizaw et al., 2010). The more market 
oriented commercial farmers tend to focus more on livestock production compared 
to the subsistence smallholder farmers. The aspirations of the farmers are also as 
diverse as the number of communities that may be involved in keeping the goats. 
Therefore, the identification and characterization of local production environment 
of indigenous breeds, and the associated context of their utilization and 
development is a first step towards breed improvement programs.  
The failure of breed improvement programs in tropics in the past decades has mainly 
been attributed to lack of involvement of the farmers in defining the breeding 
objectives (Kahi et al., 2005; Wurzinger et al., 2011). The use of participatory 
approaches should be an integral part in defining breeding objectives (Kosgey, 2004; 
Duguma et al., 2010). These approaches have been used in defining breeding 
objectives for mixed livestock and pastoral systems for small ruminants in Kenya and 
Ethiopia (Kosgey et al., 2008; Bett et al., 2009b; Mirkena et al., 2012; Gebreyesus et 
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al., 2013), and recently as a bench mark for defining breeding goal traits for Nile 
tilapia (Oreochromis niloticus) in Kenya (Omasaki et al., 2016). 
In Uganda, there has hardly been any comprehensive study that describes the 
production environment and defines breeding objectives for indigenous goat breeds. 
This study was therefore designed to characterize the indigenous goat production 
systems and to develop a participatory definition of farmer preferred traits for 
establishing breeding objectives for indigenous goat breeds in Uganda. 
 
2.2 Materials and Methods 
 
2.2.1 Study sites 
A survey was conducted in Arua (3.03oN, 30.91oE and 1157 metres above sea level 
(masl), Mubende (0.59oN, 31.36oE and 1324masl) and Kabale (1.33oS, 30.00oE, 
1864masl) districts of Uganda (Figure 1). 
The average annual rainfall is 2875mm in Arua, 1377mm in Mubende and 1018mm 
in Kabale. The average monthly temperatures were 26.6oC, 22.9oC and 17.2oC for 
Arua, Mubende and Kabale respectively. The agro-ecologies have been described by 
MAAIF (2010). Arua lies in the north western savannah grassland characterized by 
gentle undulating plains suitable for cotton, millet, sorghum, legumes (beans, 
groundnuts), sesame and cassava. Livestock reared includes cattle, poultry and small 
ruminants, but production is limited by tsetse fly infestation. Mubende is in western 
savannah grassland, which can be described as a banana-coffee-cattle system. Cattle 
is the main livestock along with small ruminants. The district belongs to the cattle 
corridor belt which extends from western plains to Karamoja in the north eastern 
Uganda. Kabale belongs to the highlands agro-ecologies, which is characterized by 
high population density with small land holdings, and the main crops are sorghum, 
potatoes, vegetables, coffee, maize and wheat. The farmers in Kabale keep small 
ruminants, cattle and poultry. 
These districts were selected due to a large population of the particular goat breeds 
(UBOS and MAAIF, 2009) and to represent the production environment for SEA, MUB 
and KIG goats respectively. Despite the fact that the SEA are distributed throughout 
the country, Arua was selected for the study due to logistical reasons and it was 
envisaged to be a representative site for the Small East African goats production 
system 
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Figure 2.1 Map of Uganda showing the districts selected to characterize 
production systems for SEA, Mubende and Kigezi goats. 
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2.2.2 Scope of the study 
The sampling units from which interviews were conducted are presented in Table 
2.1. In each district, at least one or two goat producing counties were chosen from 
which two sub-counties with a large population of goats were purposively selected 
to carry out the survey. From each sub-county a simple random sampling was done 
to select parishes and villages. From each village, households were then selected by 
random sampling to carry out individual interviews. 
 

Table 2.1 Selected sub-counties, parishes, villages and respondents interviewed 
 Administrative sub-unit a 
Production 
system 

County Sub 
counties 

Parishes Villages Respondents 

Arua Upper Madi 
Okollo 

2 5 10 78 

Mubende Kassanda 1 3 7 33 
 Kasambya 1 5 11 48 
Kabale Ndorwa 1 1 8 20 
 Rubanda 1 2 10 38 

a Administrative units where the study was carried out with the numbers of sampled 
units in parentheses from the total numbers 
 
In each selected sub-county, a focus group discussion (FGD) was carried out with key 
stakeholders in the communities (farmers, local leaders, extension agents) to obtain 
qualitative data in each of the three selected districts. The FGD process was guided 
by a set of open questions on agro-ecological conditions, goat populations, cropping 
systems, farmer engagements in goat production and the preferred traits considered 
by the farmers. These FGD’s were crucial to get a better understanding of the 
community and helped in mapping out households selected for individual interviews, 
which provided the source for quantitative data. The survey was carried out by 
interviewers who had agricultural or veterinary training and originated from the 
ethnic communities of the districts selected. The interviewers filled out the 
questionnaires at the farm based on the oral answers to the questions given by the 
farmers. To have a harmonized understanding, the interviewers were trained during 
the pretesting sessions of the semi-structured questionnaires that were eventually 
used during the study. Based on the FGD’s, a list of farmers with at least three goats 
was generated for each study site. Using a simple random sampling method, 
households were then selected from the village to administer the questionnaires. A 
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total of 78, 81 and 58 respondents were interviewed from Arua, Mubende and 
Kabale respectively representing the production systems for SEA, MUB and KIG goat 
breeds. 
 
 
2.2.3 Data collected 
Data collected during the household interview included general household 
characteristics on age stratum, level of education, land holding, flock structure, 
source of income in the household and the main activity the households were 
engaged in. Also, the production system descriptors based on type, reason for 
keeping goats, labour usage, management of stock and constraints to production 
were examined. Additionally, data were collected on seasonal variation in feed and 
water sources, production systems, goat ownership and diseases among others. On 
breeding, the breeding activities of the households, breeds used and preferred and 
reasons for preference were enumerated.  
Using an individual trait preference approach, farmers ranked their preferred breeds 
for a set of criteria. They also ranked their flocks for traits they would desire to have 
in their preferred goats (breeding objectives). Briefly, the farmers were asked to rank 
their goats in order of preference for a predetermined list of traits and then ranked 
their flocks for all the traits in order of preference. 
 
 
2.2.4 Data analysis 
The data from filled out questionnaires were coded and analysed using SPSS version 
23 to generate descriptive statistics (SPSS, 2015). To assess the statistical significance 
of the difference, chi square (X2) test was carried out on production system 
descriptors like farm size, livestock species kept, size of land, household size. 
 
 
2.2.5 Index based ranking 
Individual farmers ranked the criteria for selection of their best animals and a 
weighted ranking approach was adopted to determine the relative importance of 
each criterion. This approach was used for ranking livestock species kept, for reasons 
of keeping goats, ranking of important traits and constraints to production. The 
equations by (Bett et al., 2009b; Zonabend König et al., 2015) were adopted for the 
weighted criteria or indices (Ij). 
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Where Xij is the number of respondents giving rank i (i= 1, 2 or 3) to trait j, where j= 
size of kids at birth, growth rate of the kids, size of adults, milking ability, carcass 
quality, heat tolerance, disease tolerance/resistance, kid survival, water 
requirement, temperament, marketing ease, prolificacy and mothering ability (n 
traits). ri is the weight corresponding to rank i. Quantitatively, ri is assigned a weight 
of 3, 2 and 1 to i= 1, 2 and 3, respectively, to give the most important trait the highest 
index. The choice of (linear) weights is arbitrary and followed consistently from 
earlier studies on goats (Bett et al., 2009a; Bett et al., 2009b), pigs (Mbuthia et al., 
2014), sheep (Mirkena et al., 2012; Zonabend König et al., 2015) and cattle (Kugonza 
et al., 2011). It should be noted that the index values are relative to each other with 
their sum = 1.00. In words, the index value is the average relative preference or 
importance of an item. A spearman’s rank correlation test was performed between 
the ranks to check for consistency in ranking within the districts by the respondents.  
 
 
2.3 Results 
 
2.3.1 Farm and farmer characteristics 
Table 2.2 describes the characteristics of the farm and farmers. Indigenous goat 
production across the three districts was undertaken by households that were male 
dominated (84.8%). The predominant age bracket of the household head was 30 – 
60 years (72.8%) and most of the heads of household have had a formal education 
at primary school level (63.1%). Almost two thirds of the households sampled for 
data collection did not consider livestock rearing as a major livelihood activity (Table 
2.2) and almost half of the farm types across the three districts were categorised as 
communal, where the grazing land belonged to the community and animals from 
individual members of the community had equal access to utilizing it. However, at 
the individual districts level, while communal farms were predominant in Arua 
(82.1%), in Mubende small scale commercial dominated. 
Land is privately or communally owned with an average land holding of 10.77 ha per 
goat farming household. However, the average land holding in Mubende was 
significantly higher than in Arua and Kabale (P<0.05). Average land holding per 
household allocated for grazing across the districts is approximately 7 ha, with a 
significantly higher allocation in Mubende district compared to Arua and Kabale. 
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The main livestock species kept by the households included cattle, sheep, goats and 
poultry. The average flock size of the cattle and goats varied widely among the 
districts (P<0.05) and followed a similar pattern to the average land holding per 
household. Table 2.3 presents the ranking of livestock kept by the farmers. Goats 
(0.483) were the primary livestock kept by the visited smallholder farmers across all 
the three production systems, while cattle (0.271) and poultry (0.137) were ranked 
as secondary and third respectively. 
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Table 2.3 Importance of livestock species kept by farmers in the three production 
systems 
 

Livestock 
species 

Overall Arua Mubende Kabale 

 
WR a Rank (I b) WR a Rank (I b) WR a Rank (I b) WR a Rank (I b) 

Goats 548 0.483 202 0.473 193 0.473 153 0.505 
Cattle 308 0.271 110 0.259 145 0.355 53 0.175 
Poultry 156 0.137 87 0.205 44 0.108 25 0.083 
Sheep 91 0.080 15 0.035 18 0.044 58 0.191 
Pigs 31 0.027 9 0.021 8 0.020 14 0.046 
Rabbits 1 0.001 1 0.002 0 0.000 0 0.000 
         

a WR is sum total of the product of households giving a rank to a particular livestock 
species  
b I is the index value and the livestock species with the highest index value is the most 
important to the farmers participating in the production system. 
 
2.3.2 Reasons for rearing goats 
Table 2.4 presents the ranking of reasons why goats are the species of choice. The 
overriding reason for keeping goats in all three districts is cash derived from sale of 
live animals (0.442), followed distantly by socio-cultural benefits (0.162) and meat 
for home consumption (0.152). At each production system, there was distinct use 
attached to the goats with cash from livestock sales overriding in Kigezi and 
Mubende system, while socio-cultural use was considered the most important 
reason for SEA in Arua. Manure was considered an important output under the Kigezi 
goat production system while milk production from goats was considered 
unimportant in all production systems. 
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2.3.3 Farmer preferred trait ranking 
Table 2.5 summarises the outcomes of the trait preferences by the farmers. Overall, 
disease tolerance/resistance (0.095) is considered the most important trait, followed 
closely by heat tolerance (0.093) and kid survival (0.089). Good carcass quality 
(0.089), good mothering ability (0.086), ease of marketing (0.085), prolificacy (0.083) 
and lower water need (0.083) were some other important traits considered by the 
farmers across the three production systems studied. Disease tolerance was 
considered the primary reason for keeping goats in SEA (0.096) and Kigezi (0.097) 
goat production systems, while disease tolerance and heat tolerance were 
considered equally important Mubende goats (0.094). 
Generally all traits, except milk production, were considered important, but 
adaptation traits were ranked higher than production traits across the three 
production systems studied. There was relatively high correlation in ranking across 
the production systems studied. The correlations in the ranks varied from 0.684 to 
0.917. There highest correlation in the rankings by respondents was found in 
Mubende and moderate in Arua and Kabale. 
 
2.3.4 Constraints to goat production 
 
Table 2.6 summarises goat production constraints recognized by the farmers 
interviewed. Farmers generally consider diseases by far as the most important 
constraint affecting production of goats. Particularly of economic importance are 
diseases due to gastrointestinal nematodes Haemonchus contortus. Limited grazing 
areas, lack of good quality pastures, parasites and poor veterinary/ extension 
services were the other important reasons considered by the farmers as constraints 
to production of goats across the three production systems. The medium ranked 
constraints to production considered were theft of stock, lack of watering sources, 
labour, lack of veterinary drugs and limited capital for expansion. Poor housing, 
quality of the breeds, harsh weather conditions, predators and marketing challenges 
were also mentioned by the farmers, but these generally ranked low as constraints 
to production. 
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2.4 Discussion 
The need to understand the production environment in which indigenous goats must 
produce cannot be over emphasized. In designing a holistic and sustainable breed 
improvement program, it is of paramount importance to unravel the characteristics 
of the production environment. Various approaches have been proposed, however 
the use of participatory approaches involving farmers has been successful in 
characterization of livestock production systems in Africa. The present study was 
therefore designed on the model of participatory approaches in assessing the 
production system characteristics and trait preferences for breed improvement 
programs for indigenous goats of Uganda.  
 
2.4.1 Farm and farmer characteristics 
Crop and livestock production constitutes the main livelihood activities of the 
households that participated in this study. This dependency of rural livelihoods on 
crop and livestock production is widespread in developing countries (Okeno et al., 
2011; Osei-Amponsah et al., 2011). Despite the wide spread production of livestock, 
it is not considered the main livelihood activity of most of the smallholder farmers in 
the present study. Among reasons advanced for the low consideration of livestock 
as a main livelihood activity include small land holdings and land fragmentation. For 
example, only 17.2% of farmers interviewed in Kabale engaged in livestock 
production for livelihood. 
 
The low-income level and the subsistence nature of the smallholder farmers in this 
study, may have influenced the choice of a primary livelihood activity. Livestock 
production is considered income intensive activity beyond the reach of most of the 
smallholder farmers. This may have further influenced the choice of livelihood 
activities. The results of this study sharply contrast with those in smallholder and 
pastoral areas of Kenya and Ethiopia, where livestock was considered a primary 
activity (Kosgey et al., 2008; Abegaz, 2014). 
 
While in the medium to low potential areas of Mubende commonly referred to as 
the cattle corridor, livestock production was mainly undertaken by few prosperous 
farmers who owned large farms. The average land holdings were significantly larger 
in Mubende compared to Arua and Kabale. These differences have implications for 
developing suitable breeding programs. The cattle corridor region of Uganda, where 
Mubende goats are found, is predominantly covered by savanna vegetation 
characterized by shrubs of Acacia hockii whose leaves are rich in crude protein 
(Ondiek et al., 2010). This area is seen as a high potential area for ranching due to 
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abundance of grazing area for livestock. Grazing of livestock is mainly carried out on 
communal areas, although there is a shift to private ownership in locations that are 
becoming commercially oriented. The shift in the farmers’ production objective 
towards generating income other than subsistence may have partly contributed to 
land ownership patterns being observed in Mubende, while in Arua where the 
overriding reason for keeping goats was socio-cultural, the farms were 
predominantly communal in nature. The high average land holding in Mubende 
makes sense for commercial livestock production, thus influencing the farm types 
that have developed.  
 
Goats were considered a primary livestock across the three production systems 
(Table 2.3). They are easier to manage by smallholder farmers and are thus preferred 
over cattle in the production systems under study. Goats require less input in feeds 
and general management and yet provide an important source of liquid cash due to 
their small size, which makes them easier to dispose for tangible and intangible 
benefits. The perception of smallholder farmers is that goats can easily adapt to 
adverse environmental conditions and are less prone to disease outbreaks, therefore 
considered less risky to keep than cattle. The importance attached to goats in this 
study is consistent with the findings of Hassen and Tesfaye (2014) who found that 
goats were highly ranked in pastoral and agro-pastoral areas of Ethiopia. However, 
it is important to note that sheep was perceived to be a sacred animal and thus not 
considered for primary livestock production.  
 
The average herd size for cattle and goats was significantly larger (P<0.05) in 
Mubende compared to Arua and Kabale. The high average herd size in Mubende may 
be attributed to the availability of land and the importance attached to cattle and 
goats to feed the urban population in Kampala and surrounding districts. The 
availability of urban markets and large suitable grazing areas has implications for the 
type of breeding programs to be developed. 
 
2.4.2 Reasons for keeping goats 
Across the production systems studied, indigenous goats played a multifaceted role 
with the farmers. The multifunctional role is considered vital to maximize benefits 
derived from the goats under the stressful environment in which they have to 
produce (Gizaw et al., 2010; Edea et al., 2012). Although goats played a multipurpose 
role across the three production systems, income generation was considered the 
overriding goal of keeping goats. This was realized mainly through the sale of live 
animals. This finding concurs with other studies in developing countries that 
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underscore the importance of livestock in generating income for the farmers (Kosgey 
et al., 2008; Semakula et al., 2010a; Semakula et al., 2010b; Kugonza et al., 2011; 
Okeno et al., 2011). The income derived from goats was used for accessing 
education, health and other basic needs of the households.  
However, there was a marked difference in the purpose of keeping goats between 
the production systems with the predominantly subsistence communities, 
prioritizing non-tangible benefits like cultural values other than income generation. 
Income generation function was predominant in the Mubende and Kabale 
production systems compared to Arua production system, where the cultural value 
of goats was overriding. For a successful implementation of any meaningful breed 
improvement programs, consideration of socio-cultural roles of goats with the 
farmers will be very crucial in the short to medium term (Verbeek et al., 2007; Kosgey 
et al., 2008). 
Milk production from goats is considered an inferior reason although the role of goat 
milk in the nutrition security of pregnant mothers, malnourished children and sick 
people has been underscored (Haenlein, 2004). The consumption of goat’s milk is 
generally considered a cultural taboo and was unpopular among the farmers. This 
agrees with findings from a study on two indigenous goat breeds in Ethiopia (Abegaz, 
2014). However, this finding contradicts with a study with pastoral communities in 
Ethiopia and Kenya where milk was considered the primary objective for keeping 
small ruminants, since the milk was considered a stable diet for the pastoralists 
(Kosgey et al., 2008; Hassen and Tesfaye, 2014). 
Manure production was considered an important reason in the Kigezi goat 
production system of south western highlands. Similarly, earlier studies with 
smallholder farmers have also ranked manure highly (Kosgey et al., 2008). Goats 
manure is generally considered useful in enhancing soil fertility for vegetable 
production. Mineralization of goats manure results in organic nitrogen and 
phosphorous, and is therefore a cheap source of organic fertilizer for vegetable 
production (Nziku et al., 2016). The importance of manure has also been highlighted 
in production of cash crops under sheep-barley production system in Ethiopia (Gizaw 
et al., 2010; Tadesse et al., 2013).  
It is noteworthy to recognize that the socio-economic and cultural role of goats in 
the present study is not unique, but confirms findings from similar studies with sheep 
and goats in Ethiopia (Gizaw et al., 2010; Abegaz, 2014), small ruminants in Kenya 
(Kosgey et al., 2008) and in Ankole cattle in Uganda (Wurzinger et al., 2006). 
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2.4.3 Farmer preferred trait ranking 
The involvement of farmers in assessing breeding objectives and designing breeding 
programs is crucial for success of livestock improvement programs (Mueller et al., 
2015). The use of preferences based on weightings or indices has become a powerful 
tool for farmers to rank their own animals in a rather objective and accurate manner. 
Various studies have employed this participatory approach to provide information 
for developing breeding objectives for goats in Ethiopia (Gebreyesus et al., 2013), 
dairy goats (Bett et al., 2009a; Bett et al., 2009b) and red Maasai sheep in Kenya 
(Zonabend König et al., 2015) and recently for Nile tilapia (Omasaki et al., 2016). 
Adaptation traits (resistance/ tolerance to diseases, heat tolerance, drought 
tolerance) in goats was considered very important by farmers compared to 
production traits (growth rate, birth weight, adult body weight, milk yield) across the 
three regions. Small holder farmers in the current study tended to be risk averse and 
the need for survival of the goats was considered critical. In a recent study with West 
African Dwarf  goats, disease resistance was similarly considered an important 
preference criterion (Ogah, 2016). Across the three production systems, there was 
generally a higher preference for adaptation traits in Arua and Kabale compared to 
Mubende which is seemingly more market oriented due to presence of an urban 
market in the capital city Kampala. Adaptation traits have particularly been 
considered important in resource driven production systems of smallholders 
(Roessler et al., 2008). The current study underscores the importance of adaptation 
traits like disease resistance and recognises that these traits are equally or more 
important than production traits. The findings from this study are in line with those 
of previous studies in Ethiopia by Gizaw et al. (2010) and recently in Somalia by 
Marshall et al. (2016). It is therefore important to note that a critical understanding 
of the adaptation traits and including them in the breeding goal is vital for developing 
sustainable improvement programs. However, selection for adaptation traits may be 
more complicated, unless if they are considered as composite traits correlated with 
production performance of the animals. 
Although, highly adapted animals were desired, the farmers were cognizant of the 
need for income from sales of live animals. Therefore, an increased body size and 
growth rate were substantially ranked by the farmers. Similarly in a recent study, 
small ruminant farmers in Nyando basin in Kenya expressed the desire for large and 
resilient animals (Ojango et al., 2016). Large animals were particularly desired for the 
market-oriented farmers in Mubende, since they were easily sold and fetched better 
prices. Production traits, particularly body size and growth rate, were also 
substantially ranked in an earlier study with goats in Uganda (Semakula et al., 
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2010b).  However, in low input smallholder production systems like in Arua in this 
study, the use of agro-inputs and access to professional veterinary/ agricultural 
extension services was often limiting. The farmers tended to rely heavily on robust 
animals that are adapted to environmental stresses like disease, drought, heat and 
poor-quality feeds. Generally, indigenous goat breeds were perceived to be superior 
over their exotic counterparts in survival traits and economic performance. These 
findings are consistent with those of Ayalew et al. (2003) and Onzima et al. (2014) 
who found that indigenous goat breeds performed better than their exotic 
counterparts under tropical environments. Similarly, these findings further support 
the ideas of Philipsson et al. (2006) and Kugonza et al. (2011), who suggest that the 
ability to utilise low quality feed resources and, resist diseases and environmental 
stress explains why indigenous livestock breeds outperform exotic breeds in 
economic performance. 
 
2.4.4 Constraints to goat production 
Diseases were considered a very important constraint affecting goat production. 
Limitation to productivity of goats is presented by diseases caused by 
gastrointestinal (GI) nematodes, mainly Haemonchus contortus. This parasite is most 
prevalent and devastating in Uganda and the rest of sub-Saharan Africa (Nsereko et 
al., 2015). The need for effective control of infection is of paramount importance. 
Unfortunately, smallholders are resource constrained and an animal that is adapted 
to the challenge by GI nematodes is highly desired. Limited grazing area in the highly 
dense regions was another important constraint mentioned by the farmers. This 
study has similarly shows that feeds, diseases and water scarcity are important 
constraints to goat production, which agrees with earlier findings in Ethiopia (Gizaw 
et al., 2010; Tadesse et al., 2013) and Uganda (Semakula et al., 2010a). It is therefore 
important that these constraints are taken into consideration when developing a 
breed improvement program. 
 
2.5 Conclusion 
This study has brought out the characteristics of three production systems for goat 
production in Uganda. Participatory approaches may be useful in identifying key 
farmer preferences for traits crucial for sustainable breed improvement programs 
for indigenous goats. This study has highlighted the main reasons for keeping goats 
by smallholder farmers and major constraints to consider in the design and 
implementation of effective breed improvement programs for goats in Uganda. The 
study has shown the importance of adaptation traits, particularly related to disease 
resistance and environmental stresses, for consideration alongside key production 
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objectives, if a successful and sustainable breeding program is to be developed for 
improving indigenous goat breeds of Uganda. 
Finally, it is important that the farmer preferences identified in this study are 
included in breeding objectives and selection criteria for goats in the production 
systems. 
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Abstract 
 
Gastrointestinal nematodes (GINs), Haemonchus contortus, are a major health 
problem in goat production. Resistance to H. contortus, the most prevalent GIN in 
Uganda, was studied among three indigenous goat breeds to assess their 
differences. Twelve male goats of each breed approximately 7 months old of small 
East African (SEA), Mubende, and Kigezi goats from smallholder farmers in Arua, 
Mubende, and Kabale were assembled for the study. 
At the station, they were dewormed with a combination therapy of the broad-
spectrum dewormers closantel and albendazole to free the goats of gastrointestinal 
parasites. 
During experimentation, the goats were kept indoors and adlibitum fed on clean 
banana peels and Napier grass. On attainment of zero-worm-egg status, the goats 
were artificially infected with 18,000 third-stage (L3) larvae of H. contortus prepared 
according to Baermann’s procedure. Data were collected on faecal egg count (FEC), 
packed cell volume (PCV), and body weight (BW) on a 2-week basis until 12 weeks 
post infection and carcass weight and total worm count (WC) in the abomasum at 
termination of the experiment. The data on FEC, PCV, and BW were subjected to 
repeated-measure analysis of variance and the others by one-way analysis of 
variance. FEC between breeds was only significantly different at 12 weeks post 
infection (p = 0.04). Generally, higher FEC was recorded in Kigezi compared to SEA 
and Mubende goats. 
Carcass weight was significantly different among breeds (p < 0.05), with Mubende 
having the highest carcass weight, followed by Kigezi and SEA. PCV and daily weight 
gains were significantly different between breeds (p < 0.05). WC was not significantly 
different between the breeds. FEC and PCV were weakly significant at later stages of 
the experiment with higher parasite burden suggesting potential variation in 
resistance to H. contortus. These differences could be exploited in designing 
breeding programs with disease resistance in indigenous goat breeds. 
 
Key words: Haemonchus contortus, Small East African goat, Mubende goat, 
Kigezi goat, dewormer, Breeding programs 
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3.1 Introduction 
The gastrointestinal nematode (GIN) Haemonchus contortus is a major health 
problem, causing immense economic losses in goat production (Baker et al., 1998; 
Bambou et al., 2013; Campos et al., 2009; Mandonnet et al., 2001). In Australia the 
annual losses due to GIN is estimated at over AUD 400 million (McLeod, 1995; Sacket 
et al., 2006). It is similarly estimated that the costs of diseases generally may be as 
high as 35% - 50% of turnover within the livestock sector in developing countries 
(Bishop, 2012). In French West Indies losses in goat farm profit of up to 81% have 
been reported (Gunia et al., 2013). The losses have mainly been attributed to 
significant morbidity and mortality in small ruminants. 
Helminthosis (diseases including those caused by nematode parasites) is the most 
important livestock disease in most tropical countries (Khan et al., 2010; Lapenga 
and Rubaire-Akiiki, 2009; Perry et al., 2002; Vatta and Lindberg, 2006). The most 
prevalent of GI nematodes in Uganda is Haemonchus contortus (Nsereko et al., 
2015). GIN particularly Haemonchus contortus has a high fecundity and is a 
debilitating blood sucking parasite in the abomasum causing significant production 
losses through severe chronic anaemia, anorexia, loss of condition and eventual 
death of the affected animals (Notter et al., 2003) 
Options for control of GI nematodes include vaccination, chemotherapy, improved 
management and utilization of host genetic variation. The control of gastrointestinal 
parasites in many livestock production systems has been mainly through the use of 
anthelminthics. However, the development of resistance to major anthelminthics 
(Kaplan, 2004; Zajac and Gipson, 2000) and increasing consumer health concerns 
over occurrence of drug residues in food have further complicated control of 
nematodes. The decreasing efficacy of anthelminthics coupled with the desire for 
less chemical use in production systems has stimulated search for alternatives for 
sustainable control of parasites. Genetic resistance against GI nematodes is well 
described within and between sheep breeds and to a lesser extent in some goat 
breeds (Bishop and Stear, 2003; Fakae et al., 2004; Gruner et al., 2004; Mandonnet 
et al., 2001). The use of relatively resistant animals improves growth and there is less 
contamination of pastures, thus minimizing the need for anthelmintics and the 
development of anthelmintic resistance (Matika et al., 2003).  
Resistance in animals is the ability of breeds to suppress establishment and 
subsequent development of infection (Albers et al., 1987), while resilience or 
tolerance refers to the ability of the host/animal surviving and remaining productive 
despite parasite challenge (Bishop, 2012). Resistance to GI parasites can be exhibited 
by a lower faecal egg count (FEC), while resilience is commonly measured with the 
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packed cell volume (PCV) (Bisset and Morris, 1996) and increase in body weight (BW) 
in growing animals. The PCV measures the volume of circulating erythrocytes in the 
blood compared to the whole blood, making it a suitable cut-off point for anaemia 
in animals. There is consensus that a ruminant with a PCV of 20-26% may have a mild 
anaemia (Tvedten, 2010) and the normal range in goats is estimated to be from 22-
38% (Byers and Kramer, 2010). Thus any animal with a PCV below 20% can be 
considered to be anaemic and not resilient to the GI nematode. 
Goats are markedly susceptible to GI nematodes. However, there are breeds and 
individuals which are genetically resistant to nematodes (Behnke et al., 2006; 
Pralomkarn et al., 1997). These breeds and animals show a low FEC and parasite 
survival (worm burden). Worm burden is a measure of number of adult worms in an 
individual host. A positive correlation may exist between faecal egg counts and worm 
counts/ burden (Cabaret and Gasnier, 1994; Cabaret et al., 1998). Therefore, FEC 
may be used as an indicator for worm burden. However, there is scepticism over this 
approach in that, the worms are not randomly distributed in the hosts. Low levels of 
FEC and worm burdens are closely associated, and are good indicators of resistant 
animals. It may therefore be possible to select for improved resistance to nematodes 
in goats (Mandonnet et al., 2001; Mandonnet et al., 2006). 
Studies with sheep show a marked susceptibility of male lambs to GI nematodes 
compared to female lambs, arising from both natural and experimental infections. 
This may be attributed to sex steroids (androgens vs. oestrogens) which control 
several aspects of host immunity (Klein, 2000a; Klein, 2000b). Therefore, the use of 
male animals is envisaged to give a large (and variable) response in challenge studies.  
Evidence for variation in resistance to GIN, particularly Haemonchus contortus, 
between breeds has been extensively documented in sheep (Alba-Hurtado et al., 
2010; Amarante et al., 2004; Getachew et al., 2015; González et al., 2011; Haile et 
al., 2002). A few studies confirm the existence of resistance in indigenous goats in 
Africa, for example the West African Dwarf (WAD) goats (Chiejina and Behnke, 2011) 
and Kenyan Small East African (SEA) goats (Baker et al., 1998). However, there is no 
known scientific literature about the variation in resistance/resilience to GIN 
amongst the indigenous goat breeds of Uganda.  
The objective of this study was therefore to evaluate the variation in 
resistance/resilience in three indigenous goat breeds of Uganda when artificially 
infected with GIN Haemonchus contortus.  
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3.2  Materials and methods 
 
3.2.1  Experimental animals and management 
An on-station challenge experiment was conducted at Kachwekano Zonal 
Agricultural Research and Development Institute (KAZARDI) in Kabale (1.33oS, 
30.00oE, 1864 metres above sea level (masl)). Twelve male kids each of the three 
main indigenous goat breeds in Uganda were purchased from smallholder farmers 
in Kabale (1.33oS, 30.00oE, 1864masl), Mubende (0.59oN, 31.36oE and 1324masl) and 
Arua (3.03oN, 30.91oE and 1157masl); where Kigezi (KIG), Mubende (MUB) and Small 
East African (SEA) goats, respectively, were predominantly found. Only male kids 
were used to eliminate a possible sex effect and, moreover, male goats were easily 
accessible across all production systems in Uganda. The goats used in this 
experiment were approximately 7 months of age at time of purchase and selected 
from different parental lines in widely distributed locations to ensure that they were 
not related to each other. Goats at this age were commonly believed to be 
immunologically immature (Hoste et al., 2010) and the males are generally 
considered more susceptible than females and were therefore suitable for the study. 
The management at the farms was similar where the kids were raised together with 
the does and grazed together on natural grass. While on-station, the animals were 
subjected to the same management (feeding and housing) prior to experimentation. 
They were initially drenched with a combination therapy of nilzan plus albendazole 
10%, followed by a closantel treatment where the parasite was not cleared by nilzan 
plus - albendazole combination therapy. The goats were then allowed to adjust to 
the prevailing husbandry conditions for a period of 4 – 6 weeks. Briefly, on arrival at 
the station the animals were kept in isolation and sprayed against ectoparasites, 
particularly ticks, and treated against enterotoxaemia according to approved 
standard procedures. During the quarantine period their health was closely 
monitored and any ailment that may have an adverse effect on the goats was treated 
promptly. To avoid secondary infection, the experiment was performed under a cut 
and carry system of feeding. The goats were fed on clean banana peels and Napier 
grass (Pennisetum purpureum) as the basal diet and supplemented with legumes, 
mainly Lablab (Lablab purpureus) and Calliandra (Calliandra calothyrsus) forage, 
throughout the experimental period. The fodder was obtained from established 
pastures not previously grazed by animals but mainly used for cut and carry feeding. 
Mineral blocks rich in essential minerals were availed in each pen to meet their 
mineral requirements. Water was provided to the goats ad libtum and each pen with 
goats was kept clean at all times to minimize secondary infection. Experimental 
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management and data collection were performed using approved ethical standards 
of Uganda National Council of Science and Technology (UNCST)(SBLS/REC/15/131). 
 
3.2.2 Worm cultures and inoculation 
Grazing goats are usually infected by third stage larvae (L3) of Haemonchus contortus 
(Hoste et al., 2010). However, worm infections tend to occur as mixed proportions 
of helminths. To obtain pure cultures of Haemonchus contortus goats were sampled 
from several herds and two goats with over 90% infection by Haemonchus contortus 
were recruited as source for developing pure Haemonchus contortus cultures. 
Briefly, faecal samples were obtained from the donors and female fully engorged 
Haemochus contortus were isolated and incubated in sterile faecal material at a 
temperature of 27o C for 14 days before harvesting the L3 larvae using Baermann’s 
technique (Hansen and Perry, 1994). The technique works on the principle of active 
migration of the larvae, allowing them to move into the water and sink into the 
bottom of the Baermann’s apparatus to be collected, while the faecal particles 
remain suspended in water (Fig 1). The larval cultures (Plate 1) were stored at 10oC 
in fridge until used. The viability of the larvae was ascertained before administering 
to the goats to ensure that sufficient living larvae were fed to the experimental goats. 
10-14 days prior to artificially infecting the goats with L3 larvae, a thorough faecal 
examination is undertaken to ensure that the experimental goats were free of 
nematode eggs. 
Twelve goats of each breed were assigned to three different breed groups (KIG, 
MUB, SEA) in different pens. Prior to infection of the goats, the viability of the L3 
larvae was ascertained microscopically and the number of living larvae was counted 
for every doing. 18,000 infective L3 was administered to the goats orally using a 
syringe. 
 
 
 
 
 
 
 
 
 
 
 Figure 3.1: Baermann apparatus (Adapted from Hansen and Perry, 1994) 
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3.2.3 Data 
Data collection commenced from week 3 post-infection and continued for 10 weeks. 
During experimentation FEC, PCV and BW for each animal were measured once 
every week. For FEC, fresh faecal samples were taken thrice weekly in the morning 
hours, directly from the rectum of the experimental animals by rectal palpitation by 
a trained and skilled technician to minimize soft tissue damage. During the 
experimentation period, the physiological status of animals was closely. 
 
3.2.4 Parasitological data 
FEC was determined for each individual faeces sample and averaged per animal per 
week. The data were expressed as average number of eggs per gram faeces (epg) 
(Fakae et al., 1999). To obtain FEC, 20 g of fresh faecal samples were collected 
directly from the rectum of each animal and processed individually with modified 
McMaster technique (MAFF, 1986) using standard operating procedures. With the 
procedure, three grams of faeces were put into a container and a saturated NaCl 
solution was added. The resultant suspension was thoroughly homogenised and 
strained through a sieve to remove large debris. The strained faecal samples were 
then examined for worm eggs on a McMaster slide under a light microscope using a 
100X magnification (Cringoli et al., 2004). Meanwhile BW was determined on a 
weekly basis using a sensitive scale. 
At termination of the experiment (D84), all animals were slaughtered and WC 
determined by the number of adult worms recovered from the abomasum (Hoste et 
al., 2010). Briefly, the abomasum was separated, opened and contents were emptied 

Haemonchus contortus 

Plate 1: Haemonchus contortus larvae as seen under the microscope (100X) 
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into a volumetric flask. The lining mucosa was then thoroughly washed with warm 
0.9% NaCl to detach any adherent nematodes and added to the respective abomasal 
contents. An aliquot of the washings and contents were assessed for nematode 
worms to establish the WC. 
 
3.2.5 Haematology 
PCV was measured using a haematocrit reader according to the procedure of (Dacie 
and Lewis, 1995). PCV measurements were taken at the start of the experiment (D0) 
and subsequently on weekly basis up to week 12 (D84) post-infection. Blood samples 
for PCV determination were collected from the jugular vein into an ethylenediamine 
tetra-acetic acid (EDTA) coated vacutainer tube. The freshly collected blood samples 
were subjected to haematocrit analysis to obtain the PCV values. 
 
3.2.6 Data analysis 
Data on the effect of breed on CW, FEC, WC, PCV and BW at different time periods 
were tested using linear mixed model implemented by the R package nlme ( R Core 
Team, 2016) with goat identification(goat-id) as random factor accounting for spatial 
correlation of the measurements in the same goat. Data for FEC and WC were first 
log transformed to normalize the data before statistical analysis. The model used 
included fixed effects of breed, week of measurement and breed × week interactions 
and a random (repeated) effect of the goat-id. 

εβτβτµ ijkjjiijk iY ++++=
     [1] 

 
Where 𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖  is the measurement (FEC or BW or BW) on the kth individual within the ith 
breed and the jth week,  𝜇𝜇 is the overall mean, 𝜏𝜏𝑖𝑖  the effect of breed i, 𝛽𝛽𝑗𝑗  the effect 
of week j, 𝜏𝜏𝑖𝑖𝛽𝛽𝑗𝑗  is effect of the interaction between ith breed and jth week and 𝜀𝜀𝑖𝑖𝑗𝑗𝑗𝑗  is 
the error term. One-way analysis of variance (ANOVA) in R was used to test for breed 
differences in carcass weight (CW) and WC.  

ετµ ijiijY ++=
                                                                                                      [2] 

 
Where Yij is the individual measure of CW or WC for the jth goat from the ith breed, 𝜏𝜏𝑖𝑖  
is the effect of the ith breed. r.  
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3.3  Results 
The overall variation in FEC (logEPG), PCV and Total Worm count between the breeds 
is represented in Table 3.1. Log transformed eggs per gram (LEPG) was not 
significantly different between the breeds, although the numerical values were 
higher in KIG, followed by SEA and lowest in MUB. The PCV in SEA was significantly 
lower compared to KIG and MUB. Total worm count was not significantly different 
between breeds (P>0.05). However, there was a higher number of adult worms in 
KIG compared to MUB and SEA goats.  
 
Table 3.1 Least square means± standard error of log FEC, packed cell volume and 
total worm count of Haemonchus contortus infected goats. 

Breed LFEC(logEPG) PCV Total Worm count 
Kigezi 1.917a±0.040 29.682a±1.096 25.364a±6.052 
Mubende 1.792a±0.042 30.350a±1.150 16.800a±6.348 
Small East African (SEA) 1.847a±0.044 25.750b±1.212 16.000a±6.691 

a,b,c Means within the same column with differing superscripts differ significantly 
(P<0.05) 
 
The variation in the faecal egg counts is shown in the different breeds during the 
period of challenge is shown in Table 3.2. Faecal egg counts (FEC) were similar among 
the three indigenous breeds. Although, FEC differed numerically, they were not 
statistically significant (P>0.05) at the initial stages of the experiment. However, at 
week 12, FEC was marginally significant (P=0.04) with the highest value recorded in 
KIG goats. The differences between SEA and MUB goats remained similar statistically 
throughout the experiment. FEC data was recorded after 8 weeks post infection (PI) 
as shown in Figure 3.2. 
 
The live body weight (BW), carcass weight and average daily gains is shown in Table 
3.3. The average live body weight and carcass weights were significantly different 
among the breeds (P<0.05). The highest body weight was found in Mubende, 
followed by Kigezi and SEA respectively. generally higher in Mubende. There was a 
general reduction in average body weight PI with L3 larvae of Haemonchus contortus 
(Figure 3.3). Daily weigh gain (DWG) was significantly (P<0.05) different in MUB 
compared to SEA and KIG. The highest weight loss was recorded in KIG followed by 
SEA with MUB respectively.  
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Table 3.2 Log transformed faecal egg counts (LEPG) in three different indigenous 
goat breeds 

Weeks (post infection) Log Faecal Egg Counts (Mean±S.D) 
 Kigezi Mubende Small East African (SEA) 
2 1.699a±0.000 1.699a±0.000± 1.699a±0.000 
4 1.699a±0.000 1.699a±0.000 1.699a±.000 
8 1.726a±0.908 1.729a±0.952 1.732a±0.100 
12 2.545a±0.522 2.054bc±0.472 2.256ac±0.546 

a,b,c Means within the same row with differing superscripts differ significantly 
(P<0.05) 
 
Table 3.3 Least square means and standard error for live body weight, carcass weight 
and daily weight gain 

Breed Body Weight 
      (Kg) 

Carcass Weight 
         (Kg) 

Daily Weight 
Gain 

Kigezi 14.614a±0.565 5.818a±0.302 -0.030a±0.005 
Mubende 18.575b±0.593 7.650b±0.317 -0.007b±0.005 
Small East African (SEA) 11.167c±0.625 4.389c±0.334 -0.016a±0.006 

a,b,c Means within the same column with differing superscripts differ significantly 
(P<0.05) 
 
 

 
Figure 3.2 Change in FEC over time in Kigezi, Mubende and Small East African (SEA) 
goats  
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Figure 3.3 Variation in average live body weight of breeds post infection (PI) with L3 
larvae of Haemochus contortus. KIG = Kigezi, MUB = Mubende, SEA = Small East 
African 
 
3.4  Discussion 
Difference between breeds to resistance to gastrointestinal parasites are always 
limited by the small numbers of experimental animals per breed or genotypes being 
compared. This often affects the ability to draw meaningful conclusions from such 
studies (Marume et al., 2011). In the present study, we did not find a significant 
difference in FEC between the breeds, although PCV in SEA was significantly lower 
than for KIG and Mubende (Table 3.1). The findings in the current study agree with 
findings of Costa et al. (2000) working with three goat breeds in Brazil, who found 
similar FEC but significantly different PCV values between breeds. PCV is a good 
indicator for resilience when the GIN is a blood sucking parasite like H. contortus 
(Baker et al., 2001). In this regard, MUB with the highest PCV showed a relatively 
high degree of resilience to GIN particularly Haemonchus contortus and the lowest 
resilience was found with SEA which showed the lowest PCV. Overly, PCV across the 
breeds was within the 22 – 38% range recognised as the normal range in goats by 
Byers and Kramer (2010). This may have been due to the low levels of infection 
recorded as the parasite established itself in the host as indicated by the gradual rise 
in FEC (Table 3.2). In the present study, FEC was not significant, however it is 
noteworthy here that there is a close correlation between aneamia and PCV in 
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Haemonchus contortus infection in both sheep (Albers et al., 1987) and goats (Baker 
et al., 1998). We conclude from this finding that MUB may probably present as the 
more resistant of the three breeds under study. Further, a plot of LEPG over time 
(Fig.2), shows invariably lower values in MUB compared to KIG and SEA. The 
differences in FEC and PCV could be attributed to breed genetic differences. Genetic 
differences in resistance/ resilience in goats have been previously reported in West 
African Dwarf goats (Chiejina and Behnke, 2011) and SEA goats in Kenya by (Baker 
and Gray, 2004; Baker et al., 1998). The differences reported in this study; if under 
genetic control offer an opportunity to include the resistance traits in breed 
improvement programs for these indigenous goats. 
Body and carcass weight were all significantly different from each other and there 
was a general loss in weight experienced with all the breeds (Fig 3). However the 
daily body weight loss found in MUB was significantly lower (P<0.05) than in SEA and 
KIG. This implies that MUB was able to maintain a relatively stable weight despite 
the worm challenge as compared to KIG and SEA. The initial loss in weight during the 
acclimatization could be attributed to change in feeding system, however in the long 
run, other factors may have possibly come into play including the genetic 
differences. 
 
3.5  Conclusions and recommendation 
There was a significant variation in daily weight gain between the breeds suggesting 
some variation in the effect of the parasite on the different goat breeds. 
FEC and PCV were weakly significant at later stage of the experiment when the 
parasite burden was increased suggesting variation in a difference in genetic 
predisposition which could be exploited. 
There is need for long term study with more recorded individuals to validate the 
findings from this experiment. 
Development of selection population with genomic selection in the long run could 
become a useful tool in goat breed improvement programs in the tropics. 
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Abstract 
Uganda has a large population of goats from predominantly indigenous breeds 
reared in diverse production systems, whose existence is threatened by 
crossbreeding with exotic Boer goats. Knowledge about the genetic characteristics 
and relationships among these Ugandan goat breeds and the potential admixture 
with Boer goats is still limited. Using a medium density single nucleotide 
polymorphism (SNP) panel, we assessed the genetic diversity, population structure 
and admixture in six goat breeds in Uganda: Boer, Karamojong, Kigezi, Mubende, 
Small East African and Sebei. All the animals had genotypes for about 46,105 SNPs 
after quality control. We found high proportions of polymorphic SNPs ranging from 
0.885 (Kigezi) to 0.928 (Sebei). The overall mean observed (HO) and expected(HE) 
heterozygosity across breeds was 0.355±0.147 and 0.384±0.143 respectively. 
Principle components, genetic distances and ADMIXTURE analyses revealed weak 
population sub-structuring among the breeds. Principle components separate Kigezi 
and weakly Small East African from other indigenous goats. Sebei and Karamojong 
are tightly entangled together while Mubende occupies a more central position with 
high admixture from all other local breeds. The Boer breed showed a unique cluster 
from the Ugandan indigenous goat breeds. The results reflect common ancestry but 
also some level of geographical differentiation. ADMIXTURE and f4 - statistics 
revealed gene-flow from Boer and varying levels of genetic admixture among the 
breeds. Generally, moderate to high levels of genetic variability were observed. Our 
findings provide useful insights to maintain genetic diversity and design appropriate 
breeding programs to exploit within breed diversity and heterozygote advantage in 
cross-breeding schemes. 
 
Key words: breed composition, breed diversity, Capra hircus, heterozygosity, 
indigenous goats, population genetics
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4.1 Introduction 
According to archaeo-zoological evidence, goats were among the first ungulates to 
be domesticated, about 10,000 years ago near the fertile crescent that spans from 
Eastern Anatolia to the Zagros Mountains in Northern Iran (Zeder & Hesse 2000; 
Naderi et al. 2008). From the centre of domestication, archaeological evidence 
suggests the rapid spread of goats to Eurasia and Africa following human migrations 
and trade routes. Migration of goats into Africa occurred through three main entry 
routes, one along the Mediterranean coast, a second via the Red Sea hills region, and 
a third through the Nile Valley via the Sinai peninsula and Nile delta (Taberlet et al. 
2008; Pereira et al. 2009; Gifford-Gonzalez & Hanotte 2011). Other movements have 
also been reported from the Near East into the Ethiopian highlands and central 
Sahara (Clutton-Brock 2000). 
Today, goats are amongst the most important livestock species in developing 
countries. They are of significant socio-economic, nutritional and cultural 
importance in smallholder farming systems. Uganda has three major indigenous goat 
breeds (Mubende, Kigezi and Small East African goats) that are geographically 
isolated and are raised in diverse production systems (Mason & Maule 1960; 
Nsubuga 1996; MAAIF & UBOS 2009). Besides these three indigenous breeds, several 
indistinct ecotypes of Ugandan indigenous goat breeds exist, including Karamojong 
and Sebei. In the early 1990’s, cross-breeding with introduced Boer goats from South 
Africa was initiated to improve the production characteristics of the Ugandan 
indigenous goats (Nsubuga 1996). Boer goats are widely used as a source of breeding 
stock to cross with the indigenous goats (Onzima et al. 2014). The choice of Boer 
goats was premised on the fact that they have a fast growth rate and exhibit better 
disease resistance than other exotic goat breeds (Casey & Van Niekerk 1988). 
However, with uncoordinated breeding management, indiscriminate crossing may 
occur increasing the risk of the disappearance of resilient and well adapted 
indigenous breeds. The existence of the various breeds presents an enormous source 
of diversity in the current goat populations that needs to be characterized, conserved 
and utilized in a sustainable manner under the existing production systems. Genetic 
diversity in populations is important since it provides the basis for natural as well as 
artificial selection (Qanbari & Simianer 2014). 
In order to study diversity, molecular tools are essential as a valuable complement 
to the evaluation of phenotypes and production systems, and sometimes as a proxy 
for phenotypic diversity of local breeds (Ajmone-Marsan et al. 2014). However, 
compared to other livestock species, African goats remain poorly studied especially 
at the molecular level. Earlier studies in Africa, using mitochondrial and 
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microsatellite DNA markers, indicate a lack of phylogeographic structure amongst 
the goat breeds (Alemu 2004; Chenyambuga et al. 2004; Okpeku et al. 2011; Hassen 
et al. 2012; Benjelloun et al. 2015). These studies were mainly geared towards 
assessing genetic diversity to monitor genetic erosion and to identify conservation 
priorities. In Uganda, earlier genetic characterization of the indigenous goats was 
carried out using a limited number of microsatellites (Chenyambuga et al. 2004; 
Muema et al. 2009). A drawback of microsatellite analysis is that it is difficult to 
integrate data across laboratories, mainly due to the inherent poor reproducibility 
of allele-calling (FAO 2011). Therefore, a comparison of results from different studies 
that used microsatellites is complicated. However, the advent of the GoatSNP50 
BeadChip in 2014 (Tosser-Klopp et al. 2014) has changed the landscape and depth of 
genomic research in goats (Tosser-Klopp 2015) due to its robustness, low genotyping 
costs, automatic allele calling and ability to interrogate the goat genome at high 
resolution (Ajmone-Marsan et al. 2014). The illumina GoatSNP50 BeadChip that 
features 53,347 Single Nucleotide Polymorphisms (SNPs) was developed from SNP 
loci detected by whole genome sequencing of six goat breeds (Tosser-Klopp et al. 
2014; Tosser-Klopp 2015). The SNP chip has been used to study genetic diversity and 
population structure of goats in various countries with indigenous goat breeds such 
as Italy (Nicoloso et al. 2015), Spain (Manunza et al. 2016), South Africa (Lashmar et 
al. 2016; Mdladla et al. 2016; Visser et al. 2016), Ethiopia (Abegaz 2014; Mekuriaw 
2016) and Australia (Kijas et al. 2013). Therefore, the objective of the current study 
was to: (i) assess the degree of genetic diversity in Ugandan goat breeds using SNPs, 
(ii) infer population structure and breed relationships; and (iii) investigate admixture 
among breeds, namely the influence of the commercial Boer breed in Ugandan 
goats. The information generated from this study can be used in management and 
conservation of Ugandan goat genetic resources and makes it possible to design 
effective strategies for breed improvement. 
 
4.2 Material and methods 
4.2.1 Animal resources and sampling 
A total of 144 animals from six goat breeds were included in this study. Five 
indigenous goat breeds (Mubende, Kigezi, Small East African, Karamojong and Sebei) 
were sampled from 79 smallholder farms/herds, while the exotic Boer goats were 
sampled from a commercial multiplication centre (Ssembeguya Estates) and a 
government breeding centre (Rubona Stock farm) that are sources of breeding stock 
for goat improvement in Uganda. 
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Sampling was carried out at selected geographical locations (Figure 4.1) according to 
livestock statistics from the Livestock Census Report 2008 (MAAIF & UBOS 2009). 
The goat populations sampled originated from the following five agro-ecological 
zones of Uganda: Mubende goats from Mubende district in the mid altitude 
farmlands and central wooded savanna; Kigezi from Kabale and Kisoro districts in the 
south western highlands; Small East African from Arua district in the short savanna 
grasslands; Karamojong from Moroto district in the north eastern semi-arid region; 
Sebei from Sironko in the eastern highlands; and Boer goats from Ssembabule and 
Kabarole district in the mid altitude zone. Sampling was done to cover a wide 
distribution of individual animals across the selected production locations. Within a 
herd we relied on the farmers’ pedigree knowledge to select as much as possible 
unrelated individuals. 
Ear punch tissue was collected from the 144 goats at smallholder farms for the 
indigenous breeds Mubende (n = 29), Kigezi (n = 29), Small East African (n = 29), 
Karamojong (n = 15) and Sebei (n = 29), and at a commercial and a government 
breeding centre for Boer (n = 13). The ear tissue samples were collected into vials 
containing a desiccant and stored within 12 hours in a freezer at -40C.  
The study was approved by the ethics committee of Uganda National Council of 
Science and Technology (UNCST)(SBLS/REC/15/131). 
 
4.2.2 DNA Extraction 
Genomic DNA was extracted using the DNeasy blood and tissue kit (Qiagen®, Hilden, 
Germany). Twenty DNA samples were randomly selected and analyzed on a 1% 
agarose gel for a preliminary estimate of the DNA quality and quantity. The final DNA 
quality and quantity were validated using Qubit® dsDNA BR (Broad-Range) Assay Kit 
on the Qubit 2.0 fluorimeter (Invitrogen, Germany), prior to genotypying. 
 
4.2.3 Genotyping and quality control 
DNA samples were genotyped with the Illumina GoatSNP50 bead chip (Illumina Inc., 
San Diego, CA 92122 USA). The bead chip, developed by the International Goat 
Genome Consortium (IGGC), features 53,347 SNPs across the whole goat genome 
with inter SNP spacing of approximately 40 kb (Tosser-Klopp et al. 2014). Data were 
analyzed with Genome Studio™ software v1.1 (Illumina Inc.). Genomic locations of 
the SNPs and cluster files were provided by IGGC. Standard SNP genotype quality 
control procedures were performed using PLINK v1.07 (Purcell et al. 2007). 
Individuals with missing genotype call rate of more than or equal to 10% were 
excluded from further analysis using the --mind function in PLINK. The remaining 
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individuals were then subjected to SNP quality control. The SNPs with call rate of less 
than 0.95, minor allele frequency (MAF) of 0.05 or less and SNPs whose genotypes 
were not in Hardy Weinberg Equilibrium (HWE) P<0.001 were excluded from 
downstream analysis. The dataset of SNPs used in the analysis are available from 
https://www.animalgenome.org/repository/pub/WAGNL2017.1002/. 
 

 
Figure 4.1 Map of Uganda showing geographical origin of the goat DNA samples 
analysed. Breed acronyms are defined as follows: BOE, Boer; KAR, 
Karamojong; KIG, Kigezi; MUB, Mubende; SEA, Small East African; SEB, Sebei. 
 
  

https://www.animalgenome.org/repository/pub/WAGNL2017.1002/
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4.2.4 Data analysis 
The observed (HO) and expected (HE) heterozygosity’s for the respective populations 
were calculated using PLINK (Purcell et al. 2007). The population structuring and 
relatedness were estimated from the SNP genotypes using principal component 
analysis (PCA) available from the R package SNPrelate (Zheng et al. 2012). 
 
Additionally, population structure analyses were performed to infer the most likely 
number of ancestral populations using ADMIXTURE software version 1.23 (Alexander 
et al. 2009; Alexander & Lange 2011). To estimate the individual ancestry within the 
population, ADMIXTURE employs prior defined K-values corresponding to the 
assumed number of ancestral populations. The procedure involves the use of 
maximum likelihood estimates on data from multiple loci to estimate individual 
ancestry within the population being considered. To determine the most optimal 
population structure, a cross validation procedure was undertaken with hypothetical 
ADMIXTURE runs from K = 2 to 7. Optimal partitioning of the population was 
achieved at the lowest cross-validation error.  
 
Phylogenetic relationships between the goat breeds were inferred using the 
Neighbour-Net procedure in the SPLITSTREE 4 software (Huson & Bryant 2006) based 
on Reynold’s genetic distances, while individual relationships across all breeds were 
calculated using Identity by state (IBS) distances. 
 
To further investigate admixture in Ugandan goat breeds, we performed three 
population (f3) test (Reich et al. 2009; Patterson et al. 2012) and four population (f4) 
test (Keinan et al. 2007; Patterson et al. 2012) implemented in TreeMix (Pickrell & 
Pritchard 2012). These statistics are used to explain admixture history of the 
populations being investigated particularly where correlations in allele frequencies 
do not conform to population evolution with split tree (Reich et al. 2009; Patterson 
et al. 2012). To provide support for past admixture events between the populations, 
the THREEPOP program from TreeMix was used to calculate f3 (A; B, C) statistics for 
all possible combinations of three populations. Generally, if a population A is a result 
of an admixture between two other populations B and C, the calculated z-score for 
each tested combination of three populations would have a significant negative 
value. A positive z-score may either indicate absence of admixture or substantial 
post-admixture drift resulting from the alleles in the population. Meanwhile, the 
FOURPOP program from TreeMix was used to calculate f4 (A, B;C,D) statistics for 
subsets of the population. The four population test f4(A,B;C,D)(Keinan et al. 2007; 
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Patterson et al. 2012) was used to test if (A,B) and (C,D) are genetically distinct 
groups (clades) in the population tree. A significant non-zero z-score indicates gene-
flow between (A,B) and (C,D) in the population tree (Keinan et al. 2007; Patterson et 
al. 2012; Makina et al. 2016). Larger values indicate strong evidence of gene-flow in 
the tree. 
 
4.3 Results 
4.3.1 Level of SNP polymorphism within breeds 
After quality control procedures on the 53,347 SNPs included in the SNP chip, 7,242 
SNPs were excluded (Table 4.1) which resulted in 46,105 loci available for 
downstream analysis. Of the SNPs excluded, 2,093 showed SNP call rate < 0.95, 3,500 
had MAF < 0.05 and 2,817 significantly deviated from HWE (p<0.001). The highest 
number of SNPs that showed a MAF < 0.05 was found in Small East African (n= 7,818) 
while Sebei showed the lowest number of SNPs excluded (n= 6,826). All animals 
passed the quality criteria and were used in the analysis. 
 
Table 4.1 Number of animals and SNPs excluded and remaining after quality control 
procedures on genotype data 

 
Breed 

 
N 

Excluded SNPs1 
SNP CR <0.95 

MAF 
<0.05 

 
HWE  

 
Total 

Remaining 
SNPs 

Boer 13 2,577 5,280 208 7,323 46,024 
Karamojong 15 2,640 5,687 358 7,803 45,544 
Kigezi 29 1,977 6,139  543 7,793 45,554 
Mubende 29 2,260 4,922 767 7,034 46,313 
Small East African 29 2,523 5,669 589 7,818 45,529 
Sebei 29 2,429 4,824 469 6,826 46,521 
Merged 144 2,093 3,500 2,817 7,242 46,105 

 
 
 
 
Boer (0.51) and Kigezi (0.43) showed the highest and lowest proportion of SNPs with 
MAF greater than or equal to 0.3 respectively (Figure 4.2). The proportion of fixed 
loci (MAF = 0) was similar across the breeds, ranging from Karamojong (0.06) to 
Mubende (0.04). Despite only Boer being represented in the group of goat breeds 
used to develop this SNP array, 93.4% of the SNP markers across the six goat breeds 
was polymorphic (MAF ≥ 0.05) (Table 4.2). The highest proportion of polymorphic 

1Some SNPs were excluded due to more than a single criterion. N is number of animals; 
CR call rate; MAF minor allele frequency; HWE chi square test for Hardy-Weinberg 
equilibrium (p-value<0.001). 
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loci (PN) was found in Sebei (0.928) and the lowest in Kigezi (0.885); however, the 
differences in PN were negligible across all the breeds. 
 
4.3.2 Breed genetic diversity 
Genetic diversity was assessed within each breed (Table 4.2). The results indicate 
small differences in genetic diversity between the breeds. The lowest observed 
heterozygosity was found in Kigezi (HO = 0.340±0.181) and the highest in Boer (HO = 
0.377±0.193), indicating higher diversity in Boer compared to Kigezi. Also, the MAFs 
across all loci were lowest in Kigezi (0.257) and highest in Boer (0.280). In general, 
the observed heterozygosity was slightly lower. 
 

Figure 4.2 Distribution of SNPs by MAF intervals in each breed. 
 
  



4 Genetic diversity and population structure 

 
 

79 
 

Table 4.2 Population characteristics showing proportion of polymorphic SNPs (PN), 
mean minor allele frequency (MAF), expected (HE) and observed (HO) heterozygosity 
for the six goat populations 
Breed  N PN MAF HE±SD HO±SD 
Boer 13 0.901 0.280 0.408±0.178 0.377±0.193 
Karamojong 15 0.893 0.271 0.410±0.192 0.357±0.192 
Kigezi 29 0.885 0.257 0.377±0.189 0.340±0.181 
Mubende 29 0.908 0.272 0.391±0.179 0.355±0.178 
Small East African 29 0.894 0.266 0.393±0.189 0.349±0.180 
Sebei 29 0.928 0.274 0.395±0.178 0.365±0.176 
Merged  144 0.934 0.289 0.384±0.143 0.355±0.147 

 
4.3.3 Population structure analysis 
The first principle component, eigen vector 1 (EV1) in Figure 4.3A separates the Boer 
from the Ugandan indigenous goat breeds and accounts for 10.7% of the total 
variance. The second principle component (EV2) accounts for 3.2% of the total 
variance and divides the Ugandan indigenous goat breeds into two clusters: a distinct 
cluster comprising of Kigezi and Mubende breeds and a combined breed cluster 
consisting of Sebei, Karamojong and Small East African breeds (Figure 4.3). A more 
detailed analysis in which the first principle component (EV1) explained 3.6% and 
second principle component (EV2) accounted for 2.9% of total variance in the 
Ugandan indigenous goat breeds showed a similar clustering pattern for all breeds 
except the Small East African goats which formed a separate cluster (Figure 4.3B). 
Mubende clusters between all other breeds indicating possible admixture with the 
other goats. 
 
Breed relationships were also assessed by computing genetic distances between 
each pair of individuals from the number of loci for which they differ. Based on the 
estimated genetic distances, a Neighbour-Net graph was computed to depict breed 
clustering (Figure 4.4). The Ugandan indigenous breeds show short branching 
suggesting low differentiation between the breeds, while the exotic Boer goat breed 
shows a long branch suggesting a well-differentiated and distinctive clade. 
Individuals belonging to the same breed mostly clustered together as inferred by the 
IBS distance-based Neighbour Joining tree (Fig.4.S1). Some individuals of Sebei and 
Karamojong appear to be entangled (or admixed), whereas Mubende is sub-divided 
into two groups. The remaining breeds (i.e. Small East African, Kigezi and Boer) all 
form tight groups. 
  



4 Genetic diversity and population structure 

 
 

80 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3 Principle components analyses plot based on SNP array data. A 5 
Ugandan indigenous goats and Boer breeds and B 5 Ugandan indigenous goat 
breeds only: Goat populations analysed: BOE=Boer, KAR=Karamojong, KIG=Kigezi, 
MUB=Mubende, SEA = Small East African and SEB=Sebei 

Figure 4.4 Neighbour-Net graph based on Reynolds genetic distances 
depicting breed relationships among five Ugandan indigenous goat 
populations and one commercial goat breed. BOE=Boer, KAR=Karamojong, 
KIG=Kigezi, MUB=Mubende, SEA = Small East African and SEB=Sebei. 
 

SEB

KIG 

KAR 

BOE 

MUB 

SEA 
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4.3.4 Genetic admixture 
Similar to the results from PCA, ADMIXTURE analysis at K = 2 separates the Ugandan 
indigenous goats from the commercial Boer goats (Fig.4.5). Additionally, at K=3 the 
analysis separates the populations into three subpopulations: Boer; Kigezi and 
Mubende; and Small East African, Karamojong and Sebei. It also indicates a 
considerable component of Boer and Kigezi in the subpopulations. Based on the least  
 
cross-validation error (Figure 4. S2), K = 4 was identified as the optimal number of 
ancestral populations and indicates a Boer component in all the five Ugandan 
indigenous goats. On average, around 3,5,5,1 and 1% of the Boer goat genome was 
shared with Karamojong, Kigezi, Mubende, Small East African and Sebei goats, 
respectively (Table 4.3). It also revealed a finer resolution of the Ugandan indigenous 
breeds at which Kigezi and Small East African goats emerged as a distinct group. 
Karamojong and Sebei remained tightly clustered together and Mubende breed 
appears to be the more admixed population comprising of Kigezi, Small East African 
and Karamojong/Sebei breeds (50, 20 and 25% respectively). ADMIXTURE runs from 
=2 to K=4 revealed considerable admixture between the breeds and gene-flow from 
Boer was observed in all the indigenous Ugandan goat breeds. 
 
To further confirm admixture between the goat breeds, we calculated f3 statistics for 
all possible three population groups for all the six breeds, and f4 statistics for all 
possible sub-populations for sister and opposing sister groups. With the Ugandan 
goats in this study, we found only four significant f3 tests that all involved the 
Mubende breed (Table 4.4). This suggests admixture between Mubende and the 
other goat breeds.  
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Figure 4.5 Population structure plots showing proportions of ancestral populations for 
every individual (BOE=Boer, KAR=Karamojong, KIG=Kigezi, MUB=Mubende, SEA = Small 
East African and SEB=Sebei) for K = 2 to 4 

K=2 
K=4 

K=3 
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Table 4.3 Average breed composition of 6 goat populations given 4 clusters 
estimated by ADMIXTURE software 

Breed N Cluster 1 
(SEA) 

Cluster 2 
(KAR/SEB) 

Cluster 3 
(BOE) 

Cluster 4 
(KIG) 

Boer 13 0.008±0.017 0.018±0.027 0.950±0.084 0.024±0.055 

Karamojong 15 0.091±0.079 0.840±0.120 0.031±0.025 0.038±0.056 
Kigezi 29 0.022±0.027 0.027±0.046 0.045±0.070 0.905±0.129 
Mubende 29 0.202±0.022 0.245±0.066 0.049±0.053 0.503±0.055 
Small East African 29 0.776±0.178 0.123±0.107 0.009±0.023 0.091±0.070 

Sebei 29 0.077±0.059 0.784±0.121 0.012±0.021 0.127±0.058 

BOE=Boer, KAR=Karamojong, KIG=Kigezi, MUB=Mubende, SEA=Small East African 
and SEB=Sebei goats 
 
Table 4.4 Summary of three population tests with significant f3 statistics showing 
admixture in Ugandan goats with Kigezi as one of the source populations  

Population A 
(Admixed) 

Population B 
(Source) 

Population C 
(Source) f3 Statistic SE Z – score 

MUB BOE KIG -0.0017 0.0002 -7.1891** 

MUB KIG SEB -0.0012 0.0001 -13.7787** 

MUB KAR KIG -0.0016 0.0001 -16.0069** 

MUB KIG SEA -0.0016 0.0001 -19.4077** 

BOE=Boer, KAR=Karamojong, KIG=Kigezi, MUB=Mubende, SEA=Small East African 
and SEB=Sebei goats. ** significant f3 statistics. 
 
Based on the f4 test statistic, combining Boer with any of the Ugandan indigenous 
goats resulted into the most significant values (Table 4.5). This suggests gene–flow 
from Boer into Ugandan indigenous breeds. Similarly, the significant f4 statistics for 
subpopulations involving Karamojong and Kigezi goats with the other Ugandan 
indigenous goats suggest gene–flow from these breeds (Table 4. S1). 
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Table 4.5 Significant f4 statistics for Ugandan indigenous goats with Boer goat breed  

Pop 1 Pop 2 Pop 3 Pop 4 f4 statistic Std error (se) Z Score 

BOE KIG KAR MUB 0.0050 0.0002 20.5959** 

BOE MUB KAR KIG 0.0051 0.0003 20.4125** 

BOE KAR MUB SEB 0.0034 0.0002 16.4090** 

BOE KIG KAR SEB 0.0022 0.0002 14.3987**  

BOE KAR KIG SEB 0.0033 0.0003 12.5043** 

BOE MUB KAR SEB 0.0018 0.0002 12.1647** 

BOE MUB KAR SEA 0.0027 0.0003 10.8053** 

BOE KIG KAR SEA 0.0027 0.0003 10.2101** 

BOE KAR SEA SEB 0.0020 0.0002 9.2824** 

BOE SEA KAR SEB 0.0014 0.0002 8.2888** 

BOE KAR MUB SEA 0.0014 0.0002 6.0396** 

BOE SEA KAR MUB 0.0013 0.0002 5.6349** 

BOE SEA KAR KIG 0.0014 0.0003 5.0805** 

BOE SEB MUB SEA 0.0010 0.0002 4.4690** 

BOE KAR KIG SEA 0.0013 0.0003 4.4078** 

BOE SEB KAR KIG -0.0011 0.0003 -4.0038** 

BOE MUB SEA SEB -0.0009 0.0002 -4.1880** 

BOE SEB KAR MUB -0.0016 0.0002 -6.4749** 

BOE KIG MUB SEA -0.0023 0.0002 -9.8169** 

BOE MUB KIG SEA -0.0024 0.0003 -9.4555** 

BOE KIG MUB SEB -0.0028 0.0002 -12.9529** 

BOE MUB KIG SEB -0.0033 0.0002 -14.3171** 

BOE=Boer, KAR=Karamojong, KIG=Kigezi, MUB=Mubende, SEA=Small East African 
and SEB=Sebei goats. ** significant f4 statistics indicating presence of gene-flow. 
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4.4 Discussion 
In this study, we assessed genetic diversity, population structure and admixture in 
Ugandan indigenous goat breeds at a genome-wide scale using a moderately dense 
SNP panel. We further assessed the presence of admixture of an exotic goat breed 
(Boer) into the Ugandan breeds. 
 
4.4.1 Genotypic data and level of polymorphism 
The first objective of the study was to assess the level of polymorphism in Ugandan 
goat breeds with the GoatSNP50 BeadChip. Our results show that the proportion of 
polymorphic loci within Ugandan goat breeds ranges from 0.885 in Kigezi goats to 
0.928 in Sebei (Table 4.2). This high level of genetic polymorphism indicates that 
most of the SNPs are segregating in the breeds under investigation. The level of 
polymorphism observed in this study is similar to those observed during SNP 
discovery and validation within breeds with similar numbers of animals genotyped 
(Tosser-Klopp et al. 2014). The GoatSNP50 BeadChip was developed using dairy and 
mixed breeds (Alpine, Saanen and Creole) and meat type breeds (Boer, Katjang and 
Savanna). The chip was validated with 10 breeds from different backgrounds. The 
SNPs were segregating at >78% in seven of the breeds, including Angora and 
Skopelos that were not used during SNP discovery (Tosser-Klopp et al. 2014). Similar 
levels of polymorphism in goat breeds have been reported elsewhere (Kijas et al. 
2013; Nicoloso et al. 2015; Lashmar et al. 2016; Mdladla et al. 2016; Mekuriaw 2016). 
For example, Mdladla et al. (2016) reported levels of polymorphism ranging from 
84.2% to 97.6% in nine South African indigenous goats, 96.8% to 99.7% in Italian 
goats (Nicoloso et al. 2015) and greater than 97% in Australian goat breeds (Kijas et 
al. 2013). The success of the chip can be attributed to the use of six goat breeds from 
different types, origins and production environments for SNP discovery. Therefore, 
similar high levels of polymorphism were envisaged across other breeds that were 
not used during the design of the SNP chip. 
 
4.4.2 Breed genetic diversity 
The Ugandan indigenous goats and the Boer breeds show a high degree of genetic 
diversity as determined by the high heterozygosity values detected in this study. Our 
results revealed that the expected and observed heterozygosity’s ranged from 
0.377±0.189 (Kigezi) to 0.410±0.192 (Karamojong) and 0.340±0.181 (Kigezi) to 
0.377±0.193 (Boer), respectively (Table 4.2). The heterozygosity values obtained in 
this study are comparable with those reported for indigenous goats in Ethiopia 
(Mekuriaw 2016), South Africa (Mdladla et al. 2016), Egypt (Kim et al. 2016), Spain 
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(Manunza et al. 2016) and Italy (Nicoloso et al. 2015), as well as for commercial goats 
from Canada and Australia (Brito et al. 2017), South Africa (Lashmar et al. 2016) and 
a variety of Angora goat populations in Argentina, France and South Africa (Visser et 
al. 2016). 
The expected and observed heterozygosity for Boer (0.408±0.178 and 0.377±0.193) 
were slightly higher than those reported for Boer populations in Canada (HE = 0.357 
and HO = 0.363) (Brito et al. 2017) and Australia (HE = 0.355 and HO = 0.363) (Kijas et 
al. 2013). These differences may be attributed to differences in effective population 
sizes, duration of isolation and selection practices in the different production 
systems. 
We obtained the highest expected heterozygosity in Karamojong goats, which could 
be due to the pastoral production system used. Under communal production 
systems practiced by pastoral and smallholder farmers, there is absence of 
structured artificial selection programs, with random mating and high admixing 
between populations and herds probably occurring. This favours an increase in 
genetic variability and reduction in inbreeding, which is a decisive factor in the 
success for conservation programs. A similar trend of genetic diversity was also 
reported for indigenous goat breeds in South Africa (Mdladla et al. 2016) and local 
goat breeds in Brazil (da Rocha et al. 2016). Similarly, a study investigating breed 
composition of Creole goats from 10 American countries found a moderate to high 
heterozygosity values (Ginja et al. 2017).  
The difference between the observed and expected heterozygosity was small and 
within a fraction of one standard error. As a general trend, the observed 
heterozygosity was lower than the expected heterozygosity (HO < HE) within all 
breeds. Thus, these differences may be due to a Wahlund effect rather than 
inbreeding. 
 
4.4.3 Population structure and admixture 
The results of the population structure and admixture analyses indicate that the five 
Ugandan goat breeds are weakly differentiated. This may be due to the recent 
establishment of these breeds from probably the same founder population or 
related populations, but to confirm this, an in-depth analysis of the breed history will 
be required. Another possible explanation for the low degree of differentiation could 
be continuous gene-flow between the indigenous breeds. 
The results of our population structure and admixture analyses agree. The three 
methods used separate the breeds into clusters. The first principle component 
separates the Boer from the Ugandan indigenous goat breeds (Figure 4.3). 
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Furthermore, the presence of a distinct branching of Boer in the Neighbour Joining 
(NJ) tree suggests a differentiated gene-pool (Figure 4.4). 
At K=2, the ADMIXTURE analysis separates the breeds into two distinct clusters, the 
Boer and the Ugandan indigenous goats (Figure 4.5). This observation agrees with 
the PCA results that show the same two major clusters. The optimal clustering is 
observed at K=4 where the cross-validation error is lowest (Fig. S2). At this optimal 
K-value, ADMIXTURE analysis differentiates Ugandan indigenous goat breeds into 
distinct clusters of Small East African and Kigezi, and Karamojong & Sebei tightly 
grouped together, while Mubende is admixed showing influences from the 3 groups. 
The differentiation of Kigezi and Small East African goats could be attributed to 
genetic drift but could have resulted from selection and/ or adaptation pressures. 
 
The three (f3) and four (f4) population tests (Reich et al. 2009; Patterson et al. 2012; 
Keinan et al. 2007) were used to further qualify admixture and gene–flow. Using the 
three-population test statistic, we found strong evidence of admixture in only four 
comparisons, all involving the Mubende goats as the admixed breed. The most 
significant z-score (-19.408) was found with Mubende f3 (Mubende; Kigezi, Small East 
African). All the significant f3 statistics were observed when Kigezi was one of the 
source populations indicating that Kigezi might be contributing to the gene pool 
either through ancestral generations or crossbreeding with Mubende. The f4 
statistics showed the most significant scores for the Boer and the Ugandan 
indigenous goats (Table 4. S1). This is supported by the results of the Admixture 
analysis as soon by breed composition of individual goats studied (Table 4. S2). 
However, determining the extent of the admixture in the Ugandan goat populations 
requires further studies involving larger sample sizes and more ecotypes and breeds. 
 
The indigenous Ugandan goat breeds showed a clear differentiation according to 
their geographical regions. The results show a clear differentiation of Kigezi and 
Small East Africa, while Karamojong and Sebei remained tightly clustered together, 
which may be attributed to the contiguous territory of the breeds (Figure 4.1). 
Mubende is centrally located and prone to admixture with Kigezi, Karamojong/Sebei 
and Small East African. The lack of differentiation in some of the indigenous breeds 
is also confirmed by the presence of short branches in the NJ tree (Figure 4.4), 
suggesting a high level of genetic similarity and low divergence, which may be 
attributed to local admixture between the breeds. The lack of differentiation in 
geographically diverse populations may also indicate common ancestry, short 
domestication history, lack of selection pressure and mobility of the goats may play 
a role. The Boer goat breed was introduced into Uganda for improving growth 
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characteristics of the indigenous goats for meat production. The breed originates 
from South Africa, where it has been extensively selected for faster growth (Casey & 
Van Niekerk 1988). 
Our results support admixture between all the breeds, although the highest 
admixture was observed in Mubende goats. This may be due to the fact that the 
breed is widely used across production systems as a preferred breed by the farmers 
due to its large live body weight (Onzima et al. 2016, 2017). ADMIXTURE analysis 
further revealed admixing between the Boer and the indigenous goats, however, the 
results suggest there is limited gene-flow from Boer to the Ugandan indigenous goat 
populations due to cross-breeding. 
 
4.5 Conclusion 
Overall, the results described in this study indicate a high genetic variability of the 
Ugandan goat populations and sufficient genetic potential for further improvement 
of the breeds for heritable economic traits. The Ugandan indigenous goats are 
weakly differentiated consisting of two breeds forming more uniform clusters (Kigezi 
and Small East African), two breeds clearly cross-bred (Karamojong and Sebei) and 
Mubende showing signs of gene-flow from all these goat populations. Nonetheless, 
there is rather limited Boer admixture in the Ugandan goat population. This 
knowledge can be exploited to devise strategies for sustainable utilization and 
maintenance of genetic diversity. 
 
Acknowledgements 
We would like to acknowledge Bert Dibbits from Wageningen University & Research, 
Animal Breeding and Genomics for performing the quality and quantity 
measurements on the genomic DNA samples. We acknowledge Paul Kashaija from 
the National Livestock Resources Research Institute and Benda Katali from 
Kachwekano Zonal Agricultural Research and Development Institute for support in 
DNA extraction and field sampling respectively. We are grateful for funding from 
National Agricultural Research Organization (NARO) through a world bank supported 
project, Agricultural Technology and Agribusiness Advisory Services (ATAAS) 
(P109224). The smallholder farmers who allowed their animals to be sampled for the 
study are greatly honoured.  



4 Genetic diversity and population structure 

 
 

89 
 

References 
Abegaz S.G. (2014) Design of community based breeding programs for two 

indigenous goat breeds in Ethiopia. p. 100. PhD Thesis - Department of 
Sustainable Agricultural Systems, BOKU-University of Natural Resources 
and Life Sciences, Vienna - Austria, 100pp. 

Ajmone-Marsan P., Colli L., Han J.L., Achilli A., Lancioni H., Joost S., Crepaldi P., Pilla 
F., Stella A., Taberlet P., Boettcher P., Negrini R. & Lenstra J.A. (2014) The 
characterization of goat genetic diversity: Towards a genomic approach. 
Small Ruminant Research 121, 58-72. 

Alemu T. (2004) Genetic characterization of indigenous goat populations of Ethiopia 
using microsatellite DNA markers. National Dairy Research Institute, 
Deemed University. 

Alexander D.H. & Lange K. (2011) Enhancements to the ADMIXTURE algorithm for 
individual ancestry estimation. BMC Bioinformatics 12:246. 

Alexander D.H., Novembre J. & Lange K. (2009) Fast model-based estimation of 
ancestry in unrelated individuals. Genome Res 19:1655-1664. 
doi:10.1101/gr.094052.109. 

Benjelloun B., Alberto F.J., Streeter I., Boyer F., Coissac E., Stucki S., BenBati M., 
Ibnelbachyr M., Chentouf M., Bechchari A., Leempoel K., Alberti A., Engelen 
S., Chikhi A., Clarke L., Flicek P., Joost S., Taberlet P. & Pompanon F. (2015) 
Characterizing neutral genomic diversity and selection signatures in 
indigenous populations of Moroccan goats (Capra hircus) using WGS data. 
Frontiers in Genetics 6:107. doi:10.3389/fgene.2015.00107 

Brito L., Jafarikia M., Grossi D., Kijas J., Porto-Neto L., Ventura R., Salgorzaei M. & 
Schenkel F. (2015) Characterization of linkage disequilibrium, consistency of 
gametic phase and admixture in Australian and Canadian goats. BMC 
Genetics 16, 1-15. 

Brito L.F., Kijas J.W., Ventura R.V., Sargolzaei M., Porto-Neto L.R., Cánovas A., Feng 
Z., Jafarikia M. & Schenkel F.S. (2017) Genetic diversity and signatures of 
selection in various goat breeds revealed by genome-wide SNP markers. 
BMC Genomics 18, 229. 

Casey N.H. & Van Niekerk W.A. (1988) The boer goat. I. Origin, adaptability, 
performance testing, reproduction and milk production. Small Ruminant 
Research 1, 291-302. 

Chenyambuga S.W., Hanotte O., Hirbo J., Watts P.C., Kemp S.J., Kifaro G.C., Gwakisa 
P.S., Petersen P.H. & Rege J.E.O. (2004) Genetic characterization of 

https://dx.doi.org/10.3389%2Ffgene.2015.00107


4 Genetic diversity and population structure 

 
 

90 
 

indigenous goats of sub-Saharan Africa using microsatellite DNA markers. 
Asian-Australasian Journal of Animal Sciences 17, 445-52. 

Clutton-Brock J. (2000) Cattle, sheep, and goats south of the Sahara: an 
archaeozoological perspective. The Origins and Development of African 
Livestock-Archaeology, Genetics, Linguistics and Ethnography, 30-7. 

da Rocha L.L., Filho E.C.P., Filho M.A.G., Delgado J.V., Martínez A.M. & Ribeiro M.N. 
(2016) Impact of foreign goat breeds on the genetic structure of Brazilian 
indigenous goats and consequences to intra-breed genetic diversity. Small 
Ruminant Research 134, 28-33. 

FAO (2011) Molecular genetic Characterization of animal genetic resources. In: FAO 
Animal Health Production and Health Guidelines. FAO, Rome. 

Garrick D. (2011) The nature, scope and impact of genomic prediction in beef cattle 
in the United States. Genetics Selection Evolution 43:17. 

Gifford-Gonzalez D. & Hanotte O. (2011) Domesticating Animals in Africa: 
Implications of Genetic and Archaeological Findings. Journal of World 
Prehistory 24, 1-23. Doi: https://doi.org/10.1007/s10963-010-9042-2 

Ginja C., Gama L.T., Martínez A., Sevane N., Martin-Burriel I., Lanari M.R., Revidatti 
M.A., Aranguren-Méndez J.A., Bedotti D.O., Ribeiro M.N., Sponenberg P., 
Aguirre E.L., Alvarez-Franco L.A., Menezes M.P.C., Chacón E., Galarza A., 
Gómez-Urviola N., Martínez-López O.R., Pimenta-Filho E.C., da Rocha L.L., 
Stemmer A., Landi V. & Delgado-Bermejo J.V. (2017) Genetic diversity and 
patterns of population structure in Creole goats from the Americas. Animal 
Genetics 48, 315-29. 

Hassen H., Lababidi S., Rischkowsky B., Baum M. & Tibbo M. (2012) Molecular 
characterization of Ethiopian indigenous goat populations. Tropical Animal 
Health and Production 44, 1239-46. doi: https://doi.org/10.1007/s11250-
011-0064-2. 

Huson D.H. & Bryant D. (2006) Application of phylogenetic networks in evolutionary 
studies. Mol Biol Evol 23. (2): 254-267.  

Keinan A., Mullikin J.C., Patterson N. & Reich D. (2007) Measurement of the human 
allele frequency spectrum demonstrates greater genetic drift in East Asians 
than in Europeans. Nature Genetics 39, 1251 – 1255 

Kijas J.W., Ortiz J.S., McCulloch R., James A., Brice B., Swain B., Tosser-Klopp G. & the 
International Goat Genome C. (2013) Genetic diversity and investigation of 
polledness in divergent goat populations using 52 088 SNPs. Animal 
Genetics 44, 325-35. Doi: https://doi.org/10.1111/age.12011. 

https://doi.org/10.1007/s10963-010-9042-2
https://doi.org/10.1007/s11250-011-0064-2
https://doi.org/10.1007/s11250-011-0064-2
https://doi.org/10.1111/age.12011


4 Genetic diversity and population structure 

 
 

91 
 

Kim E.S., Elbeltagy A.R., Aboul-Naga A.M., Rischkowsky B., Sayre B., Mwacharo J.M. 
& Rothschild M.F. (2016) Multiple genomic signatures of selection in goats 
and sheep indigenous to a hot arid environment. Heredity 116, 255-64. doi: 
https://doi.org/10.1038/hdy.2015.94. 

Lashmar S.F., Visser C. & Marle-Köster E.v. (2016) SNP-based genetic diversity of 
South African commercial dairy and fiber goat breeds. Small Ruminant 
Research 136, 65-71.  

MAAIF & UBOS (2009) The National Livestock Census Report 2008. Ministry of 
Agriculture, Animal Industry and Fisheries (MAAIF), Entebbe/Uganda 
Bureau of Statistics, Kampala, Uganda. 

Makina S.O., Whitacre L.K., Decker J.E., Taylor J.F., MacNeil M.D., Scholtz M.M., van 
Marle-Köster E., Muchadeyi F.C., Makgahlela M.L. & Maiwashe A. (2016) 
Insight into the genetic composition of South African Sanga cattle using SNP 
data from cattle breeds worldwide. Gen. Sel. Evol. 48:88. doi: 
https://doi.org/10.1186/s12711-016-0266-1. 

Manunza A., Noce A., Serradilla J.M., Goyache F., Martínez A., Capote J., Delgado 
J.V., Jordana J., Muñoz E., Molina A., Landi V., Pons A., Balteanu V., Traoré 
A., Vidilla M., Sánchez-Rodríguez M., Sànchez A., Cardoso T.F. & Amills M. 
(2016) A genome-wide perspective about the diversity and demographic 
history of seven Spanish goat breeds. Genetics Selection Evolution 48:52. 
doi: https://doi.org/10.1186/s12711-016-0229-6 

Mason I.L. & Maule J.P. (1960) The Indigenous livestock of eastern and southern 
Africa. In: Commonwealth bureau of animal breeding and genetics. CAB 
(Commonwealth Agricultural Bureaux), UK. 

Mdladla K., Dzomba E.F., Huson H.J. & Muchadeyi F.C. (2016) Population genomic 
structure and linkage disequilibrium analysis of South African goat breeds 
using genome-wide SNP data. Animal Genetics 47, 471-82. Doi: 
https://doi.org/10.1111/age.12442 

Mekuriaw G. (2016) Molecular characterization of Ethiopian indigenous goat 
populations: Genetic diversity and structure, demographic dynamics and 
assessment of the kisspeptin gene polymorphism. Addis Ababa University. 

Muema E., Wakhungu J., Hanotte O. & Jianlin H. (2009) Genetic diversity and 
relationship of indigenous goats of Sub-saharan Africa using microsatellite 
DNA markers. Livest Res Rural Dev 21:28. https://www.lrrd.org/lrrd21/2/ 
muem21028.htm 

Naderi S., Rezaei H.R., Pompanon F., Blum M.G.B., Negrini R. & Naghash H.R. (2008) 
The goat domestication process inferred from large-scale mitochondrial 

https://doi.org/10.1038/hdy.2015.94
https://doi.org/10.1186/s12711-016-0266-1
https://doi.org/10.1186/s12711-016-0229-6
https://doi.org/10.1111/age.12442
https://www.lrrd.org/lrrd21/2/%20muem21028.htm
https://www.lrrd.org/lrrd21/2/%20muem21028.htm


4 Genetic diversity and population structure 

 
 

92 
 

DNA analysis of wild and domestic individuals. Proc Natl Acad Sci U S A 
105:17659–17664, https://doi.org/10.1073/pnas.0804782105 

Nicoloso L., Bomba L., Colli L., Negrini R., Milanesi M., Mazza R., Sechi T., Frattini S., 
Talenti A., Coizet B., Chessa S., Marletta D., D’Andrea M., Bordonaro S., Ptak 
G., Carta A., Pagnacco G., Valentini A., Pilla F., Ajmone-Marsan P. & Crepaldi 
P. (2015) Genetic diversity of Italian goat breeds assessed with a medium-
density SNP chip. Genetics Selection Evolution 47:62. doi: https://doi.org/ 
10.1186/s12711-015-0140-6 

Nsubuga H.S.K. (1996) Small Ruminant: Goats and Sheep in Uganda:. p. 326. ILRI 
(International Livestock Research Institute) Nairobi, Kenya, UICC, Kampala 
Uganda 5th  - 6th December,1994. 

Okpeku M., Peters S.O., Ozoje M.O., Adebambo O.A., Agaviezor B.O., O'Neill M.J. & 
Imumorin I.G. (2011) Preliminary analysis of microsatellite-based genetic 
diversity of goats in southern Nigeria. Animal Genetic Resources 49, 33-41. 

Onzima R.B., Gizaw S.,Kugonza D.R., van Arendonk J.A.M. & Kanis E. (2018) 
Production system and participatory identification of breeding objective 
traits for indigenous goat breeds of Uganda. Small Ruminant Research. In 
Press. DOI:https://doi.org/10.1016/j.smallrumres.2017.07.007 

Onzima R.B., Mukiibi R., Benda K.K., van Arendonk J.A.M., Komen H. & Kanis E. (2016) 
Participatory definition of breeding objectives and trait preferences by 
smallholder farmers for indigenous goats in Uganda. In: Book of Abstracts 
of the 12th International Conference on Goats "ICG 2016", pp. 107-, Antalya, 
Turkey. 

Onzima R.B., Aheisibwe A.R., Benda K.K., Kanis E. & van Arendonk J.A.M. (2014) 
Economic analysis of cross breeding programs for indigenous goat breeds 
in Uganda. In: 10th World Congress on Genetics Applied to Livestock 
Production (WCGALP). Vancouver, BC, Canada. 

Patterson N., Moorjani P., Luo Y., Mallick S., Rohland N. & Zhan Y. (2012) Ancient 
admixture in human history. Genetics 192 (3): 1065-1093; https://doi.org/ 
10.1534/genetics.112.145037 

Pereira F., Queirós S., Gusmão L., Nijman I.J., Cuppen E. & Lenstra J.A. (2009) Tracing 
the history of goat pastoralism: new clues from mitochondrial and Y 
chromosome DNA in North Africa. Mol Biol Evol 26 (12): 2765-2773 DOI: 
https://doi.org/10.1093/molbev/msp200 

Pickrell J.K. & Pritchard J.K. (2012) Inference of Population Splits and Mixtures from 
Genome-Wide Allele Frequency Data. PLOS Genetics 8, e1002967. 
https://doi.org/10.1371/journal.pgen.1002967 

https://doi.org/10.1073/pnas.0804782105
https://doi.org/%2010.1186/s12711-015-0140-6
https://doi.org/%2010.1186/s12711-015-0140-6
https://doi.org/10.1016/j.smallrumres.2017.07.007
https://doi.org/%2010.1534/genetics.112.145037
https://doi.org/%2010.1534/genetics.112.145037
https://doi.org/10.1093/molbev/msp200
https://doi.org/10.1371/journal.pgen.1002967


4 Genetic diversity and population structure 

 
 

93 
 

Purcell S., Neale B., Todd-Brown K., Thomas L., Ferreira M.A., Bender D., Maller J., 
Sklar P., Bakker P.I. & Daly M.J. (2007) PLINK: a tool set for whole-genome 
association and population-based linkage analyses. Am J Hum Genet 81(3) 
559–575 https://doi.org/10.1086/519795 

Qanbari S. & Simianer H. (2014) Mapping signatures of positive selection in the 
genome of livestock. Livestock Science 166, 133-43. DOI: https://doi.org/ 
10.1016/j.livsci.2014.05.003 

Reich D., Thangaraj K., Patterson N., Price A.L. & Singh L. (2009) Reconstructing 
Indian population history. Nature 461, 489-494. https://doi.org/ 
doi:10.1038/nature08365 

Taberlet P., Valentini A., Rezaei H.R., Naderi S., Pompanon F. & Negrini R. (2008) Are 
cattle, sheep, and goats endangered species? Mol Ecol 17, 275–284. DOI: 
https://doi.org/10.1111/j.1365-294X.2007.03475.x 

Tosser-Klopp G. (2015) Update on the International Goat Genome Consortium 
Projects. In: Plant and Animal Genome XXIII Conference. Plant and Animal 
Genome. 

Tosser-Klopp G., Bardou P., Bouchez O., Cabau C., Crooijmans R., Dong Y., 
Donnadieu-Tonon C., Eggen A., Heuven H.C., Jamli S., Jiken A.J., Klopp C., 
Lawley C.T., McEwan J., Martin P., Moreno C.R., Mulsant P., Nabihoudine I., 
Pailhoux E., Palhiere I., Rupp R., Sarry J., Sayre B.L., Tircazes A., Jun W., Wang 
W. & Zhang W. (2014) Design and Characterization of a 52K SNP Chip for 
Goats. PLoS One 9 (1), https://doi.org/10.1371/journal.pone.0086227 

Visser C., Lashmar S.F., Van Marle-Köster E., Poli M.A. & Allain D. (2016) Genetic 
Diversity and Population Structure in South African, French and Argentinian 
Angora Goats from Genome-Wide SNP Data. PLoS ONE 11 (5), e0154353. 
doi: https://doi.org/10.1371/journal.pone.0154353 

Zeder M.A. & Hesse B. (2000) The Initial Domestication of Goats (Capra hircus) in the 
Zagros Mountains 10,000 Years Ago. Science 287, 2254-7. DOI: 
https://doi.org/10.1126/science.287.5461.2254 

Zheng X., Levine D., Shen J., Gogarten S.M., Laurie C. & Weir B.S. (2012) A high-
performance computing toolset for relatedness and principal component 
analysis of SNP data. Bioinformatics 28, 3326-8. DOI: https://doi.org/ 
10.1093/bioinformatics/bts606 

  

https://doi.org/10.1086/519795
https://doi.org/%2010.1016/j.livsci.2014.05.003
https://doi.org/%2010.1016/j.livsci.2014.05.003
https://doi.org/%20doi:10.1038/nature08365
https://doi.org/%20doi:10.1038/nature08365
https://doi.org/10.1111/j.1365-294X.2007.03475.x
https://doi.org/10.1371/journal.pone.0086227
https://dx.doi.org/10.1371%2Fjournal.pone.0154353
https://doi.org/10.1126/science.287.5461.2254
https://doi.org/
https://doi.org/10.1093/bioinformatics/bts606


4 Genetic diversity and population structure 

 
 

94 
 

 

Supplementary materials 

 
 
 
  

Figure 4. S1 Genetic relationships among five Ugandan indigenous goat breeds 
and one commercial goat breed; constructed using neighbour – joining tree from 
identity by state (IBS) distances derived from 46105 SNPs 
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Table 4. S1: Significant f4 statistics for Ugandan goats indicating gene-flow in the 

populations. 

Pop 1 Pop 2 Pop 3 Pop 4 f4 statistic Std error Z Score 

BOE KIG KAR MUB 0.0050 0.0002 20.5959 

BOE MUB KAR KIG 0.0051 0.0003 20.4125 

BOE KIG KAR SEA 0.0027 0.0003 10.2101 

BOE KAR KIG SEB 0.0033 0.0003 12.5043 

BOE KIG KAR SEB 0.0022 0.0002 14.3987  

BOE MUB KAR SEA 0.0027 0.0003 10.8053 

BOE KAR MUB SEB 0.0034 0.0002 16.4090 

BOE MUB KAR SEB 0.0018 0.0002 12.1647 

BOE KAR SEA SEB 0.0020 0.0002 9.2824 

BOE SEA KAR SEB 0.0014 0.0002 8.2888 

BOE KAR MUB SEA 0.0014 0.0002 6.0396 

BOE SEA KAR MUB 0.0013 0.0002 5.6349 

BOE SEA KAR KIG 0.0014 0.0003 5.0805 

BOE SEB MUB SEA 0.0010 0.0002 4.4690 

BOE KAR KIG SEA 0.0013 0.0003 4.4078 

BOE SEB KAR KIG -0.0011 0.0003 -4.0038 

BOE MUB SEA SEB -0.0009 0.0002 -4.1880 

Figure 4. S2 Cross – validation error plot indicating the choice of the appropriate K- value 
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BOE SEB KAR MUB -0.0016 0.0002 -6.4749 

BOE KIG MUB SEA -0.0023 0.0002 -9.8169 

BOE MUB KIG SEA -0.0024 0.0003 -9.4555 

BOE KIG MUB SEB -0.0028 0.0002 -12.9529 

BOE MUB KIG SEB -0.0033 0.0002 -14.3171 

Karamojong            
KAR SEB MUB SEA -0.0004 0.0001 -4.5315 

KAR SEB KIG MUB -0.0004 0.0001 -5.4680 

KAR SEB KIG SEA -0.0008 0.0001 -7.0525 

KAR KIG MUB SEA -0.0037 0.0001 -29.0164 

KAR MUB KIG SEA -0.0037 0.0001 -27.2518 

KAR KIG MUB SEB -0.0062 0.0001 -47.4086 

KAR MUB KIG SEB -0.0066 0.0001 -47.1151 

KAR KIG SEA SEB -0.0025 0.0001 -18.3191 

KAR SEA KIG SEB -0.0033 0.0001 -22.1784 

KAR MUB SEA SEB -0.0029 0.0001 -23.6741 

KAR SEA MUB SEB -0.0033 0.0001 -23.2563 

Kigezi             

KIG SEA MUB SEB 0.0029 0.0001 23.4857 

KIG SEB MUB SEA 0.0033 0.0001 28.0769 

KIG MUB SEA SEB -0.0004 0.0001 -4.3254 

MUB=Mubende, BOE=Boer, KAR=Karamojong, KIG=Kigezi, SEA=Small East African 
and SEB=Sebei goats. All Z-scores are significant indicating presence of gene-flow 
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Table 4. S2 Breed composition of cluster 1, 2, 3 and 4, interpreted as representative 

of Small East African (SEA), Karamojong (KAR)/Sebei (SEB), Boer (BOE) and Kigezi 
(KIG) ancestries, respectively, and admixed Mubende (MUB) estimated for each 
individual belonging to goat populations from Uganda. 

Animal breed Cluster 1 (SEA) Cluster 2 (KAR/SEB) Cluster 3 (BOE) Cluster 4(KIG) 

BOE132 BOE 0.0000 0.0000 1.0000 0.0000 

BOE133 BOE 0.0006 0.0676 0.9318 0.0000 

BOE137 BOE 0.0000 0.0000 1.0000 0.0000 

BOE138 BOE 0.0000 0.0000 1.0000 0.0000 

BOE140 BOE 0.0000 0.0000 1.0000 0.0000 

BOE141 BOE 0.0000 0.0000 1.0000 0.0000 

BOE121 BOE 0.0000 0.0000 1.0000 0.0000 

BOE122 BOE 0.0000 0.0000 1.0000 0.0000 

BOE124 BOE 0.0000 0.0000 1.0000 0.0000 

BOE125 BOE 0.0529 0.0179 0.7707 0.1586 

BOE126 BOE 0.0426 0.0521 0.7572 0.1482 

BOE127 BOE 0.0057 0.0723 0.9221 0.0000 

BOE129 BOE 0.0028 0.0256 0.9715 0.0000 

KAR161 KAR 0.0581 0.9079 0.0340 0.0000 

KAR165 KAR 0.0941 0.8443 0.0465 0.0151 

KAR167 KAR 0.2576 0.6264 0.0000 0.1159 

KAR169 KAR 0.0450 0.8917 0.0575 0.0059 

KAR174 KAR 0.0399 0.9026 0.0494 0.0081 

KAR178 KAR 0.0000 0.9996 0.0004 0.0000 

KAR179 KAR 0.0000 0.9833 0.0167 0.0000 

KAR180 KAR 0.1140 0.7552 0.0167 0.1141 

KAR185 KAR 0.0609 0.8804 0.0582 0.0005 

KAR186 KAR 0.0564 0.8332 0.0465 0.0639 

KAR187 KAR 0.0574 0.8779 0.0534 0.0112 

KAR188 KAR 0.0495 0.8749 0.0756 0.0000 

KAR189 KAR 0.1613 0.7839 0.0025 0.0522 

KAR191 KAR 0.1011 0.8989 0.0000 0.0000 

KAR192 KAR 0.2715 0.5331 0.0078 0.1876 
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KIG106 KIG 0.0666 0.0576 0.0000 0.8758 

KIG108 KIG 0.0713 0.0000 0.0000 0.9286 

KIG109 KIG 0.0661 0.2067 0.2001 0.5272 

KIG107 KIG 0.0734 0.0377 0.1186 0.7702 

KIG081 KIG 0.0608 0.1029 0.1766 0.6598 

KIG088 KIG 0.0000 0.0000 0.0000 1.0000 

KIG089 KIG 0.0000 0.0000 0.0250 0.9750 

KIG090 KIG 0.0071 0.0000 0.0000 0.9929 

KIG091 KIG 0.0000 0.0000 0.0000 1.0000 

KIG092 KIG 0.0230 0.0000 0.1125 0.8645 

KIG093 KIG 0.0000 0.0000 0.0000 1.0000 

KIG094 KIG 0.0000 0.0000 0.0000 1.0000 

KIG096 KIG 0.0613 0.0910 0.2393 0.6083 

KIG097 KIG 0.0306 0.0679 0.1169 0.7846 

KIG098 KIG 0.0000 0.0000 0.0000 1.0000 

KIG099 KIG 0.0323 0.0408 0.0862 0.8407 

KIG100 KIG 0.0000 0.0000 0.0000 1.0000 

KIG101 KIG 0.0000 0.0000 0.0000 1.0000 

KIG102 KIG 0.0000 0.0000 0.0000 1.0000 

KIG103 KIG 0.0059 0.0238 0.1415 0.8288 

KIG104 KIG 0.0000 0.0000 0.0000 1.0000 

KIG105 KIG 0.0000 0.0000 0.0000 1.0000 

KIG086 KIG 0.0000 0.0000 0.0000 1.0000 

KIG087 KIG 0.0181 0.0000 0.0000 0.9819 

KIG082 KIG 0.0000 0.0000 0.0000 1.0000 

KIG083 KIG 0.0000 0.0000 0.0000 1.0000 

KIG084 KIG 0.0553 0.0701 0.0351 0.8396 

KIG111 KIG 0.0227 0.0517 0.0000 0.9256 

KIG112 KIG 0.0548 0.0342 0.0557 0.8554 

MUB051 MUB 0.2042 0.1914 0.0153 0.5891 

MUB066 MUB 0.2156 0.1830 0.0529 0.5485 

MUB067 MUB 0.2101 0.2692 0.0053 0.5154 

MUB055 MUB 0.1947 0.2184 0.0183 0.5686 



4 Genetic diversity and population structure 

 
 

99 
 

MUB061 MUB 0.1934 0.2385 0.0029 0.5652 

MUB062 MUB 0.2301 0.1935 0.0624 0.5140 

MUB068 MUB 0.2229 0.2407 0.0000 0.5364 

MUB073 MUB 0.1814 0.3554 0.0149 0.4483 

MUB074 MUB 0.1886 0.2921 0.1060 0.4133 

MUB060 MUB 0.1979 0.1679 0.0989 0.5353 

MUB053 MUB 0.2245 0.2429 0.0353 0.4973 

MUB059 MUB 0.2020 0.2655 0.0274 0.5052 

MUB052 MUB 0.2145 0.2636 0.0268 0.4951 

MUB056 MUB 0.2468 0.2301 0.0192 0.5038 

MUB064 MUB 0.2337 0.2147 0.0000 0.5516 

MUB046 MUB 0.1721 0.1557 0.1850 0.4872 

MUB047 MUB 0.2398 0.3022 0.0000 0.4580 

MUB050 MUB 0.2129 0.2390 0.0060 0.5421 

MUB057 MUB 0.1826 0.1349 0.1117 0.5708 

MUB058 MUB 0.1902 0.1265 0.1078 0.5755 

MUB070 MUB 0.1804 0.3547 0.0198 0.4451 

MUB071 MUB 0.1879 0.4201 0.0000 0.3920 

MUB072 MUB 0.2020 0.3417 0.0205 0.4357 

MUB075 MUB 0.2241 0.2255 0.0230 0.5275 

MUB076 MUB 0.2201 0.2717 0.0194 0.4888 

MUB063 MUB 0.1852 0.2138 0.0935 0.5075 

MUB069 MUB 0.1770 0.2619 0.1954 0.3657 

MUB041 MUB 0.1666 0.2536 0.0635 0.5162 

MUB042 MUB 0.1687 0.2501 0.1035 0.4778 

SEA002 SEA 0.4465 0.3744 0.0121 0.1669 

SEA003 SEA 0.5727 0.1914 0.0919 0.1440 

SEA004 SEA 1.0000 0.0000 0.0000 0.0000 

SEA005 SEA 0.6671 0.2003 0.0000 0.1326 

SEA006 SEA 1.0000 0.0000 0.0000 0.0000 

SEA007 SEA 1.0000 0.0000 0.0000 0.0000 

SEA008 SEA 0.6615 0.1935 0.0168 0.1282 

SEA009 SEA 0.6849 0.1517 0.0000 0.1634 
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SEA011 SEA 0.3394 0.3817 0.0000 0.2789 

SEA012 SEA 0.7611 0.1270 0.0000 0.1118 

SEA013 SEA 0.7908 0.1032 0.0000 0.1060 

SEA014 SEA 0.7312 0.1663 0.0000 0.1025 

SEA015 SEA 0.7088 0.1508 0.0038 0.1367 

SEA018 SEA 0.6786 0.0999 0.0885 0.1330 

SEA020 SEA 1.0000 0.0000 0.0000 0.0000 

SEA021 SEA 0.8327 0.1116 0.0000 0.0557 

SEA022 SEA 0.8111 0.1245 0.0000 0.0645 

SEA023 SEA 0.7242 0.1586 0.0000 0.1172 

SEA025 SEA 1.0000 0.0000 0.0000 0.0000 

SEA026 SEA 1.0000 0.0000 0.0000 0.0000 

SEA027 SEA 0.7184 0.1276 0.0154 0.1386 

SEA028 SEA 0.8039 0.1081 0.0000 0.0880 

SEA029 SEA 0.7834 0.1160 0.0282 0.0724 

SEA030 SEA 1.0000 0.0000 0.0000 0.0000 

SEA031 SEA 1.0000 0.0000 0.0000 0.0000 

SEA032 SEA 0.7619 0.1319 0.0131 0.0932 

SEA033 SEA 0.7943 0.0876 0.0000 0.1181 

SEA034 SEA 0.8092 0.1026 0.0000 0.0882 

SEA024 SEA 0.4307 0.3623 0.0000 0.2070 

SEB232 SEB 0.1520 0.6956 0.0001 0.1523 

SEB217 SEB 0.1825 0.5895 0.0373 0.1907 

SEB218 SEB 0.1095 0.7059 0.0132 0.1714 

SEB219 SEB 0.0220 0.8817 0.0000 0.0963 

SEB207 SEB 0.1635 0.6530 0.0131 0.1703 

SEB208 SEB 0.1980 0.6346 0.0012 0.1662 

SEB228 SEB 0.1006 0.7817 0.0000 0.1178 

SEB229 SEB 0.0585 0.8038 0.0320 0.1058 

SEB220 SEB 0.0971 0.5467 0.0921 0.2641 

SEB222 SEB 0.0779 0.7473 0.0100 0.1649 

SEB223 SEB 0.0143 0.8756 0.0000 0.1101 

SEB204 SEB 0.1373 0.6515 0.0114 0.1998 
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SEB230 SEB 0.0620 0.8328 0.0000 0.1052 

SEB231 SEB 0.0275 0.9218 0.0000 0.0506 

SEB203 SEB 0.1062 0.6934 0.0000 0.2003 

SEB224 SEB 0.0245 0.8714 0.0403 0.0637 

SEB225 SEB 0.0000 1.0000 0.0000 0.0000 

SEB226 SEB 0.0000 0.9577 0.0000 0.0423 

SEB227 SEB 0.0976 0.6782 0.0494 0.1749 

SEB216 SEB 0.0403 0.8693 0.0020 0.0884 

SEB214 SEB 0.0000 0.9485 0.0000 0.0515 

SEB215 SEB 0.0271 0.8571 0.0000 0.1158 

SEB201 SEB 0.1551 0.6791 0.0063 0.1594 

SEB202 SEB 0.1196 0.6878 0.0238 0.1688 

SEB205 SEB 0.0465 0.8083 0.0000 0.1452 

SEB206 SEB 0.0645 0.7941 0.0000 0.1414 

SEB210 SEB 0.0000 0.9473 0.0000 0.0527 

SEB211 SEB 0.1247 0.7089 0.0146 0.1518 

SEB213 SEB 0.0120 0.9199 0.0000 0.0682 

BOE=Boer, KAR=Karamojong, KIG=Kigezi, MUB=Mubende, SEA=Small East African 
and SEB=Sebei goats. 
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Abstract 
Both natural and artificial selection are among the main driving forces shaping 
genetic variation across the genome of livestock species. Selection typically leaves 
signatures in the genome, which are often characterized by high genetic 
differentiation across breeds and/or a strong reduction in genetic diversity in regions 
associated with traits under intense selection pressure. In this study, we evaluated 
selection signatures and genomic inbreeding coefficients, 𝐹𝐹𝑅𝑅𝑅𝑅𝑅𝑅, based on runs of 
homozygosity (ROH), in six Ugandan goat breeds: Boer (n = 13), and the indigenous 
breeds Karamojong (n = 15), Kigezi (n = 29), Mubende (n = 29), Small East African (n 
= 29) and Sebei (n = 29). After genotyping quality control, 45,294 autosomal single 
nucleotide polymorphisms (SNPs) remained for further analyses. A total of 394 and 
6 breed-specific putative selection signatures were identified across all breeds, 
based on marker-specific fixation index (𝐹𝐹ST-values) and haplotype differentiation 
(hapFLK), respectively. These regions were enriched with genes involved in signalling 
pathways associated directly or indirectly with environmental adaptation, such as 
immune response (e.g. IL10RB and IL23A), growth and fatty acid composition (e.g. 
FGF9 and IGF1), and thermo-tolerance (e.g. MTOR and MAPK3). The study revealed 
little overlap between breeds in genomic regions under selection and generally did 
not display the typical classic selection signatures as expected due to the complex 
nature of the traits. In the Boer breed, candidate genes associated with production 
traits, such as body size and growth (e.g. GJB2 and GJA3) were also identified. 
Furthermore, analysis of ROH in indigenous goat breeds showed very low levels of 
genomic inbreeding (with the mean 𝐹𝐹ROH per breed ranging from 0.8% to 2.4%), as 
compared to higher inbreeding in Boer (mean 𝐹𝐹ROH = 13.8%). Short ROH were more 
frequent than long ROH, except in Karamojong, providing insight in the 
developmental history of these goat breeds. This study provides insights into the 
effects of long-term selection in Boer and indigenous Ugandan goat breeds, which 
are relevant for implementation of breeding programs and conservation of genetic 
resources, as well as their sustainable use and management. 
 
Key words: Capra hircus, homozygosity, adaptation, genomic inbreeding, genetic 
diversity, selective sweeps, candidate genes
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5.1 Introduction 
Goats are amongst the most important livestock species in developing countries, 
such as Uganda, playing a significant socio-economic, nutritional and cultural role in 
smallholder production systems (MAAIF, 2011). The total goat population in Uganda 
is estimated to consist of over14 million animals, predominantly from indigenous 
breeds (98%) and a small proportion (2%) from exotic breeds (MAAIF and UBOS, 
2009; UBOS, 2015). Exotic breeds have been artificially selected for production traits 
over several generations, whereas indigenous breeds have undergone no or less 
intense artificial selection. While exotic breeds are subjected to more intense 
artificial selection, it is expected that the effect of natural selection (i.e. adaptation 
to the specific environment) is more apparent in the indigenous breeds and has 
played an important role in their development. Based on this hypothesis, it is 
expected that indigenous breeds will tend to exhibit resistance to gastro-intestinal 
parasites and local diseases, tolerance to heat, water scarcity and ability to use low 
quality fodder. Often high order traits like adaptation to environmental stress are 
influenced by several traits acting in combination. Adaptation is a complex trait that 
involves many biological processes and quantitative trait loci with each having a 
small but cumulative effect on the overall expression of the phenotype (Kim et al., 
2016; Yang et al., 2016; Mwacharo et al., 2017). 
Selection (both natural and artificial) is one of the main driving forces shaping genetic 
variation across genomes of livestock species. Under strong positive selection 
pressure, the frequency of favourable alleles will increase over time (Maynard and 
Haigh, 2007). This may result in genomic regions with high genetic differentiation 
across breeds and / or specific haplotypes rising to high frequencies. Such regions 
can thus be selection signatures. Analysis of selection signatures has the goal of 
identifying genomic regions or loci showing deviations from neutrality. Other forces 
like migration, admixture events and population bottlenecks may have a profound 
effect on genomic variability, locally increasing or reducing the genetic variation. 
Two well-established methods to detect selection signatures include the fixation 
index (𝐹𝐹𝑆𝑆𝑆𝑆) (Wright, 1949; Weir and Cockerham, 1984; Porto-Neto et al., 2013) and 
haplotype differentiation statistic - hapFLK (Fariello et al., 2013). 𝐹𝐹𝑆𝑆𝑆𝑆 is one of the 
most popular methods to detect selection signatures if data is available for multiple 
populations. The 𝐹𝐹𝑆𝑆𝑆𝑆-approach measures population differentiation due to locus-
specific allele frequencies between populations and can detect highly differentiated 
alleles undergoing divergent selection among populations (McRae et al., 2014; Zhao 
et al., 2015). A drawback of the approach is that the 𝐹𝐹𝑆𝑆𝑆𝑆-statistic assumes that all 
populations are of similar effective population size and are derived independently 
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from the same ancestral population. The hapFLK - statistic measures differences of 
haplotype frequencies between populations and accounts for the hierarchical 
structure of the populations (Fariello et al., 2013). The use of a combination of 
haplotype information and of the hierarchical structure of populations results in 
greater power for the detection of selection signatures. 
Selection signature analyses using genome-wide SNPs have been widely applied in 
exploring the genomes of livestock species such as sheep (Kijas et al., 2012; Purfield 
et al., 2017; Rochus et al., 2018), cattle (Porto-Neto et al., 2014; Zhao et al., 2015; 
Taye et al., 2017) and goats (Burren et al., 2016; Kim et al., 2016; Brito et al., 2017). 
These studies have identified genes associated with a variety of traits including 
thermo-tolerance, immune response, reproduction functions, skin and hair 
structure, feed intake and metabolism. 
Ugandan indigenous goat breeds can be phenotypically categorized within three 
main breeds: Kigezi, Mubende and Small East African (Mason and Maule, 1960). 
Other indistinct ecotypes of indigenous goat breeds also exist including Karamojong 
and Sebei (Nsubuga, 1996). These breeds show high genetic diversity, but weak 
population sub-structuring (Onzima et al., 2018). The result of the weak population 
structure is low levels of inbreeding and some of the breeds having similar selection 
signatures (Msalya et al., 2017). The indigenous breeds present a high degree of 
adaptation to parasites and heat tolerance, and survive on poor quality fodder, while 
also maintaining good reproductive rates (Mwacharo et al., 2017). However, 
production levels are much lower compared to specialized breeds. Therefore, Boer 
goats were introduced in Uganda in the early 1990s to genetically improve the 
growth rate and body size of the indigenous breeds (Nsubuga, 1996). Because of 
community-based small ruminant breeding programs and the use of limited Boer 
breeding males for cross breeding, the increase in inbreeding levels is a major 
concern to the industry. 
The increase in inbreeding in livestock at a genomic level over generations leads to 
a reduction in genetic diversity. When an offspring is inbred, it may inherit 
autozygous chromosomal segments from both parents that are identical by descent 
(IBD) i.e. segments that are derived from a common ancestor (Broman and Weber, 
1999). The result is continuous homozygous segments in the genome, also known as 
runs of homozygosity (ROH). The extent of ROH can be used to estimate the 
inbreeding coefficient (Bosse et al., 2012; Marras et al., 2015; Peripolli et al., 2018). 
ROH can be used to disclose the genetic relationships among individuals, usually 
estimating with high accuracy the autozygosity at an individual and/or population 
levels (Ferenčaković et al., 2011; Ferenčaković et al., 2013a). It can also be used to 
establish the level of selection pressure on the populations (Zhang et al., 2015). 
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Length and frequency of ROHs may also be used to distinguish distant from more 
recent inbreeding, since the length of IBD segments follows an inverse exponential 
distribution with a mean of 1/2g Morgans, where g is the number of generations 
from a common ancestor (Howrigan et al., 2011). 
The objectives of this study were to: 1) identify unique selection signatures in the 
genome and the genes under selection in Ugandan goat breeds, and 2) assess the 
occurrence and distribution of ROH and ROH-based genomic inbreeding in Ugandan 
goat breeds.  
 
5.2 Materials and Methods 
 
5.2.1 Animals and genotype quality control  
The data used in this study were derived from 144 animals from six goat populations 
and has been described in detail previously (Onzima et al., 2018). The animals were 
from the five indigenous breeds, Mubende (n = 29), Kigezi (n = 29), Small East African 
(n = 29), Karamojong (n = 15) and Sebei (n = 29), and from the exotic Boer breed (n 
=13). All animals were genotyped with the Illumina GoatSNP50 BeadChip (Tosser-
Klopp et al., 2014), which features 53,347 single nucleotide polymorphisms (SNPs). 
Genotype quality control (QC) procedures were performed using PLINK v1.90 (Chang 
et al., 2015). All samples passed the quality criteria (missing genotype call rate ≥ 0.1) 
and were used in the analysis. The SNPs with a call rate below 0.95, a minor allele 
frequency (MAF) lower than 0.05, located on non-autosomal chromosomes, or not 
in Hardy Weinberg Equilibrium (at P<0.001) were discarded. After quality control 
procedures, 46,105 autosomal SNPs remained. For these SNPs, the position on the 
genome was obtained from the goat reference genome assembly ARS1 release 102 
(Bickhart et al., 2017). After removing SNPs with unknown position on the ARS1 
genome assembly, 45,294 autosomal SNPs from 144 goats remained in the final 
dataset. 
 
5.2.2 Relatedness within and between breeds 
The level of relatedness between individuals (both within and between breeds) was 
determined using genomic similarities. For each pair of individuals, the genomic 
similarity (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖) was determined according to Malécot. (1948): 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖 =  
∑ (𝐼𝐼11,𝑘𝑘 + 𝐼𝐼12,𝑘𝑘 + 𝐼𝐼21,𝑘𝑘 + 𝐼𝐼22,𝑘𝑘)𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆
𝑘𝑘=1

4𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆
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where  𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆 is the total number of markers and 𝐼𝐼𝑥𝑥𝑥𝑥,𝑘𝑘  is an indicator variable that was 
set to 1 when allele x of individual i and allele y of individual j at marker k were 
identical by state (IBS), and to 0 otherwise. Note that, as self-similarities were 
included, the average similarity in a breed was equivalent to the expected 
homozygosity in that breed.  
 
5.2.3 Identifying signatures of selections 
To increase the likelihood to detect true selection signatures (i.e., no false positive 
results), multiple approaches can be used (Simianer, 2014). The methods adapted 
for analysis of selection signatures need to be robust enough to disentangle selective 
pressures from other effects on the population such as migration, admixture and 
population bottlenecks. In this study, we used allele specific population 
differentiation defined as 𝐹𝐹𝑆𝑆𝑆𝑆 (Wright, 1949) and a haplotype based differentiation 
approach, hapFLK (Fariello et al., 2013), which accounts for haplotype structure of 
populations and for variable effective population sizes. 
 
5.2.3.1 Fixation index (𝑭𝑭𝐒𝐒𝐒𝐒)  
Selection signatures for each breed were identified using an 𝐹𝐹ST-statistic per SNP 
that compares the allele frequency in the breed to the allele frequency in a combined 
population of the remaining breeds, following the unbiased estimator proposed by 
Weir and Cockerham (1984) and implemented in PLINK (Chang et al., 2015). For 
example, differences between the exotic Boer breed on the one hand, and the 
indigenous goat breeds on the other, were investigated by calculating the 𝐹𝐹ST-values 
between Boer and a combined population of all the indigenous breeds. We also 
computed 𝐹𝐹ST-values for the indigenous breeds while excluding Boer from the 
analysis. However, as the exclusion of Boer did not influence the results for the 
indigenous breeds, only results with Boer included are reported in the subsequent 
sections. 
In general, genomic regions showing high 𝐹𝐹ST-values with moving averages and 
single SNPs indicate strong breed differentiation or selection, while low 𝐹𝐹ST -values 
suggest no or a limited amount of population differentiation. Negative 𝐹𝐹ST values 
were set to zero, as they imply no genetic differentiation between the two groups.  
To visualize and infer region-specific differences over the erratic pattern of individual 
SNPs, we computed a moving average of 𝐹𝐹ST (𝑚𝑚𝑚𝑚𝐹𝐹ST) values for 5 adjacent SNPs. 
The 𝑚𝑚𝑚𝑚𝐹𝐹ST was computed for 5 adjacent SNPs and plotted against the chromosomal 
position for all goat autosomes (CHI coordinates). The SNPs with a 𝑚𝑚𝑚𝑚𝐹𝐹ST above the 
95% quantile of the empirical distribution of raw 𝐹𝐹ST values were considered as 
putative selection signatures. The moving average (ma) is a simple approach for 
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identifying regions of interest in the genome from the erratic pattern of SNPs. This 
approach has been implemented successfully in analysing systematic differences in 
response to genetic variation to pedigree and genome-based selection methods in 
chicken (Heidaritabar et al., 2014) and genome-wide genetic diversity in Dutch dairy 
cattle (Doekes et al., 2018). By using 𝑚𝑚𝑚𝑚𝐹𝐹ST, rather than 𝐹𝐹ST for single SNPs, we 
aimed to reduce the influence of the small sample sizes on the results. 
 
5.2.3.2 Haplotype differentiation (hapFLK)  
To account for haplotype structure and varying effective population sizes, we used 
hapFLK (Fariello et al., 2013) to detect potential selection signatures in the six goat 
populations. The used procedure has been described in detail by Brito et al. (2017). 
Briefly, hapFLK was applied to the unphased genotype data to identify putative 
regions under selection, by estimating the neighbour joining tree and a kinship 
relationship matrix based on Reynolds’ genetic distances between the breeds. The 
pairwise Reynolds' distances (Reynolds et al., 1983) between populations (including 
an outgroup) are computed for each SNP and averaged over the genome. Using the 
genotype data and kinship matrix, and assuming 6 clusters in the fastPHASE model 
(-k, 6), the program was run and the hapFLK statistic was computed as an average of 
20 expectation maximization iterations to fit the Linkage Disequilibrium (LD) model. 
With hapFLK values generated for each SNP, p-values were computed based on a chi-
square distribution of the numerical values. The mean and variance of hapFLK 
distribution were estimated and used to standardize each SNP specific value. This 
was subsequently followed by computation of p-values from a standard normal 
distribution, and the (-log10) of p-values was plotted against the genomic positions. 
To minimize the number of false positives, a q-value threshold of 0.01 was set to 
control the false discovery rate (FDR) at the 1% level. Putative selective signatures 
were defined by the regions with a threshold of P<0.005. 
 
5.2.3 Identification of candidate genes associated with selection 

signatures 
Genes within putative selection signature regions were retrieved from NCBI 
(www.ncbi.nlm.nih.gov), using the goat reference assembly ARS1. The genes 
overlapping either partially or fully within the 95% threshold of the empirical 
distribution of the raw 𝐹𝐹ST-values and within the regions with P<0.005 for hapFLK, 
were putative selection candidate genes. 
For each of the breeds, gene enrichment analyses were performed based on the 𝐹𝐹ST, 
and hapFLK results with the web-based tool, Database for Annotation, Visualization 
and Integrated Discovery (DAVID) v6.8 (Huang et al., 2009; Jiao et al., 2012), which 

http://www.ncbi.nlm.nih.gov/
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allows for the investigation of the Kyoto Encyclopaedia of Genes and Genomes 
(KEGG) pathways (Kanehisa et al., 2012) and Gene Ontology (GO) for biological 
processes (Ashburner et al., 2000). Fisher’s exact test (p-value = 0.05), was applied 
to identify significantly enriched GO biological and functional processes. More 
stringent settings, such as Bonferroni correction, FDR and Fold enrichment test were 
not considered in the detection given the limited scope of the study. Human gene 
ontologies were used since the goat genome has not been properly annotated. 
Moreover, the human genome is highly annotated than closely related species like 
bovine; thereby increasing the probability of retrieving GO terms in the goat 
genome. Phenotypes known to be affected by the identified candidate genes were 
compared from literature and using the AnimalQTLdb at: 
https://www.animalgenome.org/cgi-bin/QTLdb/index. 
 
5.2.4 Runs of homozygosity (ROH) and genomic inbreeding (FROH) 
For each individual, runs of homozygosity (ROHs) were identified using an in-house 
script which incorporates a set of criteria for defining regions of homozygosity. 
An ROH was called if the following criteria were fulfilled: (i) 20 or more consecutive 
SNPs were homozygous, (ii) a minimum physical length of 2Mb, (iii) a maximum gap 
between two consecutive SNPs of 500Kb and (iv) maximum of 2 missing genotypes 
and no heterozygous calls within ROH. The rather stringent criteria were used to 
minimise incorrect discovery of ROH (false positives) within regions of low marker 
density. The minimum expected length of homozygous DNA segments was based on 
the time frame of approximately twenty-five generations, over which goats are 
believed to have been characterized in separate breeds in Uganda (Mason and 
Maule, 1960). The length of ROH derived from a common ancestor g generations ago 
follows an inverse exponential distribution with the mean equal to 100/2g cM 
(Fisher, 1954; Thompson, 2013). A genetic distance of approximately 1 cM per Mb is 
often assumed in cattle (Arias et al., 2009) and assuming a similar relationship for 
goats, the mean length of ROH derived from common ancestor from 25 generations 
ago would be 2 Mb. 
 
The proportion of ROH per animal in comparison to the whole genome SNP coverage 
provides a useful indication of the level of inbreeding. Genomic inbreeding 
coefficient based on ROHs were computed as the length of the autosome covered 
by ROHs divided by the overall length of the autosome covered by the SNPs 
(McQuillan et al., 2008): 

𝐹𝐹𝑅𝑅𝑅𝑅𝑅𝑅,𝑖𝑖 =
𝐿𝐿𝑅𝑅𝑅𝑅𝑅𝑅
𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

  

https://www.animalgenome.org/cgi-bin/QTLdb/index
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where 𝐿𝐿𝑅𝑅𝑅𝑅𝑅𝑅 is the sum of the total length of ROH in individual i and 𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  is the total 
length of the autosomes covered by the SNPs (2.463 Gb). The number of ROHs and 
𝐹𝐹𝑅𝑅𝑅𝑅𝑅𝑅  were also evaluated for different ROH length categories. We focused on length 
classes from 2 Mb to 16 Mb to investigate more ancient inbreeding (2 and 16 Mb are 
the expected lengths of ROH derived from common ancestors 25 and 3 generations 
ago, respectively) and > 16Mb to assess more recent inbreeding (expected length of 
ROH derived from ancestors ≤ 3 generations ago). 
The ROH were estimated in each individual separately and then classified into four 
length categories: 2 –4 Mb, 4–8 Mb, 8-16 Mb and >16 Mb, following classification 
used in similar studies (Kirin et al., 2010; Ferenčaković et al., 2013a; Marras et al., 
2015), specified from now on as ROH2-4 Mb, ROH4-8 Mb, ROH8-16 Mb and ROH>16 Mb, 
respectively. For each length category in each of the individuals of each breed, we 
computed the total number of ROH identified - nROH, mean sum of ROH coverage - 
SROH in Mb (defined by sum of all ROH per individual divided by the number of animals 
per breed) and average length of ROH (LROH, Mb). 
 
5.3 Results 
5.3.1 Relatedness among Ugandan goats 
Mean genomic similarities within and between breeds are shown in Table 5.1. As 
expected, within breed similarities (diagonal) were higher than between breed 
similarities (off-diagonal). Within breeds, the highest mean similarity was found in 
Kigezi (0.643) and the lowest in Sebei (0.623). Between breeds, the indigenous 
Ugandan goat breeds showed higher genomic similarity with each other than the 
Boer breed. 
 
Table 5.1│Mean genomic similarity within (diagonal) and between (off-diagonal) six 
goat breeds 

 BOE KIG MUB SEA KAR SEB 
BOE 0.625 - - - - - 
KIG 0.551 0.643 - - - - 
MUB 0.553 0.622 0.625 - - - 
SEA 0.549 0.615 0.614 0.632 - - 
KAR 0.550 0.607 0.607 0.606 0.627 - 
SEB 0.549 0.613 0.611 0.610 0.610 0.623 
       

BOE=Boer (n=13), KIG=Kigezi (n=29), MUB=Mubende (n=29), SEA=Small East African 
(n=29), KAR=Karamojong (n=15) and SEB=Sebei (n=29). 
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5.3.2 Selection signatures in goat populations 
 
5.3.2.1 Selection Signatures - FST 
There was generally a high level of differentiation between Boer on the one hand, 
and the indigenous Ugandan breeds on the other.  For Boer, the average 𝐹𝐹𝑆𝑆𝑆𝑆 across 
all SNPs was 0.123, while the average 𝐹𝐹𝑆𝑆𝑆𝑆 for the indigenous breeds was less than 
0.050 (Table 5.S1). 
Analysis of breed specific differentiation between each of the Ugandan goat breeds 
including the Boer breed resulted in several putative regions of selection as shown 
in Table 5.S2 (P<0.05, without Bonferoni correction).  In Boer, the 29 putative regions 
of selection were identified, which spread across 17 autosomes and overlapped with 
134 genes. The regions with the highest degree of differentiation were found on 
CHI11, 12, 14, 18 and 24 (Figure 5.1). The highest ranked SNP window (𝑚𝑚𝑚𝑚𝐹𝐹ST-value= 
0.754) was found on CHI12 in a genomic region between 60.170 Mb and 60.711 Mb 
and overlap with portions of the genes MAB21L1 and NBEA. Analysis of breed 
specific differentiation for the Ugandan indigenous goat breeds resulted in 394 
putative regions of selection distributed across all the breeds showing some 
candidate genes for traits of economic importance. The regions varied from 66 in 
Mubende to 79 in the Small East African goats distributed across most of the 
autosomes (Table 5.S2). The selection signature regions in the indigenous goat 
breeds are on average numerous and shorter than in the Boer. There is limited 
overlap between the different breeds indicating signatures are mostly breed specific. 
Several genes were found spanning the selection signature regions across the 
autosomes (Table 5.S2). Functional analysis of some of the candidate genes (Figure 
5.S1), shows they may be involved in tropical adaptation such as thermo-tolerance 
and immune response in the indigenous breeds. These include KPNA4 (CHI1), MTOR 
(CHI16), SH2B1 (CHI25) and MAPK3 (CHI25) in Karamojong; IL10RB, IFNAR, DNAJC13 
(CHI1) in Kigezi; PPP1R36 and HSPA2 (CHI10), DNAJC24 (CHI5) in Mubende; CD80, 
ADPRH, IGSF11 (CHI1), IGF1 (CHI5) in Small East African goats and HOXC12 and 
HOXC13 (CHI5) in Sebei. The full gene-list is found in Table 5.S2. 
 
5.3.2.2 Selection signatures - hapFLK 
The results of the haplotype-based differentiation with hapFLK are shown in Figure 
5.2. A significance threshold of p < 0.005 was considered to identify regions under 
selection. The hapFLK analysis resulted in six putative selection signature regions on 
CHI5 (116.662 -118.773 Mb), CHI6 (0.005 - 16.337 Mb), CHI8 (7.766 - 7.941 Mb), 
CHI13(58.709 - 63.989 Mb), CHI15 (14.932 - 23.571Mb) and CHI16 (40.533 - 45.988 
Mb). Some of the candidate genes identified, which may be playing a role in tropical 
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adaption include; CFI (CHI 6), DEFB genes (CHI 13) and ASIP (CHI 13), MTOR, PIK3CD 
(CHI 16), and CD44 (CHI 15) (Table S3). 

 
 
Four of the six significant regions identified by hapFLK partially overlapped with the 
394 significant selective signature regions identified by 𝐹𝐹ST. Several short 
overlapping regions were found between hapFLK and 𝐹𝐹𝑆𝑆𝑆𝑆, with the strongest signals 
detected on CHI 6, 13 and 16 (Figure 5.2). Some of the regions were breed specific 
and contained several genes (Table 5.S4). 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 5.1│Plot of moving average 𝑭𝑭𝑺𝑺𝑺𝑺-values of SNPs per chromosome. The plot shows 
comparison of Boer goats with other Ugandan goat breeds and candidate genes in 
putative selective signatures are shown in red. The horizontal red line (at 0.482) 
represents the 95%-percentile of raw 𝐹𝐹𝑆𝑆𝑆𝑆-values. 

LCAT, CENPT, PRMT7 GJA3, GJB2, GJB6 ,NBEA, MAB21L1 ACSS1, VSX1 

CFAP36, MIR217, CCDC88A RBBP8 
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Figure 5.2│Genome-wide scan for putative signatures of selection using hapFLK (2A). 
The negative log of p-values is plotted in chromosomal order. The alternating colours 
green and blue represent the different chromosomes (on the upper panel). On the lower 
panels (2B, 2C, 2D) is a zoom into the chromosome 16 to show the regions overlapping 
with high 𝐹𝐹𝑆𝑆𝑆𝑆 and hapFLK values, defining putative selection signatures over four 
selected regions in the different breeds (KAR = Karamojong, KIG = Kigezi, MUB = 
Mubende, SEA = Small East African and SEB = Sebei). 
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5.3.3 Gene enrichment of putative selection signatures 
Within the putative selection regions identified, a list of genes was identified for each 
of the approaches used: 𝐹𝐹ST(Table 5.S2) and hapFLK (Table 5.S3) and were used to 
perform separate functional analyses using DAVID with default settings on the 
human gene set (Huang et al., 2009;Jiao et al., 2012). Functional analysis of the 
𝐹𝐹ST gene-list for each of the breeds yielded 47 significant (P < 0.05) gene ontology 
(GO) biological process (BP) terms (Table 5.S5) and 15 KEGG pathways were enriched 
(Table 5.S6). The biological processes enriched were related to cell communication, 
male sex differentiation, microtubule cytoskeleton organization in the Boer; and 
negative regulation of catalytic activity, homeostasis in number of cells within the 
tissue, TIR-domain-containing adapter-inducing interferon-β (TRIF) - dependent toll-
like receptor signalling pathway (GO:0035666), positive regulation of peptidyl-
tyrosine phosphorylation (GO:0050731), cytokinesis (GO:0000910) and angiogenesis 
(GO:0001525) among others in the indigenous goat breeds. 
The DAVID analyses based on hapFLK gene list across the breeds resulted in 18 
significant (P < 0.05) biological processes (Table 5.S5) and nine significant (P < 0.05) 
KEGG pathways (Table 5.S6). The genes identified, were significantly involved in the 
defence response to bacterium (GO:0042742; P-value < 0.001), negative regulation 
of the apoptotic process (GO:0043066; P-value < 0.001) and positive regulation of 
gene expression (GO:0010628; P-value < 0.001) among others. 
 
5.3.4 Analysis of ROH and genomic inbreeding - 𝐅𝐅𝐑𝐑𝐑𝐑𝐑𝐑 
A total of 1,497 ROHs were detected across all individuals. The frequency of ROHs 
and their length-distribution differed across breeds (Figure 5.3). For all length 
categories, ROHs were generally more frequent in Boer (a breed selected for meat 
production) than in Ugandan indigenous goat breeds. Consequently, Boer showed 
the highest genomic inbreeding coefficients (Table 5.2). For example, the mean 
𝐹𝐹ROH ≥ 2 Mb in Boer was 13.8%, while for the indigenous breeds, it ranged from 0.8% 
(Sebei) to 2.4% (Karamojong). Shorter ROH were more frequent than longer ROH in 
all breeds except for Karamojong. In the later breed, there were remarkably many 
ROH > 16 Mb.  
ROHs were located across the whole genome, with some regions showing a higher 
frequency than other (Figure 5.S2). The mean sum of ROH segment coverage was 
generally higher for short ROHs than for long ROHs. The highest mean ROH coverage 
within the short ROH category (ROH of 2-4 Mb) was found in Boer, while Sebei had 
the lowest of mean ROH coverage. For instance, around 65% of the Boer mean sum 
of ROH segment coverage in this study (219.65 Mb) was within the shorter ROH 
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category 2 Mb – 8 Mb. However, for the other breeds, the coverage ranged from 
4.52 Mb in Sebei to 20.38 Mb in Kigezi (Table 5.S7). In the long ROH category 
(ROH>16Mb), Boer and Karamojong showed higher ROH genome coverage (33.67 Mb 
and 33.60 Mb respectively), which indicates more recent inbreeding. In the 
remaining breeds, the coverage was between 4.44 Mb in Kigezi and 10.58 Mb in the 
Small East African breed. Boer showed high genome coverage with both short and 
long ROH, suggesting that the breed has experienced both recent and ancestral 
inbreeding compared to Ugandan indigenous breeds. The findings also suggest that 
among the Ugandan indigenous goat breeds, Karamojong has greater levels of 
inbreeding compared to the others. The proportion of the genome located on an 
ROH differed between breeds and chromosomes. The proportion ranged from 1.50% 
on CHI2 to 93.62% on CHI23 in Sebei (Table 5.S8). ROH segments were identified on 
all 29 autosomes in Boer, but the number varied in the genomes of the indigenous 
goat breeds with several autosomes showing no homozygous regions (Table 5.S9). 
 

 
 
  Figure 5.3│Genome-wide distribution of mean sum of ROH coverage per length 

category averaged per breed across six Ugandan goat breeds 
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Table 5.2│ Average percentage genomic inbreeding coefficient (FROH) for different 
length categories of ROH across six goat populations 
 

Length 
category 
(Mb) 

Boer 
(n = 13) 

Karamojong 
(n = 15) 

Kigezi 
(n = 
29) 

Mubende 
(n = 29) 

SEA 
(n = 
29) 

Sebei 
(n = 
29) 

N0 0 2 1 5 2 13 
FROH(2−4) 4.17 0.17 0.54 0.28 0.30 0.11 
FROH(4−8) 4.75 0.23 0.28 0.20 0.20 0.08 
FROH(8−16) 3.50 0.67 0.27 0.33 0.26 0.21 
FROH(>16) 1.37 1.36 0.18 0.40 0.43 0.39 
Total FROH≥2Mb 13.79 2.44 1.27 1.20 1.18 0.78 
       

SEA = Small East African goat, N0 = Number of individuals from the samples where 
no ROH ≥ 2 Mb, homozygous segments were detected, 𝐹𝐹ROH ≥ 2 Mb = overall 
percentage genomic inbreeding at ROH threshold of 2 Mb, 𝐹𝐹ROH (x−y) = genomic 
inbreeding based on ROHs of length x to y Mb. 
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5.4 Discussion 
In this study, we unravelled selection signatures and genomic inbreeding coefficients 
in goat breeds of Uganda using genome-wide SNP data.  
Various approaches have been implemented for the detection of selection 
signatures in several domestic animal species such as , cattle (Msalya et al., 2017; 
Taye et al., 2017), horses (Petersen et al., 2013), sheep (Kijas et al., 2012; Fariello et 
al., 2014; Rochus et al., 2018) and goats (Kim et al., 2016; Wang et al., 2016; Brito et 
al., 2017). In this study, we assessed the genome-wide differences between Ugandan 
indigenous goat breeds (Karamojong, Kigezi, Mubende, Small East African and Sebei) 
and exotic Boer goats by using population differentiation, 𝐹𝐹ST (Weir and Cockerham, 
1984) and the haplotype structure in the populations, hapFLK (Fariello et al., 2013).  
The statistical power to detect selection signatures may vary among the approaches. 
In this study, we used 𝐹𝐹𝑆𝑆𝑆𝑆 and hapFLK for detecting selection signatures. The use of 
different methods in detecting selection signatures boosts the accuracy of detection 
and eliminates unknown bias (Simianer, 2014; Ma et al., 2015). 
 
5.4.1 Selection signatures 
The genomic regions potentially under selection identified in this study spanned a 
myriad of candidate genes with diverse biological, molecular and cellular functions, 
which could be because the adaptation processes to environmental stressors is 
controlled by a complex network of genes acting together, other than single 
candidate genes. For instance, adaptation to hot and arid environments was found 
to be mediated by a complex network of genes in Egyptian Barki goats and sheep 
(Kim et al., 2016), which were directly or indirectly associated with energy and 
digestive metabolism, autoimmunity, thermo-tolerance (melano-genesis) and, 
muscular and embryonic development. Similarly, adaptation may also result from 
interaction of several traits under the influence of several genes (Lv et al., 2014). In 
this study, we found putative signatures containing a complex of genes involved 
directly or indirectly in immune response. Moreover, selection for complex traits 
may also leave limited or none of classic selection signatures due to weak selection 
acting on the genome (Kemper et al., 2014). 
In line with expected selection signatures for such complex traits, the genomic 
regions identified in this study using genome-wide maker specific fixation index in 
the populations showed limited overlap. This suggests that the selection on genes 
involved in adaptation to a tropical environment were breed-specific. Moreover, the 
selection signatures found in our study do not display classic hard sweep 
characteristics, which is to be expected for complex traits. This is in contrast to the 
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findings with Valdostana goats in Italy (Talenti et al., 2017), This may arise due to the 
very diverse nature of the populations and absence of hard and long selection 
signature regions observed within the populations at the 50K SNP marker density. 
Secondly, our study pooled genotypes from six different breeds and lending to 
picking out differences between the breeds, unlike in the study of Talenti and 
colleagues(Talenti et al., 2017), whose focus was on only one breed.  
We did find overlap between the selected regions identified with the hapFLK method 
and breed-specific 𝐹𝐹ST signatures. Since hapFLK considers population stratification, 
the haplotypes in these regions are likely to be selected for in the corresponding 
breeds. The fact that these regions stand out in the hapFLK results as well as the 𝐹𝐹ST 
results suggests that selection on those regions most closely resembles classic 
sweeps. Strong selection signatures were observed on CHI 6, 13 and 16, and they 
harboured several genes which may be important for adaptation in tropical 
environments, such as MTOR which is involved in heat stress response and the heat 
shock family of genes (Shi and Manley, 2007) and DNAJC24 involved in the first 
apoptosis signal (FAS) pathway and regulation of stress induction of heat shock 
protein (hsp) in Bos taurus (Roy and Collier, 2012). Several of the genes are involved 
in immune response particularly the innate immune response pathway (GO:004508). 
Overall, several of the genes identified in this study are associated with tropical 
adaptation. Moreover, in the Boer, several candidate genes identified in the putative 
selection signatures are involved in production related traits, reflecting a more 
modern selection regime. However, to pin-point the exact genes involved in tropical 
adaptation and production in the Ugandan goat breeds, there is need for an in-depth 
study at high resolution. 
Generally, most of the regions under selection were subtle and breed-specific, as 
expected for complex traits under selection. Therefore, the forces driving selection 
in the genome of the indigenous goat breeds in this study may be associated with 
adaptation to African tropical environment, such as: thermo-tolerance, disease and 
parasite resistance, and the ability to perform under limited (quality and quantity) 
feed and water resources. The genome-wide scans identified candidate genes within 
the putative selective signatures associated with specific biological pathways and 
functions, which may be shaping the genomic architecture of Ugandan goat breeds 
for survival in stressful environment. Although most signatures were breed-specific, 
some interesting similarities could be found in the adaptive processes the genes in 
selected regions were involved in.  
  



5 Selection signatures and genomic inbreeding in indigenous goats 

 
 

121 
 

5.4.1.1 Thermo-tolerance genes 
Several candidate genes were identified, which are associated with adaptation to 
thermal stress. The homeobox genes HOXC12 and HOXC13 genes identified in Sebei 
are involved in the anterior/posterior pattern specification (GO:0009952). The genes 
play a role in hair follicle differentiation, growth and development by regulating the 
keratin differentiation - specific genes (Wu et al., 2009; Taye et al., 2017). The 
HOXC13 gene has been reported to influence skin thickness. Skin thickness and 
number of hair follicles impacts positively on thermoregulation. For instance, in 
cattle, thicker skin is associated with thermo-tolerant cattle (Bos indicus) as opposed 
to heat susceptible cattle (Bos taurus) breeds (Alfonzo et al., 2016). Relatedly, 
PPP1R36 and Heat Shock Protein A2 (HSPA2) (CHI10, 26.402 – 26.719 Mb) identified 
in Mubende are involved in heat stress response and, HSPA2, DNAJC24 and DNAJC13 
are associated with the heat shock family of genes (Shi and Manley, 2007). The 
presence of multiple genes associated with heat stress would seem to suggest that 
the trait is under intense selection pressure in tropically adapted breeds. Genes such 
as KPNA4 (CHI1), MTOR (CHI16), SH2B1 (CHI25) and MAPK3 (CHI25) were also 
identified in Karamojong goats. They have been reported to be involved in the FAS 
(First Apoptosis Signal) pathway and regulation of stress induction of heat shock 
protein (hsp) in Bos taurus (Roy and Collier, 2012). Furthermore, we identified the 
gene IGF1 (CHI5, 64.576 – 65.310 Mb). IGF1 encodes a protein that is similar to 
insulin and it is involved in regulation of carbohydrate and lipid metabolism. IGF1 
facilitates post-absorptive nutrient partitioning during heat stress and accumulation 
of insulin is often an adaptation mechanism to heat stress (Sanz Fernandez et al., 
2015). 
 
5.4.1.2 Adaptive and innate immunity genes 
Several candidate genes in the putative selection regions are involved in regulating 
innate and adaptive immunity in mammals. For example, we identified diacylglycerol 
kinase beta, DGKB gene in Small East African (CHI4 position 97.794 – 97.991 Mb). 
The gene is involved in the glycerolipid, glycerophospholipid and 
phosphatidylinositol metabolic pathways and has been found to be associated with 
QTL for strongyles that includes Haemonchus sp (Zvinorova, 2017). Other candidate 
genes identified include IL10RB and IFNLR1 on CHI1(0.693 – 0.959 Mb) in Kigezi 
goats. These genes are involved in type III Interferon Signalling Pathway and confer 
immunity (Ferrao et al., 2016). Similarly, we also identified candidate genes in Sebei 
such as BCL2L1 (CHI13, 60.489 – 60.748 Mb), and in Small East African goats such as 
ERBB2 (CHI19, 39.703 – 40.129 Mb), and ENO1 (CHI16, 43.006 – 43.669 Mb). These 
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genes are directly or indirectly associated with immuno-regulation e.g. ENO1 in 
humans (Ryans et al., 2017). 
The identification of cytokines such as IL17RE, IL17RC and IL23A in this study may be 
associated with gastrointestinal parasite resistance. Some of the cytokines have 
been reported to be significantly upregulated in Haemonchus contortus infected 
sheep and are known to be involved in adaptive immune response (GO:0002250) 
(Guo et al., 2016). These results would suggest that immunity genes are hotspots for 
natural selection in Ugandan goat breeds in response to high burden of pathogen/ 
parasite challenge in the local environment (Thumbi et al., 2014; Bahbahani and 
Hanotte, 2015). Indigenous goat breeds vary in the degree of response to parasite 
infestation (Chiejina and Behnke, 2011; Onzima et al., 2017). We hypothesize that 
the variation between the breeds may be due to the genes allowing for selection on 
resistance traits either naturally or artificially. 
One of the regions in Boer on CHI3 (84.128 Mb - 84.373 Mb) harbours a gene PRMT6, 
which is reported to influence early embryonic development in Zebra fish (Zhao et 
al., 2016). The gene VAV3 (CHI3, 84.730 Mb- 84.962 Mb) is also associated with the 
immune system (Shen et al., 2017). Interleukin 12A (IL12A) gene is another cytokine 
that was identified on CHI1 in Karamojong which may be associated with immune 
response. The gene family is reported to be involved with the immune system in 
humans through series of biological processes (Reitberger et al., 2017). Moreover, it 
is cytokine that acts as a growth factor for activated T and Natural Killer (NK) cells, 
enhances the NK/ lymphokine activated killer cells and stimulates the production of 
IFN-gamma.  
 
5.4.1.3 Genes associated with production traits 
The candidate gene NBEA (Neurobeachin) in the region on CHI12 (maFST = 0.754) 
(Table 5.S2) is associated with human body weight (Fox et al., 2007). Another gene 
of interest that we identified is VAV3 (CHI3; 84.730 - 84.962 Mb) on a homozygous 
region in Boer. The gene has been identified as a candidate gene for efficiency of 
food conversion in swine (Wang et al., 2015) and in goats (Brito et al., 2017). These 
genes are particularly significant to be identified in Boer goats, which have been 
extensively selected for high body weight and growth rate. Earlier studies have also 
identified this gene as a top candidate in Draa goats in Morocco (Benjelloun et al., 
2015). However, in that study it was not conclusive if the candidate gene was 
associated with body weight. 
Other genes identified in Boer such as the gap junction protein genes GJB2, GJB6 and 
GJA3 belong to the family of genes involved in cell communication (GO:0007154). 
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They encode proteins that influence body size, skeletal and embryonic development 
and testicular embryogenesis, and may indirectly influence traits such as growth 
(Kim et al., 2016). The region (41.943 – 42.086 Mb) on CHI13 contains another gene 
ACSS1 (acyl-CoA Synthetase Short-chain Family Member 1), which has been 
associated with body weight, food intake, post-natal growth rate and susceptibility 
to weight loss among others (Liu et al., 2017). 
 
5.4.2 Gene enrichment analysis 
Our findings indicated that pathways associated with production and mechanisms of 
environmental adaptation, such as immune response, male reproduction, energy 
production and heat stress, may be under selection in Ugandan goat breeds. This is 
in agreement with findings in East African Short - horn Zebu cattle (Bahbahani et al., 
2015; Bahbahani et al., 2017; Bahbahani et al., 2018), South African cattle (Makina 
et al., 2015) and indigenous goats in Morocco and Egypt (Benjelloun et al., 2015; Kim 
et al., 2016). Gene ontology analysis shows that multiple pathways are expressed in 
the Ugandan goat breeds, which may indicate an adaptation to varied environmental 
conditions. This is also confirmed by recent studies with indigenous Sudanese goats 
which similarly implicated several biological processes (Rahmatalla et al., 2017). The 
multiplicity in the number of candidate regions and genes detected in the present 
study confirms findings from livestock species in stressful environments (Kim et al., 
2016; Kim et al., 2017; Mwacharo et al., 2017). These studies and the current one, 
reaffirm the fact that adaptation is generally a complex trait, involving several 
biological processes and quantitative trait loci with each contributing a small but 
cumulative effect to the overall phenotype.  
Although, the results based on raw p-values yielded very interesting biological 
pathways which may be overrepresented, the results of the more stringent multiple 
testing corrections such as Bonferoni correction, were not significant. This may be 
attributed to the small sample size involved in this study. Nonetheless, these results 
provide a useful indication of mechanisms involved in environmental adaptation in 
the indigenous goat breeds. 
 
5.4.3 Genomic inbreeding based on ROH (𝑭𝑭𝐑𝐑𝐑𝐑𝐑𝐑) 
In the absence of pedigree records, ROH may be useful to infer the level of 
inbreeding. Computing the proportion of an individual’s genome occurring as an ROH 
of particular length (e.g. > 1 Mb, > 2 Mb or > 4 Mb) provides information on the level 
of inbreeding relative to a population several generations ago (Curik et al., 2014; 
Forutan et al., 2018). At ROH threshold of > 2 Mb, the indigenous breeds showed 
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very low levels of genomic inbreeding, as compared to the higher inbreeding levels 
found in the exotic Boer (Table 5.2). The low genomic inbreeding level reported in 
this study is consistent with findings in Swiss goat breeds (Burren et al., 2016) and 
Barki goats (Kim et al., 2016). Genomic inbreeding based on ROH provides an 
accurate estimate of an individual’s autozygosity than pedigree based inbreeding 
due to either incomplete or non-existent pedigree information (Ferenčaković et al., 
2013a; Ferenčaković et al., 2013b; Forutan et al., 2018). 
Runs of homozygosity usually emanate from identical haplotypes being transmitted 
from parents to offspring (Purfield et al., 2012; Iacolina et al., 2016). The frequency 
of their existence provides a clue on the demographic history and management of 
the population over time (Kirin et al., 2010; Ceballos et al., 2018). The mean sum of 
ROH segment coverage was generally higher for short ROHs than for long ROHs 
(Figure 5.3). However, Karamojong showed a higher average sum of ROH >16Mb.The 
distribution of ROH coverage reported in this study is in agreement with other 
studies in goats (Brito et al., 2017), sheep (Purfield et al., 2017) and cattle 
(Ferenčaković et al., 2013a; Mastrangelo et al., 2016), in which long ROH segments 
were found less frequently compared to shorter ones. Although the short ROH were 
more frequent in the genome of the indigenous goat breeds, their absolute 
contribution to the genome was substantially low (except in Kigezi goats) (Table 
5.S7). This result is consistent with findings of Bosse et al. (2012), who reported that 
short ROH were abundant in the porcine genome but contributed less to the genome 
as compared to large ROH (> 5Mb). This may be due to differences in selection events 
in the more recent or ancestral populations. However, the short ROH in the Boer and 
indigenous Kigezi goats contributed more to the absolute coverage of the genome 
by the SNPs. The higher proportion of ROH segments within the short ROH categories 
indicates a relatively larger contribution of distant inbreeding, whereas the higher 
coverage of long ROH observed in Karamojong suggests a larger effect of more 
recent inbreeding. Karamojong goats are reared under pastoral production systems 
and may be subject to selection of best performing males by their keepers. This 
coupled with smaller effective population size could be contributing to the high 
recent inbreeding observed. On the other hand, the Kigezi goats are isolated 
populations that have undergone limited more recent selection, which could explain 
the high frequency of short ROH segments attributed to more distant inbreeding. 
The longer stretches of ROH in the exotic Boer goats may be due to the stringent 
artificial selection for production traits on few selection candidates (narrow genetic 
base) and may thus explain the higher levels of genomic inbreeding. Longer stretches 
of ROH were also observed in exotic goat breeds when compared to Barki goats in 
Egypt (Kim et al., 2016). Generally, shorter ROH is associated with more ancient 
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inbreeding, while longer ROH tend to show a more recent inbreeding (Browning and 
Browning, 2012; Browning and Browning, 2013). 
Although there are limited quantitative trait loci in goats, our study provides a basis 
for future research in goat genomics of tropically adapted breeds. Using medium 
density SNPs, we could detect selection signatures associated with adaptation to 
tropical environmental conditions. With the release of the caprine50K SNP chip 
(Tosser-Klopp et al., 2014), several efforts are underway including improvements in 
the annotation of the goat genome assembly (Bickhart et al., 2017). Arguably, these 
developments will change the landscape of genomic research in goats, allowing for 
inclusion of genomic evaluations in goat breeding programs. The integration of 
genomic information will undoubtedly lead to better management and sustainable 
utilization of genetic resources. The results of this study will advance our 
understanding of environmentally driven adaptation and its potential application in 
functional genomics and selective breeding as well as in design of management 
programs to conserve livestock genetic diversity to cope with the current and future 
predicted effects of climate change. 
 
5.5 Conclusion 
Using genome-wide SNP data, we investigated for the first-time selection signatures 
in Ugandan goat breeds that may be shaping their adaptation to varied 
environmental conditions. The study identified several putative genomic regions and 
genes in Ugandan goat populations, which may be underlying adaptation to local 
environmental conditions such as heat tolerance, disease and parasite resistance, 
and production traits. Generally, non-classical sweeps with limited overlap were 
observed which is typical of complex traits. 
In the absence of pedigree data, genomic information through ROH provides a useful 
tool for quantifying the level of genomic inbreeding in the populations. 
The study provides a foundation for detailed analysis of the identified putative 
selection signatures in the goat genome particularly of the tropically adapted breeds 
and provides an avenue for a well-structured breed improvement. 
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6.1 Introduction 
Indigenous goat breeds represent an important genetic resource for improvement 
of livelihoods of millions of smallholder farmers in developing countries. The 
indigenous goats are constrained by slow growth rate, low carcass weight and small 
body size. However, they possess unique adaptive traits such as disease and heat 
resistance, water scarcity tolerance and the ability to cope with poor quality feed. It 
is these traits of indigenous goats which enables them to survive and remain 
productive in various environmental conditions. Attributes like flexibility, resistance 
and diversity in the indigenous breeds is what endears them to the complex, diverse 
and risk-prone rural livelihood systems (Anderson, 2003). Therefore, to protect the 
indigenous breeds, there is an increasing need to promote sustainable use and 
conservation of the breeds in sub-Saharan African countries including Uganda. To 
facilitate any meaningful breed improvement program under the current and future 
scenarios, there is a need to understand the production environment as well as the 
breeds themselves. 
Therefore, the aim of this thesis was to characterise goat production systems and to 
explore the use of genomic tools in genetic characterization with the goal of 
promoting the sustainable use and conservation of goat breeds in Uganda. As 
indicated in Chapter 2, understanding the production environment in which the 
goats must produce, and considering the needs and perceptions of the key 
stakeholders in defining breed preferences in the breeding strategy, is crucial. For 
example, under smallholder production systems characterized by minimum use of 
anthelminthics, a breed of choice is one that can withstand parasite infestation, 
especially of gastrointestinal nematodes. Differences in the infection dynamics 
between goat breeds could provide a useful decision support (Chapter 3). We 
explored genetic diversity, population structure and selection signatures in Ugandan 
goat breeds using information derived from genotyped animals with the caprine 
SNP50 beadChip array (Chapter 4 and 5). In the present chapter I discuss the 
significance of knowledge about the production systems and genetic 
resources/breeds in developing sustainable breeding and conservation programs, 
for indigenous goats in Uganda in a broader perspective. 
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6.2 Need for participatory approaches in defining breeding 
objective traits 
Participatory approaches have been proposed as a viable strategy for defining 
successful and sustainable breeding goals for livestock in the tropics (Wurzinger et 
al., 2006; Gizaw et al., 2010; Omasaki et al., 2016). Improvement programs for 
indigenous breeds in tropical developing countries have largely been unsuccessful 
due to the lack of participation of the key stakeholders in breed improvement 
programs, namely the smallholder farmers (Kosgey, 2004; Kosgey et al., 2006). For 
example, a breeding program with the Ugandan goat breeds, including the Boer 
breed, on centralized government farms for improving meat production under 
smallholder conditions did not lead to improved production on the farmers’ herds 
(Onzima et al., 2014). This confirms the failing of similar goat breeding programs like 
in Ethiopia (Ayalew et al., 2003). Such examples of failed breeding programs are 
abounded in many Sub-Saharan countries. The reasons for failure include lack of 
functional infrastructure to support breeding activities, and lack of involvement and 
engagement of farmers and other key stakeholders in breed improvement programs 
(Rewe et al., 2009; Wurzinger et al., 2011). This differs sharply from genetic 
improvement programs in developed countries which are based on highly structured 
and systematic breeding programs (Zonabend et al., 2013). These programs 
emphasize livestock identification and performance recording, thus enabling use of 
information for selection of superior breeding stock.  
To address the deficiencies arising from lack of involvement of key stakeholders in 
breed improvement, in Chapter 2 participatory approaches were implemented in 
identifying breeding goals. These approaches enable the smallholder farmers to 
express and analyse their production situations. In so doing, they rank and prioritize 
their resources and consider the opportunities and constraints based on their 
situation. The involvement of smallholder farmers in identifying breeding objectives 
ensures that their needs and interests are catered for by the breeding program. This 
increases the probability of successfully implementing a breed improvement 
program. For example, using participatory approaches, breeding objectives have 
been defined under mixed livestock and pastoral systems for sheep (Gizaw et al., 
2010), dairy goats (Bett et al., 2009), small ruminants (Kosgey et al., 2008), and Nile 
Tilapia breeding programs in Kenya (Omasaki et al., 2016). Therefore, to develop a 
successful breeding program for local goats for resource constrained smallholder 
farmers, there is need for well-defined breeding objective traits which are preferred 
by the famers. Interestingly, smallholder farmers in Uganda prefer high survivability 
contrary to the widely held view of highly ranking production related traits. The 
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farmers’ preferred breed is one which ranks high in survival and is well productive 
(meat mainly) in the local environment. Generally, local breeds tend to exhibit higher 
survivability and performance than the exotic breeds and their crosses under tropical 
conditions. Scientific literature suggests the differences may be due to the inability 
of the genes in exotic breeds to express under tropical conditions (Collier et al., 2008; 
Baumgard and Jr., 2013; Kim et al., 2016). Evidence from field studies suggests that 
the local breeds were particularly preferred by the smallholder farmers under low 
input production systems (Chapter 2). The reasons for farmers’ preference include 
the inherent benefits of the local breeds, such as disease resistance, heat tolerance 
and ability to utilize low quality feeds. This is because smallholder farmers are risk 
averse and will rarely specialize in one or few traits. This multiplicity of farmer 
preference makes designing of effective breeding programs for smallholder farmers 
very challenging, since often production goals tend to conflict with survival traits 
especially where there is strong negative correlation. The rate of genetic 
improvement for both trait types will be low. Although there is high preference for 
survival traits, production traits also rank appreciably high (Chapter 2). A breed or 
breeding program which optimally combines the production and survival traits 
represents a win-win scenario for the farmer. Emanating from the findings, a 
breeding program which balances between incorporating production as well as 
survival traits and farmer involvement in defining the breeding goal is a highly 
recommended part of a successful improvement program, especially under similar 
smallholder production systems. 
 
6.3 Sustainable utilization and conservation of local goat 
breeds 
Genetic improvement of indigenous goat breeds can be achieved through within 
breed selective breeding or by introgression of other breeds (by cross-breeding) and 
selective breeding. The motivation for this thesis was to clarify the impact of 
introducing exotic goat breeds, especially Boer goats, for faster growth and higher 
body weight, at the expense of the well adapted, but slow growing and smaller 
indigenous Ugandan goats. This was anticipated to result in improvement in the 
livelihood of the smallholder farmers (Nsubuga, 1996; MAAIF, 2001). However, the 
introduction of exotic goat breeds, such as Boer, for crossbreeding has had the effect 
of disrupting the traditional breeding practices of the smallholder farmers (Onzima 
et al., 2014). As expected, farmers were attracted to the alternative breeds with high 
genetic potential to increase production through crossbreeding. Arguably, there is a 
wide gap in production performance between the selected breeds (e.g. Boer and 
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Savanna goats for meat) in developed countries and the local populations from 
developing countries, making crossbreeding attractive to quickly improve the 
performance of local livestock populations. Indeed, when local conditions allow 
proper and systematic implementation, crossbreeding can result in substantial 
increases in animal performance and thus farmer income (Roschinsky et al., 2015). 
However, systematic crossbreeding programs with proper recording are lacking in 
smallholder farming systems in Uganda, raising fears among conservationists and 
smallholder farmers for breed replacements with un-adapted crossbreds. Despite 
expectations of improvement, crossbreeding between indigenous and exotic breeds 
has not resulted in increased net improvement in production of the crossbreds 
compared to the indigenous goat breeds (Ayalew et al., 2003; Onzima et al., 2014). 
The reasons for the lack in improved production may be the increased management 
costs associated with housing, feeding and health in crossbreds with exotic breeds. 
These costs which may be as high as 50% of the total costs are enormous for the 
resource limited smallholder farmers, thus eroding possible benefits of cross-
breeding schemes over the indigenous breeds (Ayalew et al., 2003; Onzima et al., 
2014; Leroy et al., 2016). So, crossbreeding programs with exotic breeds in sub-
Saharan Africa, often driven by external funding, have had limited benefits for the 
smallholder farmers. Therefore, crossbreeding with exotic goats may not provide a 
sustainable approach to breed improvement and conservation under low input 
smallholder systems in sub-Saharan Africa. 
The most rational and sustainable strategy to conserve local livestock breeds is to 
improve their competitiveness through sustainable breed improvements for the 
unique attributes of the breeds. Genetic selection within local breeds can result in 
sustainable long-term genetic improvement. This is well-established in sheep 
breeding (Gizaw et al., 2010). Through continuous within-breed selection of the best 
performing animals for desired traits, the performance of the local breeds can be 
enhanced over several generations. Despite the advantages of pure line breeding, 
crossbreeding with exotic breeds is often advocated for breed improvement since it 
is fast and less costly to implement. Additionally, the use of indigenous breeds for 
production also supports sustainable conservation. Conservation of Animal Genetic 
Resources (AGR) in developing countries entails rational use of existent local 
genotypes and protection from introgression with exotic genotypes. This can be 
achieved through preservation, maintenance, improvement and sustainable use of 
the local breeds (FAO, 1986). Therefore, the approach of conservation through use 
of local breeds may be more sustainable than ex situ conservation. To enhance 
utilization of the indigenous breeds, there is need to improve the breeds for 
production as well as adaptation traits such as improved disease resistance, 



6 General Discussion 

 
 

143 
 

survivability and ability to utilize poor quality feeds. This could be achieved through 
within breed selection and targeted introgression with genes of desired traits. 
However, in general these approaches are difficult to implement in developing 
countries due to funding constraints and the lack of a breeding infrastructure in 
these countries.  
 
6.4 Genetic selection for resistance to gastrointestinal 
parasite Haemonchus contortus 
Ugandan indigenous goat breeds have superior adaptability to extreme and stressful 
local environments because of natural selection (exposure to stressors in time). 
Infection with the gastrointestinal parasite Haemonchus contortus is present in 
significant populations under smallholder goat production systems (Nsereko et al., 
2015). Genetic diversity in livestock regarding disease or parasite resistance is 
critical, given that disease-causing organisms and parasites are continuously evolving 
and developing resistance to drugs. In Chapter 3, we assessed three local goat breeds 
(Kigezi, Mubende and Small East African) for variation in response to Haemonchus 
contortus. The results showed variation in the level of resistance/tolerance to the 
parasite, but the breed differences were generally not significant and therefore not 
very convincing. We also could not establish whether the differences between the 
breeds occurred due to genetic predisposition or were due to environmental factors, 
mainly because of the limited number of animals used. Earlier studies reported low 
to moderate heritability for faecal egg counts (FEC) (Vagenas et al., 2002; Mandonnet 
et al., 2006; Heckendorn et al., 2017), suggesting that resistance could be improved 
through systematic selection of individuals for low FEC. To quantify the heritability 
under the current environment, there is a need for large and well-structured 
datasets which often are difficult to obtain under smallholder goat production 
systems. Emanating from these findings, I suggest that FEC should be considered in 
future selection programs especially within a reference population for improving the 
Ugandan indigenous goat breeds.  
Several studies on genetic control of disease resistance, particularly those associated 
with infestations with gastrointestinal nematode parasites in sub-Saharan small 
ruminants, have shown some degree of resistance to nematode species (Baker et al., 
2001; Marshall et al., 2013; Bahbahani and Hanotte, 2015; Guo et al., 2016; 
Zvinorova et al., 2016). These studies suggest that there is genetic variation in 
resistance to gastrointestinal nematodes. This should be further studied by 
developing selection lines of goats divergently selected for resistance, to disentangle 
the underlying mechanisms and to identify the genes involved in resistance to 



6 General Discussion 

 
 

144 
 

gastrointestinal nematodes. The information generated from such selection lines can 
be incorporated in sustainable breed improvement programs. Different approaches 
for future selection programs are possible for goats in Uganda. First, conventional 
breeding involving phenotypic selection of individuals and estimating breeding 
values (EBV) for traits of interest, such as parasite resistance traits. This requires 
recording of phenotypes and pedigree information. Secondly, the potential of 
genomic selection with additional information derived from genomic data can be 
explored. Genomic information (e.g. single nucleotide polymorphisms (SNPs)) 
provides a basis for undertaking genome-wide association studies to map genes 
associated with resistance, in this case to the gastrointestinal nematode 
Haemonchus contortus. However, the application of genomic selection in breeding 
programs in small ruminant production in developing countries is at its infancy, and 
unlikely to be applied soon due to inherent infrastructural and logistical challenges 
like the costs of genotyping large numbers of individuals. Conventional breeding 
approaches will probably remain relevant in smallholder production systems in sub-
Saharan Africa. 
 
6.5 Genetic diversity in goat breeds and its relevance to 

conservation genetics 
To conserve any population, there is need for in-depth knowledge of ecology, 
population structure and genetic diversity at the molecular level. Genetic 
characterisation of local Ugandan goat breeds can provide insight into their 
adaptation to tropical environments and opportunities for further developing 
improved goat breeds.  
Earlier characterization of Ugandan goat breeds was based on 19 microsatellites 
(Chenyambuga et al., 2004), which revealed genetic distinctiveness and evolutionary 
relationships at neutral loci. Neutral genetic marker data acts as a proxy or estimate 
of the likelihood of important functional genetic variation within breeds or breed 
groups (FAO, 2011). Unlike SNPs (particularly the non-neutral ones), genetic 
variation at neutral loci as in microsatellites does not necessarily correlate with 
variation at particular functional loci (Helyar et al., 2011). The number of 
microsatellite alleles (repeats) at population level may change more rapidly than the 
conserved protein coding regions. Therefore, microsatellites were previously used 
to deduce a populations’ genetic structure, but they cannot be used to explain 
selection events (positive or negative) due to the neutral nature of the loci involved. 
Whereas, analysis of non-neutral loci such as SNPs may reveal further sources of 
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population differentiation, thereby making the use of SNPs more robust than using 
microsatellites. 
High density SNP panels provide highly reliable genomic information for population 
structure analysis and estimating genetic diversity (Kijas et al., 2013), and as such are 
suitable in conservation genetics. SNP genotypes as well as whole genome sequence 
data provide more accurate estimates for relationships between animals than 
pedigree records which may be incomplete (Eynard et al., 2015). This is particularly 
relevant in smallholder production systems in Uganda where pedigree recording is 
non-existent. Genomic information will then be crucial in community-based 
breeding schemes. 
To successfully implement breed improvement programs, there is need to 
understand the genetic diversity in the population under consideration. To decipher 
the genetic diversity, population structure and admixture in the local goat 
populations, we used SNP genotype data (Chapter 4). Until 2016 when sampling was 
done, the results showed very limited Boer admixture in the Ugandan goat 
populations and suggest no danger of breed replacement by the exotic Boer goat 
breed. In practical terms, this offers an opportunity for researchers, development 
workers and policy makers to organize the breeding program in a more efficient 
manner along pure breeding and cross-breeding programs. This will thus facilitate 
breed conservation and promote sustainable utilization of the breeds. 
Furthermore, Ugandan indigenous goat breeds show limited breed differences. This 
suggests recent breed separation and continuous gene flow among the breeds 
resulting in low breed differentiation among the current goat populations. This could 
be due to admixture between the breeds or because breeds are descending from a 
common founder population. To disentangle admixture and common founder 
effects, a more comprehensive breed history is required, e.g. using whole genome 
sequencing and mitochondrial DNA (MtDNA) to reveal maternal origins and 
demographic dynamics in the indigenous goat breeds. For example, by using MtDNA 
Ethiopian indigenous goat breeds have been categorised into two haplogroups 
(Mekuriaw et al., 2018). MtDNA is highly conserved in the maternal linage and can 
be used to trace mitochondrial genetic information back to the original female 
individual or group of females. This makes it useful for deriving population history of 
a species. 
 
6.6 Use of selection signatures and genetic adaptation 
The availability of the goat genome sequence (Dong et al., 2013; Dong et al., 2015; 
Bickhart et al., 2017) has accelerated the identification of a considerable number of 
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SNPs and their use in genome-wide studies. This has enabled the creation of goat 
SNP arrays, allowing each goat to be genotyped for 53,437 SNPs in one assay (Tosser-
Klopp et al., 2014). The developed SNP array help to differentiate between local goat 
breeds that are well adapted to extreme environmental conditions. Local Ugandan 
breeds mostly dwell in environments which are less amenable to their commercial 
counterparts that lack the genetic potential to adapt (Thornton et al., 2009; 
Rothschild and Plastow, 2014). The continuous exposure to extreme climatic 
conditions and environments has shaped the adaptation of the local breeds over 
many generations such that they have developed tolerance as seen for example in 
tropically adapted cattle (Porto-Neto et al., 2014) and small ruminants (Kim et al., 
2016). Therefore, in line with these studies, indigenous goats are generally found to 
be highly adapted to local environmental conditions contrary to exotic breeds 
(Mdladla et al., 2018). Analysis of the Ugandan goat population revealed genomic 
regions/ genes associated with adaptation. Examples of genes associated with 
adaptation as detected by selection signatures include Interleukin 10 Receptor 
subunit Beta (IL10RB) and Interleukin 23 subunit Alpha (IL23A) which are involved in 
immune response, and Mammalian Target Of Rapamycin (MTOR) and Mitogen-
Activated Protein Kinase 3 (MAPK3) involved in thermo-tolerance. The genomic 
variation for adaptation seen within the local populations, most likely is the result of 
adaptation to survive in harsh environments. Because of natural selection pressure 
and known genetic loci involved in different breeds/populations, insights into 
genetic mechanisms underlying local adaptation in marginal areas can be inferred 
from genomic information. This is crucial in guiding breed characterization, 
conservation, and selection strategies and programs for the different populations 
(Mdladla et al., 2018). 
 
6.7 SNP markers for genomic selection in indigenous goat 

breeds 
The livestock industry has witnessed dramatic improvements in animal production 
in the last century, mostly due to intense artificial selection for production traits. The 
indigenous breeds have largely lacked such selection and are thus generally 
associated with low production. Due to selection, specific regions of the genome that 
control important production traits and adaptation to heterogeneous environments 
are expressed. Identifying these regions, or selection signatures, is important for 
understanding the identities of genes and mutations associated with important 
phenotypes in the populations of interest. This has been made possible by the 
identification of SNPs and development of SNP genotyping arrays. In Chapter 5 we 
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detected selection signatures in the genomes of different goat populations using 
population specific differentiation (FST) and haplotype differentiation (hapFLK). The 
selection signature regions are expected to contain functionally important sequence 
variants (Qanbari and Simianer, 2014). Characterization of selection signature 
regions is vital in designing strategies for sustainable use and conservation of 
populations. Selection signature regions may be associated with quantitative trait 
loci (QTL) for important traits. The identification of genes or regions associated with 
adaptation aids in matching the animals to the environment in which they must 
produce. 
 
6.8 Breeding Programs for indigenous goats – what can 

genomic information contribute? 
Genetic improvement of livestock is often a complex set of tasks requiring high input 
of labour and long-term vision. It remains a challenge for many developing countries 
due to the lack of supportive infrastructure, lack of equipped personnel and 
institutional arrangements (Kosgey and Okeyo, 2007; Mohammad et al., 2017). Goat 
production in developing countries, including Uganda, is dominated by indigenous 
breeds which are predominantly raised under smallholder livestock production 
systems. In Uganda, like in many developing countries, there are hardly any 
elaborated genetic improvement programs for goats and yet the advances in 
genomics offer an opportunity to speed-up genetic improvement programs. 
Genomic selection (GS), one such advance in genomic technologies, is a breeding 
tool which incorporates the use of SNP markers spread across the genome and that 
are in linkage disequilibrium with quantitative trait loci (QTL) influencing a trait of 
interest (Meuwissen et al., 2001; Hayes et al., 2009). GS involves establishment of a 
reference population which is genotyped and recorded for the traits of interest. 
Prediction equations can be developed for determining the relationships between 
genomic markers and traits of interest, and thereafter for each animal the effect of 
each marker on a particular trait is estimated. All marker/ SNP effects are then 
summed up to predict the overall genomic breeding value of each animal. This way, 
the genetic information can be used for making selection decisions to improve 
indigenous goat breeds. Application of GS in goat breeding programs in developing 
countries can lead to rapid genetic progress once the necessary infrastructure and 
conditions to support it are established. Contrary to conventional selection schemes 
which rely on pedigree information and phenotyping, GS uses genomic information 
from a proportion (reference population) of the selection population in which 
phenotypes are recorded for estimating accurate genomic breeding values 
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(Schaeffer, 2006). Genomic information can be obtained early in the life of potential 
breeding animals. Therefore, the generation interval is lowered compared to, for 
example, progeny testing, own performance testing and testing of sibs in 
conventional breeding. Moreover, SNP markers allow for description of relationships 
between individuals at a genomic level rather than based on pedigree, making it 
more accurate to establish the relationships. GS can be interesting for goat 
improvement programs in many developing countries in sub Saharan Africa such as 
Uganda (Shumbusho et al., 2013; Mukiibi et al., 2017; Mrode et al., 2018). This is 
particularly appealing where there is lack of recording of important phenotypical and 
pedigree information used in estimating breeding values of selection candidates. In 
a GS scheme, a reference population, which is a portion of the total population, is 
established. The reference population is genotyped and recorded for the traits of 
interest, and used to develop prediction equations for genomic breeding values of 
the selection candidates (Boichard et al., 2016; Meuwissen et al., 2016; Ducrocq et 
al., 2018) as illustrated in Figure 6.1. 
 

 
  

Figure 6.1: Estimating breeding values by genomic selection. Left: Reference 
population with phenotype recorded and genomic data used to develop 
prediction equations. Right: In the population under selection, genomic 
information is input in prediction equations to estimate genomic breeding 
values. 
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Assuming the caprine SNP50K with 53,000 SNPs is used to genotype individual goats, 
the SNP effects are simultaneously estimated in the reference population using the 
model: 

yi =  µ + X1i  ×  b1  + X2i  ×  b2 +  ⋯  +  X53000i  ×  b53000 +  εi 
Where yi is phenotype of animal i for a trait, for example body weight or FEC; µ is 
the overall mean; X1i is the genotype of animal i for SNP marker 1 with effect on trait 
of interest and εi is the residual error. b1, b2......bn refer to the estimated SNP effects. 
The GS model (SNP-BLUP) uses a prior assumption that the SNP effects are normally 
distributed with a constant variance. The genomic breeding value of a selection 
candidate j for a certain trait, for example body weight or FEC, in the selection 
population is then predicted as: 

GEBVj = X1j × b1 + X2j × b2 + ⋯  + X53000j × b53000 
Where b1 is the estimated contribution of SNP1 and X1j is the genotype of animal j 
for SNP1. 
There are several possible scenarios that can be adopted and improved with genomic 
information in goat breed improvement programs. These programs are discussed 
below. 
 
Community based breeding programs  
Community based breeding programs (CBBP) are farmer–participatory programs, 
usually with a common interest to conserve and improve genetic resources under 
low-input production systems. CBBPs are cognizant of farmers’ needs, views, 
decisions, and their active participation from inception to implementation. The 
success of CBBPs is premised upon proper consideration of farmers’ breeding 
objectives (rather than the researcher/ policy led objectives), infrastructure 
considerations, their participation and ownership (Wurzinger et al., 2011; Mueller et 
al., 2015). Analysis of the smallholder goat farmers and production systems in 
Uganda has revealed the farmers’ probable breeding objectives, production 
constraints and the production system characteristics (Chapter 1). A scheme that is 
mindful of these characteristics will ensure the full participation of the farmers, and 
the breeding objectives identified by the farmers can be incorporated in the design 
and implementation of CBBPs. Considering the farmers’ needs (technical as well as 
logistical) increases the chance of success of these schemes. Moreover, the scheme 
is dependent on internal resources and is thus a sustainable breeding option for 
smallholder farmers. The farmers currently practice “reserve the best bucks” (usually 
the bigger bucks) for improving their herds. Short-term gains, where the best goats 
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are sold for slaughter, is also common, especially in the more commercially oriented 
production systems. Incorporating GS in CBBPs will ultimately improve the 
productivity and income of smallholder goat producers. GS increases the genetic gain 
due to increased accuracy of selection, and since selection decisions can be taken 
before productive or reproductive age, and it eliminates the need for progeny 
testing. Due to accurate estimation of relationships at genomic level, it is easy to 
identify unrelated individuals for mating, thus inbreeding rate per generation can 
also be kept low. In GS, SNP effects estimated in a population can be used over a few 
generations. GS is also useful for scarcely recorded or novel traits such as dry matter 
intake and methane emission in dairy cattle (Pszczola, 2013). The traits can be 
intensely recorded in the reference population and used to predict GEBV in the 
target population. However, the use of GS is limited by low across population 
selection accuracy because marker effects are only valid in populations in which they 
will be used. Ugandan goat populations show a high degree of homogeneity making 
it possible to apply the same prediction equations across populations for estimating 
GEBVs. GS also requires a large set of animals in the reference population especially 
for low heritability traits. With traits of low heritability, it is difficult to identify SNPs 
with a large effect that can be used in the prediction equations. The high cost of 
genotyping especially for goats under smallholder farmer conditions in sub-Saharan 
Africa, and the lack of dense marker arrays in species such as goats may also 
influence the use of GS in small ruminant breeding programs in Africa. Examples of 
CBBPs with high potential for GS are “FARM-Africa dairy goat and animal healthcare” 
projects in Kenya, Tanzania, Ethiopia and Uganda (Peacock, 2008; Peacock and 
Hastings, 2011). These programs incorporate a rotational buck exchange, making GS 
of bucks feasible using SNP genotypes. The genotyping and genomic breeding value 
estimation should be done by government institutions such as National Animal 
Genetic Resources Centre and Data Bank (NAGRC&DB) which may have the 
necessary infrastructure and means to support breeding activities. Whereas, 
private/commercial breeding companies in developing countries are not yet well 
developed and often highly technological innovations such as GS are too costly with 
low returns for these institutions  
 
National breeding program for goats in Uganda 
Livestock breeding activities in Uganda are regulated by NAGRC&DB under the 
Animal Breeding Act 2001. The act provides for development of open nucleus 
breeding schemes and reproduction extension services to farmers. The act mandates 
NAGRC&DB to sell quality breeding stock and recorded superior quality livestock to 
farmers, and to rear sire studs for production of semen for sale and conservation of 
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the indigenous animal genetic resources. The NAGRC&DB and National Agricultural 
Research System (NARS) farms, and private breeding organizations, provide the 
source of breed improvement (semen, breeding stock, ova) for the key livestock 
species including cattle, sheep, pigs, chicken and goats. 
NAGRC&DB runs breeding centres for goats in almost all agro-ecological zones of 
Uganda. These breeding centres can be used for running organized breeding 
programs for goats. Currently, selection is based on phenotypic data, mainly for 
improving growth traits. Similarly, NARS centres are also spread across the country 
and carry out breed improvement. Being publicly funded, they possess basic 
breeding infrastructure and recording of phenotypes can easily be enforced. The 
limitation of the current schemes is lack of a structured data collection setup which 
need to be improved. A possible set-up of a goat breed improvement program is 
illustrated in Figure 6.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
One national program should be advocated for since the indigenous goat breeds do 
not differ significantly at the genetic level as discussed in Chapter 4 of this thesis. 

 
NAGRC &DB 
farms and 
NARS centres, 
CBBPs 

Nucleus – Recording genotypes 
& phenotypes (Reference Population) 

 
Goat 
Farms 
GEBV 

Improved 
genotyped bucks 

Figure 6.2: Illustration for set up of a genomic selection breeding scheme for goats. 
Individual recording of phenotypes and genotypes of bucks occurs on the 
government farms (NAGRC&DB and NARS). Individuals on goat farms are genotyped 
and genomic breeding values (GEBV) for individual goats are estimated from 
prediction equations. 

Improved goats 
from farms to 
nucleus 
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The national program should include adaptation traits as well as production traits in 
the breeding goal. A program combining all indigenous populations will benefit from 
economies of scale to develop and perfect new technologies such as GS. Extending 
the selection population (technically the effective population size), increases the 
efficiency of selection. Also, the decreasing costs, for example for genotyping, will 
eventually lead to optimized breeding and management. 
In this scheme, selection initially occurs mainly in the nucleus, which in this case is a 
governmental farm. The improvement in the nucleus is disseminated to the rest of 
the herd through supply of improved breeding materials. Farmers outside the 
nucleus may also carry out some selection in their herd. Eventually, after several 
generations, the whole chain benefits from the selection in the nucleus. The nucleus 
herd is intensely recorded, and a reference population created from which genomic 
data are generated using SNP array. Also, in the nucleus, goats are tested for traits 
of interest. Using prediction equations developed by combining all marker genotypes 
with their effects, GEBVs are estimated for each animal in the reference population 
(nucleus) which may be a government farm. The prediction equations generated can 
be used on animals outside the nucleus (selection population) which are not 
phenotyped, to estimate their GEBVs. Individual goats and bucks are ranked on their 
estimated breeding values in the nucleus. The superior bucks are supplied to the 
farms where production takes place. Goats born on these farms may also be 
genotyped at young age and those with high GEBVs can be supplied to the nucleus. 
The goat farms outside the nucleus may therefore also act as a source of breed 
improvement. In comparison to classical selection schemes, GS can result in 
increasing the rate of genetic improvement by 20 – 100% in livestock species and can 
be effective in improving hard-to measure traits (Van der Werf, 2013). In terms of 
economic efficiency, genomic evaluation in small ruminant breeding programs may 
be more profitable than classic selection programs. Using simulation, Shumbusho et 
al. (2013) assessed the economic efficiency of three genomic evaluation models in 
small ruminants namely: GS model (selection based only on genomic information), 
GS-phenotype model (genomic information combined with phenotypes) and GS-
progeny testing model (genomic information as well as progeny testing). GS-
phenotype model generated the best economic efficiency. This confirms that some 
form of GS in small ruminant breeding programs can result in positive net economic 
returns, however due to increase in associated costs, the rate of economic returns is 
generally lower than the rate of genetic gain (Shumbusho et al., 2013). 
In the selection population, genomic information is required for estimating GEBVs 
for adaptation and production traits in the breeding goal on which selection 
decisions are based. Based on prediction equations developed in the reference 
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population, the GEBVs can be estimated for goats in the selection population. If 
genotype x environment interactions play a limited role, individual animals can then 
be ranked on their GEBV on which selection decisions can be made. 
Owing to the logistical and technical challenges, GS under smallholder conditions in 
Uganda may be successful if the nucleus acts as a testing centre with intense 
recording of phenotypes and genotypes. Then genetic gain generated by genomic 
selection in the nucleus can be transferred to farmers’ herds. 
 
6.9 Future perspectives for goat breeding in Uganda 
To genetically improve indigenous goats under smallholder farming conditions, 
conscious balancing between adaptive and production traits in the breeding goal is 
of paramount importance. To implement a successful breed improvement program, 
there is need to understand the breed characteristics and the production systems 
under which breed improvement can occur. This study shows the possibilities and 
importance of genomic characterization of indigenous animal genetic resources to 
enhance breed improvement programs for indigenous goat breeds under 
smallholder production systems in Uganda. Genomic characterization of indigenous 
breeds contributes to knowledge of genetic relationships, genetic diversity and 
population structure of these breeds, and this information is useful in conservation 
of breeds (Tixier-Boichard, 2014). This knowledge can be used in selection for 
increased productivity and thus for a larger contribution of indigenous breeds to 
food security. To fully exploit the available genetic resources, knowledge of the 
farmers’ production practices is paramount in defining the breeding goals. The use 
of participatory approaches of involving farmers at every step of a breeding program 
enhances the successful design and implementation of sustainable breed 
improvement programs. In this regard, smallholder farmers are risk averse and they 
will tend to promote rearing of livestock that is well adapted to the local 
environment. However, benefits arising from improved production are desirable for 
improving the livelihood of the farmers and probably the farmers will easily adopt 
the new breeding techniques. This calls for critical consideration of the delicate 
balance between adaptation as well as production traits. Generally, successful 
implementation of improvement programs under the smallholder conditions in 
Uganda and elsewhere in sub-Saharan Africa, should aim at incorporating adaptation 
traits in the breeding objective. This could occur through systematic and strategic 
crossbreeding of indigenous breeds with either exotic breeds, or preferably 
crossbreeding within indigenous breeds with good production attributes such as 
high growth rate and carcass weight. Although, strategic crossbreeding will hasten 
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genetic progress in improving these traits, within-breed selection for production and 
adaptation traits is required for sustainable improvement.  
Advances in genome technology, especially SNP genotyping, have made it possible 
to identify specific regions of the genome that may be under selection (selection 
signatures). The knowledge generated can be used to select genomic regions that 
can be prioritized for conservation and for developing sustainable breeding 
programs for indigenous goat genetic resources in Uganda. Besides for 
characterization of genetic resources, selection signatures are important for 
identification of genes or regions of the genome involved in the control and 
expression of important production and adaptation traits. This knowledge can be 
used in breeding programs for improving and conserving indigenous goat breeds of 
Uganda. 
Overall, this thesis provides baseline knowledge that can be used for developing 
systematic breeding programs for local goat breeds. The implementation of genomic 
selection schemes in CBBPs and/or in the national goat breeding program will hasten 
breed improvement for low input production systems in sub-Saharan Africa. 
However, application of GS in the short term may be curtailed by small population 
sizes (often associated with indigenous breeds), the absence of a sufficient number 
of (accurately) recorded animals for important traits of interest, and the limited 
genotyping infrastructure and prohibitive cost of SNP array genotyping. 
Technological advances and the current trend in reduction of cost of genotyping 
offer hope for implementation of GS schemes under smallholder farming conditions 
provided the attendant limitations can be addressed. 
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Summary 
The indigenous Ugandan goat breeds are poorly characterised, and they are at risk 
of extinction, due to the introduction of exotic breeds. To prevent undesired loss of 
genetic diversity, there is need to characterize the production environment as well 
as the breeds to properly assess the value of breeds and to guide decision making in 
livestock development and breeding programs. The development of genetic markers 
and fast genotyping methods in the last decade, have created important tools for 
genetic characterization of breeds. However, the molecular information on its own 
does not capture the economic value and adaptive capacity of breeds in local 
conditions. An important adaptation trait is the resistance to nematode parasites. 
But the degree of resistance to these parasites of goat breeds is difficult to quantify. 
To conserve an indigenous breed, breed improvement programs are required which 
are tailored towards the needs of the farmers and fit with the local conditions. In this 
thesis, we first assessed the production systems and undertook a farmer 
participatory definition of breeding goal traits (Chapter 2). Next, we evaluated 
between breed variation in resistance to the gastrointestinal parasite Haemonchus 
contortus in three indigenous breeds in Uganda (Chapter 3). Secondly, using 
genome-wide SNP data, we assessed the genetic diversity, population structure and 
admixture levels in Ugandan goat breeds (Chapter 4), and analysed signatures of 
selection and genomic inbreeding in the goat breeds (Chapter 5). 
Descriptive statistics showed that the indigenous goat production systems did not 
differ significantly in the nature of the farms and producers’ trait preferences for 
goats. Adaptive traits were generally considered more important than or equally 
important as production traits. Therefore, sustainable breeding programs should 
emphasize breeding goal traits that maintain adaptation to local environmental 
conditions, biodiversity, and economic benefits (Chapter 2).  
Evaluation of between breed differences showed the indicator traits for resistance 
and resilience i.e. faecal egg count (FEC) and packed cell volume (PCV) to be weakly 
significant at later stages of infection with a higher parasite burden, suggesting 
potential variation in resistance to Haemonchus contortus (Chapter 3). These 
differences can be exploited in designing breeding programs with disease resistance 
in indigenous goat breeds. 
Genome-wide analysis using the Goat SNP50 BeadChip showed weak population 
sub-structuring among Ugandan goat breeds (Chapter 4). This suggests a common 
ancestry but also some level of geographical differentiation. Admixture analysis and 
f4-statistics revealed gene-flow from the South African breed Boer and varying levels 
of genetic admixture among the breeds. Generally, moderate to high levels of 
genetic variability were observed. 
In Chapter 5, we assessed signatures of selection and genomic inbreeding. The study 
identified several putative genomic regions and genes in Ugandan goat populations, 
which may be underlying adaptation to local environmental conditions such as heat 
tolerance, disease and parasite resistance, and production traits. The genomic 
regions were enriched with genes involved in signalling pathways associated directly 
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or indirectly with environmental adaptation, such as immune response (e.g. IL10RB 
and IL23A), growth and fatty acid composition (e.g. FGF9 and IGF1), and thermo-
tolerance (e.g. MTOR and MAPK3). The study revealed little overlap in genomic 
regions under selection and generally did not display the typical classic selection 
signatures as expected due to the complex nature of the traits. In the Boer breed, 
candidate genes associated with production traits, such as body size and growth (e.g. 
GJB2 and GJA3) were also identified. 
In the absence of pedigree data, the genomic information based on the runs of 
homozygosity (ROH) reveals the level of genomic inbreeding. Generally, the Ugandan 
indigenous goat breeds showed very low levels of genomic inbreeding as compared 
to the higher levels observed in Boer goats. Short ROH were more frequent than long 
ROH, except in the indigenous breed Karamojong, suggesting long-term relatedness 
during the developmental history of the goat breeds. 
Finally, the salient issues in this thesis were discussed in Chapter 6. It is worth noting 
that sustainable breed improvement programs require knowledge of the production 
environment and of the breeds. Production system characterization and 
participatory definition of breeding goal traits ensure sustainability of the breeding 
programs. Advances in genomic technologies yet provide an accurate method to 
decipher the variation between and within breeds. I therefore conclude that 
combining knowledge of production systems and breeds, both at the phenotypic and 
genotypic level, will significantly improve breeding programs in Uganda. Moreover, 
the community-based breeding programs advocated for the rest of sub-Saharan 
Africa, could be improved by utilizing genomic selection as genotyping costs become 
affordable. 
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Samenvatting 
De inheemse Oegandese geitenrassen zijn slecht gekarakteriseerd en door de 
introductie van exotische rassen lopen ze het risico om verloren te gaan. Om 
ongewenst verlies van genetische diversiteit te voorkomen, is het noodzakelijk om 
de diverse productieomstandigheden en rassen in kaart te brengen. Daarmee kan 
een juiste inschatting van de waarde van de diverse rassen verkregen worden die de 
besluitvorming over de ontwikkeling van de veehouderij en fokprogramma’s kan 
ondersteunen. De ontwikkeling van genetische merkers en methoden voor snelle 
genotypering tijdens het afgelopen decennium, hebben belangrijke hulpmiddelen 
opgeleverd voor de genetische typering van rassen.  Moleculaire informatie alleen is 
echter niet voldoende om de economische waarde en het aanpassingsvermogen van 
de rassen onder lokale omstandigheden te beschrijven. Een belangrijk kenmerk 
m.b.t. adaptatie is resistentie tegen parasitaire nematoden.  Maar de mate van 
resistentie van geitenrassen tegen deze parasieten is moeilijk te kwantificeren.  
Om een inheems ras te behouden, is het noodzakelijk specifieke fokprogramma’s 
voor rasverbetering op te zetten die toegesneden zijn op de behoeften  van de lokale 
boeren en die passen bij de lokale omstandigheden. In  dit proefschrift hebben we 
allereerst de productiesystemen in kaart gebracht en hebben we samen met boeren 
de fokdoelen gedefinieerd (hoofdstuk 2). Vervolgens hebben we de tussen-ras 
variatie in resistentie tegen de maag-darm parasiet Haemonchus contortus bepaald 
voor drie inheemse rassen in Oeganda (hoofdstuk 3). Als tweede, hebben we, met 
gebruikmaking van genoomwijde SNP data, de genetische diversiteit, 
populatiestructuur en mate van genetische vermenging (admixture) bepaald voor 
Oegandese geitenrassen (hoofdstuk 4). Daarna hebben we signaturen van selectie 
geanalyseerd en de mate van inteelt in kaart gebracht (hoofdstuk 5). 
 Statistisch kon worden aangetoond dat inheemse geitenproductiesystemen niet 
wezenlijk verschillen qua aard van de bedrijven en qua voorkeuren van boeren voor 
fokdoelkenmerken. Adaptatiekenmerken werden in het algemeen minstens zo 
belangrijk gevonden als productiekenmerken. Daarom zouden duurzame 
fokprogramma’s fokdoelen moeten hebben die gericht zijn op behoud van 
aanpassingsvermogen aan lokale omstandigheden en biodiversiteit, en op verhoging 
van de economische waarde van geiten (hoofdstuk 2). 
De rasverschillen lieten zien dat de indicator kenmerken voor resistentie en 
veerkracht, zoals het aantal eieren van parasieten in mest (FEC) en de 
hematocrietwaarde (PCV), licht significant verschillen tussen rassen tijdens de latere 
fase van infectie wanneer er sprake is van een hogere parasitaire last. Dit suggereert 
verschillen in resistentie tegen Haemonchus contortus (hoofdstuk 3) die benut 
kunnen worden bij de ontwikkeling van fokprogramma’s voor ziekteresistentie van 
inheemse geitenrassen.    
Genoomwijde analyses met de 50K geit SNP chip toonden aan dat binnen de 
Oegandese geitenpopulatie de genetische structuur van de rassen weinig verschilt 
(hoofdstuk 4). Dit suggereert een gezamenlijke oorsprong maar ook een beperkte 
mate van geografische differentiatie. Admixture analyses en  f4-statistics toonden 
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genetische influx aan van het Zuid-Afrikaanse geitenras Boer alsmede een variabele 
mate van genetische vermenging tussen de rassen. In het algemeen werd een matig 
tot hoog niveau van genetische variatie gevonden. 
In hoofdstuk 5 onderzochten we aanwijzingen in het genoom die wijzen op selectie 
en inteelt. Hierbij vonden we diverse regio’s in het genoom van de Oegandese 
geitenpopulaties die mogelijk een rol spelen bij de aanpassing aan lokale 
omstandigheden zoals tolerantie tegen hitte, ziekte en parasitaire infecties alsmede 
bij productiekenmerken. Deze genomische regio’s bleken verrijkt voor genen die 
direct of indirect betrokken zijn bij adaptatie aan de omgeving zoals o.a. immuun 
respons (b.v. IL10RB en IL23A), groei en vetzuursamenstelling (b.v. FGF9 en IGF1) en 
thermo-tolerantie (b.v. MTOR en MAPK3). De studie liet zien dat de genomische 
regio’s onder selectie weinig overlap vertonen tussen de rassen. In het algemeen 
vertoonden deze regio’s ook niet de typische klassieke signaturen van selectie, 
waarschijnlijk als gevolg van het complexe karakter van de kenmerken. In het ras 
Boer, werd een aantal kandidaat genen (b.v. GJB2 en GJA3) voor 
productiekenmerken als groei en lichaamsgrootte gevonden.    
Bij afwezigheid van afstammingsgegevens kan genomische informatie zoals “runs of 
homozygosity (ROH)” inzicht geven in de mate van inteelt. In het algemeen 
vertoonden de Oegandese inheemse geitenrassen erg lage niveaus van inteelt, dit in 
tegenstelling tot de hogere inteeltniveaus in de Boer geiten. Korte ROH’s kwamen 
vaker voor dan lange ROH’s, behalve in het inheemse geitenras Karamojong, wat een 
langdurige verwantschap suggereert tussen de verschillende geitenrassen.  
In hoofdstuk 6 tenslotte, bediscussieer ik een aantal in het oog springende zaken uit 
dit proefschrift. Vermeldenswaardig is dat voor duurzame fokprogramma’s kennis 
nodig is van zowel de productieomstandigheden als de gebruikte rassen. 
Karakterisering van productiesystemen en participatie van boeren bij de vaststelling 
van fokdoelkenmerken garanderen de duurzaamheid van fokprogramma’s. 
Voortuitgang in genoomtechnologie biedt mogelijkheden voor het nauwkeurig in 
kaart brengen van de variatie tussen en binnen rassen.  Daarom concludeer ik dat 
het combineren van kennis over productiesystemen en rassen, zowel m.b.t. de 
fenotypen als de genotypen, zal resulteren in een significante verbetering van 
fokprogramma’s in Oeganda. Tevens kunnen, zodra genotypeerkosten betaalbaar 
worden, de door de gemeenschap vastgestelde fokprogramma’s, die aanbevolen 
worden voor de rest van sub-Sahara Afrika, verbeterd worden door het toepassen 
van genomische selectie. 
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Propositions
 

1. Genome-wide SNP data are important for conserving genetic diversity in indigenous 
breeds. 
(this thesis) 
 

2. Conservation through use is a better approach than ex-situ conservation for preserving 
livestock genetic diversity. 
(this thesis) 
 

3. Even the best software generates suspicious results. 
 

4. African agriculture can better be transformed by translation of research findings than 
by generation of new innovations. 

 
5. The right to voluntarily end one’s own life is equally important to respect as the right 

to live. 
 

6. A PhD is only useful when it leads to improved quality of life. 
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