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"If we throw the principle of honour, the influence of fame, and the rewards of bravery out 

of the question, I am persuaded there are thousands who would sooner encounter an 

armed enemy, and face all the dangers and horrors of war, than attack the very sheep of 

Hirta, in those hideous fastnesses into which they very often make retreat. The old rams if 

chased into dangerous places, and heated into a passion, turn sometimes desperately 

fierce; reduced to the necessity of yielding or tumbling over a precipice into the sea, they 

face about, and attack the pursuers." 

 

Kenneth MacAulay, the Minister of Harris, writing on his visit to St Kilda in 1758. 

 

 

 

 

 

 

がんばれ!  
 

Ganbare!  
 
 

A common Japanese expression of positive encouragement; ‘Persevere!’ 
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ABSTRACT 

 

Understanding how genetic variation is maintained in the face of natural selection is one of 

the most fundamental questions in evolutionary genetics. Therefore, the ability to identify 

the genetic basis of a trait under selection is imperative in understanding its evolution. 

Soay sheep have an inherited polymorphism for horn type in both sexes, which is likely to 

be controlled by a single locus, Horns. Males present either large, normal horns or small, 

deformed horns (scurs), and females are either normal-horned, scurred or without horns 

(polled). Scurred males and polled females have reduced fitness, and so it is 

counterintuitive that they persist within in the population. The aim of this PhD is to identify 

the putative Horns locus, in order to understand its role in the evolution of the horn type 

polymorphism in the Soay sheep population.  

 

Horns was mapped to a single candidate gene, Relaxin-like receptor 2 (RXFP2) on 

chromosome 10, and was also found to be a QTL for horn size in normal-horned males 

(LOD = 55.22), accounting for up to 76% of the additive genetic variation. A new inheritance 

model for horn type was determined; Horns has two alleles, Ho+ and HoP, with differences 

in dominance between the sexes. Horns was found to contribute a significant indirect 

maternal genetic effect on horn type expression and horn size in male offspring; sons with 

the genotype HoP/HoP were more likely to develop normal horns if their mother carried a 

copy of the Ho+ allele. Furthermore, normal-horned sons with Ho+/Ho+ mothers had larger 

horns than those with HoP/HoP mothers, after their individual genotype was accounted for. 

Finally, individuals with genotype Ho+/HoP had the greatest fitness within each sex, 

indicating that the maintenance of polymorphism at Horns is likely to be due to 

heterozygote superiority in both sexes. 
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CHAPTER 1: Introduction 

 

Susan E. Johnston 

 

Evolution is the change in the genetic composition of a population over generations, and 

can occur through natural selection and/or genetic drift. Animal breeding and evolutionary 

theory predicts that strong directional selection within a population will drive alleles 

conferring desirable phenotypes towards fixation, whilst removing alleles conferring 

unfavourable phenotypes. As a result, it is expected that the genetic variability (i.e. the 

heritability) underlying the trait will be reduced and a permanent change in its distribution 

will occur (Falconer and Mackay 1996). However, in wild populations, substantial genetic 

variation is often maintained despite apparent directional selection (Fisher 1958; Houle 

1992); this may be due to spatial and temporal changes in environmental conditions, 

selection pressures and/or gene by environment interactions (Merilä and Sheldon 1999; 

Kruuk 2004; Kruuk et al. 2008). Nevertheless, understanding the mechanisms maintaining 

genetic variation in any trait under selection often remains elusive. 

 

One key step in understanding the evolution of a trait is to identify its underlying genetic 

architecture. Identifying genes and genomic regions contributing to genetic variation 

creates the opportunity to understand many aspects of a focal trait, such as: the number of 

genes involved; their contribution to genetic and phenotypic variation; their mode of 

inheritance; their interactions with other loci; their proximity to other loci under selection; 

and their interactions with changes in environment conditions and non-heritable genetic 

effects (such as maternal effects). The study of the genetic architecture of discrete and 

quantitative trait variation is now well established in medical research, commercially 

important crop/livestock species and model laboratory organisms, but is still a fledgling 

field in understanding evolution in wild populations.  

 

Fortunately, the falling cost and increased efficiency of genotyping and genome sequencing 

technology has made the study of genetic architecture in the wild much more attainable 

and there are now a number of studies under way examining the genetic architecture of 

trait variation in wild populations (reviewed in Ellegren and Sheldon 2008; Dalziel et al. 

2009; Slate et al. 2010). The main focus of this thesis is on genetic mapping in an 

unmanipulated wild vertebrate population, the Soay sheep of St Kilda, which has been the 
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subject of a long term study since 1985 (Clutton-Brock and Pemberton 2004). It is one of a 

handful of studies where records of morphology, reproductive success and survival are 

available for large numbers of individuals over many generations (Slate et al. 2010). This 

information, combined with the availability of accurate pedigree information, provides an 

excellent foundation for examining the genetic architecture of traits under selection in 

order to understand their evolution. In the first part of this introduction chapter, I outline 

the principle stages and methods of genetic mapping, present examples of successful gene 

mapping studies, and discuss the future directions in determining the genetic architecture 

of traits in unmanipulated, pedigreed wild vertebrate populations. In the second part, I 

discuss the background to the project, introduce the Soay sheep study system and present 

the aims and objectives of this PhD thesis. 

 

1.1. Identifying the genetic architecture of phenotypic variation in 

unmanipulated wild vertebrate populations 

 

1.1.1 The principles of genetic mapping in wild populations 

Fundamentally, identifying the genetic architecture of a trait in any population involves five 

principle stages. These are: genetic marker development, linkage mapping, identifying 

candidate genes, association mapping, and finally, identification of the causal mutation and 

the cause and effect relationship (Figure 1.1). The success, order, or indeed the necessity of 

each stage is dependent on the nature of trait studied, the focal population/species and 

the genetic resources already available. Traditional gene mapping studies often relied on 

the creation of mapping populations segregating for the focal trait i.e. crossing individuals 

from two genetically distinct inbred or outbred populations, often with extreme differences 

in the trait of interest, and rearing them in controlled conditions in order to reduce 

environmental variation. Such measures were essential to ensure as much efficiency and 

power as possible in detecting genomic regions associated with phenotypic variation. As 

wild populations have complex population structure and experience environmental 

heterogeneity, and experimental manipulation of the population is often not desirable (or 

feasible), examining the genetic architecture in wild populations poses several analytical 

challenges. In this section, I discuss the five stages of genetic mapping and their application 

to examining genetic architecture in wild, unmanipulated populations.  
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Stage 1: Marker development. The most fundamental and essential step in genetic 

mapping is to identify genetic markers (also known as molecular markers) in the focal 

population(s). These are polymorphic regions of the genome, which can consist of a single 

base difference of DNA (known as a Single Nucleotide Polymorphism, or SNP) to longer 

differences in DNA sequence, such as tandem repeats of short DNA motifs (known as 

microsatellites) or the insertion or deletion of a segment of DNA sequence (known as 

indels). To determine if a molecular marker is suitable for a genetic mapping study in a wild 

population, it should conform to the following criteria. Firstly, the marker must be 

polymorphic and highly variable within the study population. Secondly, the marker should 

be co-dominant i.e. both alleles at the marker locus can be identified in all individuals, in 

order to detect all genotypes at the locus. Thirdly, genotyping the marker with high 

accuracy should be straightforward. This requires that all alleles at the locus can be easily 

distinguished, and that there are no ‘null alleles’ (i.e. cases where a mutation in the primer 

site results in the non-amplification of a particular allele, which in turn results in 

heterozygous individuals appearing as homozygotes). Finally, care should be taken to 

ensure that the marker targets a single location within the genome. SNPs and 

microsatellites generally conform to all of these criteria, and so they are the most 

commonly used molecular markers in the construction of genetic maps in wild populations. 

 

The creation of genome-wide genetic maps requires a large number of molecular markers 

distributed throughout the genome. In the past, marker development through DNA 

sequencing was very expensive, and often restricted to dominant markers, such as 

amplified and restriction fragment length polymorphisms (AFLPs and RFLPs respectively) in 

organisms as diverse as the columbine Aquilegia (Hodges et al. 2002), Heliconius butterflies 

(Jiggins et al. 2005) and birch trees (Pekkinen et al. 2005). The development of co-dominant 

markers, such as microsatellites and single nucleotide polymorphisms (SNPs), was only 

possible in a few populations such as red deer, Soay sheep and wild sunflowers, several of 

which are closely related to important domestic species (Slate et al. 2002; Beraldi et al. 

2006; Rieseberg et al 2003), or where microsatellite markers developed in related species 

could be utilised, such as in the great reed warbler (Hansson et al. 2005). Novel co-

dominant markers were only occasionally developed in non-model organisms, such as 

sticklebacks and collared flycatchers (Peichel et al. 2001; Backström et al. 2006).  
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In recent years, the advent of cheaper next generation sequencing technology has made 

the development of molecular markers in novel organisms much more efficient. This is 

particularly true of SNP markers, where high throughput DNA sequencing can quickly 

identify large numbers of SNPs (i.e. from several hundred to several thousand) within a 

non-model organism. This has also been aided by the increased efficiency of SNP 

genotyping methods, such as the availability of SNP chips, where thousands of SNPs can be 

genotyped simultaneously in large numbers of individuals. Novel genetic studies in wild 

populations, such as in the great tit (Parus major) are more likely to employ this strategy as 

the genetic architecture can be determined more quickly and at a higher resolution than 

linkage mapping (Box 2 in Slate et al. 2010; van Bers et al. 2010). Therefore, future studies 

are likely to be less reliant on linkage mapping, instead commencing with the identification 

of candidate genes (Stage 3) and/or association mapping (Stage 4). 

 

Stage 2: Linkage Mapping. The first genetic maps utilised the principle that the frequency 

of recombination between two loci will decrease as their physical proximity to one another 

increases. This idea was first developed by Alfred Sturtevant, who created the first linkage 

map using 6 sex-linked discrete polymorphisms in Drosophila (Sturtevant 1913). Today, this 

simple principle of linkage mapping still applies, and has led to the creation of more 

detailed, genome-wide linkage maps in a number of wild populations (Slate et al. 2002; 

Hansson et al. 2005; Backström et al. 2006; Beraldi et al. 2006; Hansson et al. 2009; Jaari et 

al. 2009; reviewed in Stinchcombe and Hoekstra 2007); these maps provide a key starting 

point for identifying the genetic architecture of discrete and quantitative traits of interest 

to evolutionary biologists. There are three principle requirements for determining genetic 

architecture (Slate 2005): first, a mapping pedigree where the focal trait is polymorphic (for 

discrete traits) or has a significant heritable component (in quantitative traits); second, a 

large number of molecular markers; and third, phenotypic information for the trait of 

interest in individuals within the mapping pedigree. By identifying groups of linked 

molecular markers, the correlation between different genomic regions with the focal trait 

can then be determined; if this association reaches a pre-specified threshold of 

significance, then genomic regions contributing to trait variation have been identified.  

 

One important development in wild populations has been the ability to map quantitative 

trait loci (QTL), which are regions of the genome associated with the heritable variation in 

quantitative traits under selection, including fitness measures such as reproductive success 
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and longevity, as well as morphological traits such as birth weight and body size. 

Traditionally, discrete and QTL mapping studies have relied on the creation of pedigrees to 

maximise the power to detect loci with significant contributions to trait variation (Lynch 

and Walsh 1998). These mapping studies usually take the form of crossing individuals from 

separate inbred or outbred lines between which the focal trait is polymorphic (i.e. one line 

has a presence/high value of the focal phenotype; the other has an absence/low value). In 

a cross between two inbred/outbred populations, the F1 progeny are used to create a 

mapping population with high levels of linkage disequilibrium between marker and trait 

loci. This is achieved either by interbreeding F1 individuals (an F2 design) or through mating 

the F1 individuals to one parental line (a backcross design). Individuals from all generations 

are then screened at a number of molecular markers to determine the recombination rate 

between groups of markers and phenotypic polymorphisms, and a linkage map is 

constructed.  

 

Despite their high power to map trait loci, the use of inbred or outbred lines has some 

critical disadvantages for studies of wild populations, particularly in QTL studies. First, the 

creation of new pedigrees can be time-consuming, impractical and is dependent on the 

ability to successfully create crosses in the laboratory or the field. Second and more 

importantly, the creation of artificial mapping populations will not replicate environmental 

variation or existing epistasis in outbred populations, both of which are of key interest in 

studies of selection and fitness. In such crosses, the relative effect of QTL on phenotypic 

variation, as well as its interaction with environment, cannot be accurately quantified 

(Ellegren and Sheldon 2008). Therefore, evolutionary biologists have looked to alternative 

methods, which keep experimental manipulation to a minimum, to identify the genetic 

architecture of traits. One of the most effective methods for mapping QTL, whilst dealing 

with the complexity of pedigree structure and environmental variation in a wild population, 

is to adopt a variance component approach. Many studies of selection and trait evolution 

in wild populations already adopt an ‘animal model’ approach (Henderson 1975; Kruuk 

2004) to model trait variation as a number of fixed and random effects, including an 

additive genetic effect (which models the ‘heritability’). To map a QTL, an additional 

random effect is fitted to the animal model, consisting of the identity by descent 

relationship matrix between individuals within the pedigree at specified intervals 

throughout the genome (e.g. such as every 5cM throughout a genome-wide linkage map; 

George et al. 2000; Slate 2005); a model comparison test, such as a likelihood ratio test, can 
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then be used to determine if that particular region of the genome has a significant 

association with trait variation. By scanning whole chromosomes and genomes, it is often 

possible to identify the location of a QTL, usually to a resolution of > 10cM (Slate et al. 

2002; Beraldi et al. 2007a; Beraldi et al. 2007b; Tarka et al. 2010). 

 

Although linkage mapping is effective at indicating the chromosomal region of a discrete 

trait or QTL, the mapping resolution is limited by marker density and the number of 

recombination events within the pedigree. This low resolution may mean that there are 

tens or even hundreds of possible candidate genes within the confidence interval for the 

trait locus. This method also has relatively low statistical power to detect QTL with a 

relatively small contribution to genetic variance of a trait. Furthermore, linkage mapping 

provides little indication of the number of alleles at the locus and their individual effects, 

although estimates of the proportion of trait variation explained by the locus are possible. 

Finally, although QTL may be co-localised between different populations, there is no 

indication that the QTL will have the same effect within each population. Therefore, 

although linkage mapping is still a useful first step for conducting low resolution trait 

mapping, the advent of economical high throughput SNP genotyping, which facilitate 

genome-wide association studies, may soon render linkage mapping a non-essential stage 

of mapping genetic architecture. 

 

Stage 3: Candidate Genes. Candidate genes are genes which have previously been 

characterised in other organisms, which are predicted to have an influence on a similar 

phenotype in the focal organism (Fitzpatrick et al. 2005). There are two possible 

approaches which can be taken to identify candidate genes contributing to the genetic 

architecture of a trait. The first approach is that if a trait has been mapped to a specific 

genomic region, then all genes within this region could be identified, using annotated 

genomes for either the focal species or closely related species. The function of each gene 

can then be investigated using public databases such as the Gene Ontology project (The 

Gene Ontology Consortium 2000) and the Entrez search engine (National Center for 

Biotechnology Information, available at http://www.ncbi.nlm.nih.gov/sites/gquery). These 

databases consolidate detailed information on gene function, protein structure, biological 

processes and biochemical pathways in genes within a number of model and non-model 

organisms. In this way, genes with a similar function to that in the focal organism can be 

selected as candidate genes. The second approach is to investigate specific candidate genes 
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or genomic regions before any physical trait mapping has taken place (reviewed in 

Fitzpatrick et al. 2005; Piertney and Webster 2008). This approach is possible in traits for 

which gene function is known to be conserved over a large number of species. An example 

of this is in coat or plumage colour traits, which are often attributed to genes in the 

melanocortin pathway, such melanocortin-1 receptor (MC1R; Mundy 2005), agouti 

signalling protein (ASIP) and others (Hubbard et al. 2010). Another example is the study of 

disease and parasite resistance, in which candidate genes include the major 

histocompatibility complex (MHC; Paterson et al. 1998; Charbonnel and Pemberton 2005) 

or gamma interferon (IFN-γ; Coltman et al. 2001).  

 

Stage 4: Association Mapping. If two loci are situated close together on the same 

chromosome, then it is likely that specific alleles at these loci will be co-inherited more 

often than is due to chance (Wall and Pritchard 2003) and therefore they are in linkage 

disequilibrium (LD). This principle is an important concept in association mapping, where 

maps are constructed based on the extent of LD between groups of markers. This method 

does not require pedigree information, but instead examines the association between trait 

variation and genotype at a population wide level; in contrast, linkage mapping is 

conducted at a family-wide level. Association mapping requires a high density of molecular 

markers throughout the genome (for mapping novel traits) or in the candidate region of 

the genome (where the rough genomic location is known or a candidate gene is being 

examined). Association mapping has many benefits over using linkage mapping alone. 

Firstly, it has the potential to map traits to a much higher resolution and with greater 

power; therefore it becomes possible to detect QTL loci of smaller effect to much smaller 

confidence intervals (< 1cM; Risch and Merikangas 1996). Secondly, if genetic markers in 

high LD with the causative locus/mutation can be identified, then it is possible to identify 

specific genes involved in trait variation, determine the individual effects of different alleles 

and identify patterns of dominance and penetrance in both discrete and quantitative trait 

loci. 

 

In recent years, genome sequencing projects have been complemented by haplotype 

mapping projects (HapMap) which examine regions of LD throughout the genome to 

produce large scale SNP genotyping systems which capture as much variation within the 

genome as possible. There are now systems which can simultaneously genotype thousands 

of SNP markers, leading to a rapid increase in genome-wide association studies (GWAS) 
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mapping trait variation in model organisms (Manolio 2010). GWAS examine the association 

between all markers throughout the genome and variation in the focal trait, quickly 

identifying regions of high association, often to the level of a single gene. This is particularly 

useful for studies in which a clear candidate gene cannot be identified, perhaps due to a 

novel function in the focal organism, or purely because the trait maps to a gene for which 

information on its function is not already known.  

 

GWAS mapping discrete and quantitative trait loci in unmanipulated wild populations are 

likely to become more common in the near future. However, as with linkage mapping, it is 

necessary to adapt GWAS methodology to account for complex population structure in QTL 

mapping in wild populations, to avoid spurious allelic associations (Balding 2006). Again, 

the principle strategy has been to utilise variance component methods to test for 

association with quantitative traits (Kang et al. 2010). Another consideration with GWAS is 

that typing a large number of SNPs in a smaller number of individuals increases the 

probability of Type I error (i.e. the likelihood of achieving a false positive result). Therefore, 

it is also necessary to account for multiple testing, whilst accounting for the non-

independence of statistical tests of linked markers (Moskvina and Schmidt 2008). 

 

Stage 5: Causal Mutation. Finally, the ultimate aim of any genetic mapping study is to 

identify the causal mutation. Genome-wide association studies only capture a small 

amount of the variation within the genome, and so although it is possible that a trait can be 

mapped to a single gene (or a single block of genes in LD), it is unlikely that a causal 

mutation will be identified (Ioannidis et al. 2009). Therefore, further work is usually 

required to identify causal variants. One strategy is to sequence the gene to characterise 

variation within the coding sequence, flanking regions, splicing sites and/or regulatory 

regions of the genes, and examining its association with trait variation (Balding 2006); 

variants that are perfectly associated with the trait (in the case of discrete traits) or that are 

the most highly associated with the trait (in the case of quantitative or threshold traits) 

would be the most likely candidates for the causal mutation. However, this can sometimes 

be difficult if not impossible, to determine in cases where several polymorphisms are in 

very high LD with the causal mutation. In addition, if the trait has a low heritability, the 

power to determine individual causal mutations may be low, regardless of the marker 

density.  
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1.1.2 Empirical examples of genetic mapping studies in unmanipulated wild populations 

Genetic mapping studies in unmanipulated wild populations are paving the way for 

understanding fundamental evolutionary genetic questions, such as the causes of 

microevolutionary change (as well as its opposite, stasis; Kruuk et al. 2008) and why genetic 

variation is often maintained despite apparent directional selection (Merilä et al. 2001; 

Kruuk et al. 2008). The first linkage map in an unmanipulated wild population was 

constructed in red deer, using a pedigree of > 350 individuals (Slate et al. 2002). In this 

study, a linkage map of 90 microsatellite markers, covering ~62% of the genome and an 

estimated inter-marker distance of ~27 cM provided the basis for identifying a QTL for birth 

weight. Despite the low marker density, the study yielded three significant QTL on separate 

linkage groups, including one with genome-wide significance; however, the low mapping 

resolution meant that the confidence interval for each QTL spanned the entire linkage 

group. Following this study, the first linkage map in a wild passerine, the great reed 

warbler, was published utilising 58 microsatellite markers (Hansson et al. 2005) and since 

then, more detailed genome-wide linkage maps have been developed in a number of wild 

populations, including Soay sheep (Beraldi et al. 2006), Siberian Jays (Jaari et al. 2009), 

collared flycatchers (Backström et al. 2006) and blue tits (Hansson et al. 2009). As a result, 

there have been a number of successful discrete trait and QTL mapping studies, including a 

coat colour polymorphism (Beraldi et al. 2006; Gratten et al. 2007; Gratten et al. 2010) and 

fitness and parasite traits in Soay sheep (Beraldi et al. 2007a; Beraldi et al. 2007b) and wing 

length in great reed warblers (Tarka et al. 2010). Further trait mapping projects are being 

carried out in these established study systems, and new trait mapping studies are now 

underway in the great tit, house sparrow, bighorn sheep and Californian condor (see Table 

1 in Slate et al. 2010). 

 

1.1.3 Genetic mapping studies in the Soay sheep of St Kilda 

Some of the most insightful studies of genetic architecture have been conducted in the 

Soay sheep of St Kilda. This island population has been the subject of a long term study 

since 1985, where phenotype and life history information is available for thousands of 

individuals. In 2006, a linkage map of 247 microsatellite markers typed in 588 individuals 

was published, covering ~90% of the sheep genome with a mean inter-marker distance of 

~15cM (Beraldi et al. 2006). As a result, the genes underlying several phenotypic 

polymorphisms, including coat colour and horn type, have been mapped to specific 

genomic regions (horn type: ~16cM region on chromosome 10, LOD = 6.1; coat colour is 
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discussed further in the following paragraph). The Soay sheep linkage map has also 

provided an important foundation for several QTL studies. A QTL for jaw length was 

identified on chromosome 11 with genome-wide significance (LOD = 3.59), spanning a 

confidence interval of ~20cM; suggestive QTL were also identified for birth date, birth 

weight and hind leg length (LOD scores ranging from 2.19 to 2.89), with confidence 

intervals ranging from 20cM to 40cM (Beraldi et al. 2007b). A further study identified two 

suggestive QTL for faecal oocyst count of the gut parasite coccidia on chromosomes 3 and X 

(LOD = 2.68 and 2.21 respectively), mapping to a resolution of 30 and 17cM respectively 

(Beraldi et al. 2007a). 

 

One of the great successes of the Soay sheep project has been the use of genetic mapping 

to understand the evolution of a coat colour polymorphism in the population. Soay sheep 

are either dark brown or light tawny in colour. Dark sheep are larger than light sheep, an 

attribute which is positively associated with fitness (Clutton-Brock et al. 1997), but 

evidence has suggested that the light allele has increased in frequency within the 

population (Gratten et al. 2008). Coat colour has a simple Mendelian inheritance, where 

the dark colour is dominant to light. Beraldi et al. (2006) successfully mapped a coat colour 

polymorphism to a ~15cM region of chromosome 2 containing a strong candidate gene, 

tyrosinase-related protein 1 (TYRP1; LOD = 29.5). Interestingly, a concurrent and 

independent study examined association with SNPs in intronic regions of five well-

characterised pigmentation genes, and independently identified TYRP1 as a strong 

positional candidate gene for coat colour; the coat colour polymorphism was subsequently 

mapped to the causal mutation, a non-synonymous substitution in an exon of TYRP1 

(Gratten et al. 2007). 

 

As selection could now be studied at the level of the genotype, Gratten et al. (2008) 

revealed that the causal mutation in dark sheep was genetically linked to a QTL with an 

agonistic effect on fitness. Following this study, an additional coat pattern polymorphism (a 

recessive trait causing uniform colour) has been mapped to another common pigmentation 

gene, agouti signalling protein (ASIP) on chromosome 13 (Gratten et al. 2010), where 

identification of individual genotypes has shown that a declining frequency of this 

phenotype may be due to genetic drift and possible selection on a genetically linked QTL 

for juvenile survival (Gratten et al. in prep). The coat colour study is an excellent example in 

which combining linkage mapping and candidate gene approaches has revealed processes 
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in coat colour microevolution that would have remained cryptic when examining variation 

at the level of phenotype alone. 

 

1.1.4 Conclusions 

Determining the genetic architecture of traits in wild populations is an emerging field, but 

one with the potential to greatly advance our understanding of evolution in the wild. In this 

section, I have outlined the principle stages involved in genetic mapping and presented 

empirical examples of genetic mapping studies in unmanipulated wild populations. In 

particular, evidence from these examples has shown that by combining information from 

the different stages of gene mapping, it is possible to not only explain the underlying 

genetic basis of a trait, but to also make inferences about the causes of microevolutionary 

change.  

 

1.2. The genetic basis of sexual weaponry in a wild sheep population 

 

The Soay sheep of St Kilda are one of the most intensively monitored populations of large 

vertebrates in the world, providing a model system for understanding population dynamics, 

selection and adaptation in a completely wild, unmanipulated population. From an 

evolutionary genetics perspective, the population is particularly interesting as there are 

several phenotypic polymorphisms present that have a simple genetic basis. This includes a 

polymorphism for the expression of horns in both males and females. Given that males 

with very small horns (scurs) cannot win in conflicts with normal-horned males, it is 

counterintuitive that genes conferring scurs should persist within the population. When 

this PhD project commenced in October 2006, the locus controlling horn type (Horns) had 

been mapped to a ~16cM region on sheep chromosome 10 in both domestic sheep and 

Soay sheep, but the gene responsible had not yet been characterised. This thesis examines 

the genetic basis of horn development in Soay sheep, with the ultimate aim of locating 

Horns, determining the alleles responsible for differences in horn phenotype and finally, 

elucidating the relationship between Horns genotype and fitness within the Soay sheep 

population. 

 

1.2.1 Horn development in wild and domesticated sheep 

Wild sheep populations (Ovis spp.) have highly competitive and promiscuous mating 

systems, with fierce competition between males for access to oestrous females during the 
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mating season (Hogg 1984; Coltman et al. 1999). All male sheep possess large, symmetrical 

horns which are used as weaponry in this intra-male conflict. The horns grow cumulatively 

over the lifetime of the sheep, and consist of a core of cancellous bone (os cornu) with an 

outer sheath composed of α-keratin (Tombolato et al. 2009). It is essential that male horns 

are strong and durable, as they can be subjected to high, repeated impact during the 

mating season (rut) over the lifetime of the animal. Relative to other Bovids, sheep have a 

larger horn base diameter relative to their body size (Lundrigan 1996) and a thicker keratin 

sheath surrounding the horn (Picard et al. 1996). Horns are also present in females of all 

wild species of sheep, although they are always much smaller.  

 

The domestication of sheep (Ovis aries) began in Neolithic period, by around 9000 BC 

(Epstein and Mason 1984; Ryder 1984; Zeder 2008). Today, the domestic sheep is 

comprised of hundreds of distinct breeds, serving a variety of different purposes, such as 

meat and milk production, wool provision and grazing. Unlike their wild counterparts, 

domestic sheep are highly variable in their expression of horns. There is evidence that 

female sheep lacked horns (a condition known as ‘polled’) in Neolithic Iran and Europe 

from around 7000 BC (Ryder 1984), but it was not until domestication intensified over the 

middle ages, that scurred (vestigial, deformed horns) and polled phenotypes started to 

appear in males. Today, there are several commercially important breeds in which males 

have normal horns, but females are polled (e.g. Merino and Awassi), and in which both 

males and females are polled (e.g. Cheviot and New Zealand Romney). 

 

There are a number of advantages to rearing scurred or polled livestock. Horned animals 

can cause injury to one another and their handlers, and are also more likely to become 

trapped in fencing and feeders, leading to increased veterinary costs (Capitan et al. 2009). 

In cattle, there is a higher incidence of bruising in rearing groups with horned animals 

present, which results in a decrease the value of carcasses (Wythes et al. 1985). Dehorning 

is a general practice in cattle rearing, but is not generally carried out in sheep. Therefore, 

rearing genetically polled animals is beneficial as they can be kept at higher densities, are 

easier to look after, are less likely to cause injury and do not have to be dehorned. As a 

result of this, there have been several studies striving to understand the inheritance and 

identify the genetic basis of horn type in domestic sheep (Montgomery et al. 1996; 

Pickering et al. 2009; McEwan et al. 2010). 
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1.2.2 Introducing the study system: the Soay sheep project on St Kilda 

Soay sheep (Ovis aries) are a wild sheep breed found on the archipelago of St Kilda, 

situated in the North Atlantic, off the north-west coast of Scotland (57°49’ N, 08°34’ W; 

Figure 1.2). Soay sheep are believed to be the survivors of primitive domesticated sheep 

which arrived in the British Isles during the Neolithic period (Elwes 1912; Doney et al. 1974) 

and are related to the Mediterranean and Asiatic mouflon, Ovis aries orientalis (Clutton-

Brock and Pemberton 2004; Chessa et al. 2009). Archaeological evidence suggests that St 

Kilda has been inhabited by humans since the Bronze Age, when they settled mainly in the 

Village Bay area of the island of Hirta (Doney et al. 1974); the origins of the Soay sheep are 

less clear, but they may have arrived on St Kilda with early human habitation. In the 

documented history of St Kilda, the islanders farmed larger and more productive breeds of 

sheep, whereas Soay sheep have existed exclusively on the island of Soay since the late 17th 

century or even earlier (Martin 1698), where they remained completely unmanaged and 

isolated due to difficulty of access (Clutton-Brock and Pemberton 2004). In the early 20th 

century, the human population declined to such numbers that sustained occupation of the 

island was no longer feasible, and in 1930, the remaining population was evacuated, along 

with their livestock; any sheep remaining on the island were shot. In 1932, the landlord of 

St Kilda, the Marquis of Bute, moved 107 Soay sheep to the vacant island of Hirta, where 

the population has since grown without human interference (Jewell et al. 1974; Clutton-

Brock and Pemberton 2004).  

 

The sheep that now inhabit the Village Bay area of Hirta provide a model system for 

understanding the evolution and ecology of a large wild mammal population (Jewell et al. 

1974; Clutton-Brock and Pemberton 2004). Being an island population, the population size 

is limited by availability of resources such as food and shelter, and population crashes can 

occur after periods of sustained growth, oscillating between 600 and 2200 individuals 

(Figure 1.3). The fundamental aim of the Soay sheep project was to determine the causes 

of the large fluctuations in population density and their influence on the evolution of  
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Figure 1.3. The annual sheep count on the main island of Hirta since 1952 

 

reproductive strategies in the population, as well as the resulting changes in natural and 

sexual selection. The first data were collected by John Morton Boyd and Peter Jewell in the 

mid-1950s, with more scientists joining the project throughout the 1960s (see Jewell et al. 

1974). In 1985, intensive monitoring of the population was resumed, integrating more 

modern techniques to investigate the causes and consequences of population instability. 

The project has now expanded in its scope, and today is at the forefront of research into 

evolutionary ecology (Wilson et al. 2006), sexual selection (Preston et al. 2005), 

parasitology (Hayward et al. 2009), genetics (Gratten et al. 2008) and population dynamics 

(Coulson et al. 2001) in a wild mammal population. 

 

Since 1985, more than 95% of the sheep living in the study area have been marked with 

unique colour-coded ear tags, allowing them to be tracked throughout their lifetime. Every 

August, between 49 and 67% of individuals are captured to obtain morphological 

measurements, such as body weight and horn dimensions; during the mating season in 

November, further measurements are made on males migrating into the study area. As of 

2010, phenotypic and life-history information has been collected for more than 7,400 

individuals, with a substantial number of blood and tissue samples available for genetic 
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analysis. This information, combined with an extensive pedigree constructed using genetic 

analysis and behavioural observations, makes the Soay sheep population an ideal one in 

which to examine microevolutionary change over several decades, as well as studying the 

extent to which many phenotypes, ranging from morphology and behaviour to individual 

life histories, are inherited and their genetic variation maintained. 

 

1.2.3 The horn type polymorphism in Soay sheep 

The Soay sheep of St Kilda is the only population of wild sheep of which we are aware that 

exhibits an inherited polymorphism for horn type in both males and females. The majority 

of males, comprising 88% of all records, have large, coiled normal horns (Figure 1.4). 

However, a small proportion of males, around 12% of records, are scurred. Scurred horns 

retain the outer keratin sheath, but lack an os cornu and so are more loosely attached to 

the head. Female horns are much smaller than those of the males and are either normal-

horned (33%), scurred (39%) or polled (28%; Figure 1.4); the polled phenotype is not 

present in males. Several studies have offered explanations as to why genetic variation in 

both horn type and horn size within the normal horn class is maintained in this population, 

by examining selection on horn type and horn length. Among normal-horned males, 

animals with longer horns sire more offspring due to the advantage large horns confer in 

intra-male conflict, suggesting strong sexual selection on horn length (Preston et al. 2003; 

Robinson et al. 2006). Normal-horned males have the greatest reproductive success in a 

given year, but have reduced longevity and poorer overwinter survival compared to scurred 

males (Robinson et al. 2006). Furthermore, larger normal horns are costly to produce and 

may only be advantageous if males experience favourable environmental conditions in the 

first year of life (Robinson et al. 2008). In female Soays, scurred females conceive more 

offspring, have greater weaning rates and overwinter survival compared to normal and 

polled females, the latter having the most pronounced fitness disadvantage (Clutton-Brock 

et al. 1997; Robinson et al. 2006). This evidence suggests that the horn type polymorphism 

is maintained by antagonistic selection between the sexes, while variation in horn length is 

maintained by its effect on male fitness changing with environmental conditions. 

Nevertheless, given that polled females and scurred males have reduced fitness within 

each sex, it is surprising, and still unexplained, as to why they persist in this population.  
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1.2.4 The genetic basis of horn type in domestic and Soay sheep 

The presence and absence of horns (i.e. horn type) throughout Ovis aries is thought to be 

controlled by a single autosomal locus, the Horns locus (Ho), with three putative alleles 

across the species: Ho+ (conferring normal horns), HoL (sex-limited horns) and HoP (polled 

phenotype; Dolling 1961). The first locus controlling horn type in a bovid, the cattle polled 

locus, was mapped to cattle chromosome 1 by Georges et al (1993). Therefore, this was an 

obvious candidate region for mapping Horns in sheep (Montgomery et al. 1996). However, 

Horns instead mapped to a > 17cM region at the distal end of chromosome 10, in a cross 

between Merino and New Zealand Romney sheep (Montgomery et al. 1996). Therefore, 

the genetic control of horn type is likely to be different between sheep, cattle and other 

Bovids (see Appendix 1 for further discussion). Since this study, there have been no further 

publications examining the location of Horns in domestic sheep. At the beginning of this 

PhD project, it was thought that all three Horns alleles (Ho+, HoL and HoP) were present in 

Soay sheep, with differences in dominance and expression between the sexes (Coltman 

and Pemberton 2004); the complexity of this inheritance model meant that it was 

impossible to determine the Horns genotype of individual sheep, even with extensive 

pedigree data. The development of a genome-wide linkage map in Soay sheep presented 

the first opportunity to map Horns in a wild sheep population (Beraldi et al. 2006); Horns 

was mapped to a ~16cM region of chromosome 10 in Soay sheep, overlapping the Horns 

region identified in domestic sheep by Montgomery et al. (1996). Nevertheless, an obvious 

candidate gene had yet to be identified. 

 

1.2.5 Advances in sheep genomics during the course of the project 

It is important to note that over the course of this project, there have been several 

important advances in the genetic resources available for domestic and Soay sheep as a 

result of work carried out by the International Sheep Genomics Consortium (ISGC; 

http://www.sheephapmap.org/). When the PhD commenced in 2006, the main genetic 

resources available were a Soay sheep genome linkage map of 251 polymorphic markers 

(Beraldi et al. 2006), ~570,000 DNA sequences (National Center for Biotechnology 

Information Nucleotide database; http://www.ncbi.nlm.nih.gov/) and finally, a draft 

assembly of the cattle genome with 7.1x coverage (Btau v2.0.14, described in Liu et al. 

2009). The ISGC has been sequencing the sheep genome since 2006, with large numbers of 

DNA sequences becoming available in the public domain during 2007 and 2008. The Virtual 

Sheep Genome was released in 2007, using the human genome as a scaffold for positioning 
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available sheep sequences (Dalrymple et al. 2007). However, the most important 

development for sheep genomics to date has been the Ovine SNP50 BeadChip (Illumina 

Inc.) which probes more than 50,000 SNPs throughout the genome. This resource has 

already proved invaluable for quickly identifying the genetic architecture of discrete and 

quantitative traits in domestic sheep (McEwan et al. 2010), and has the potential to quickly 

fine-map a number of traits under selection in the Soay sheep population. 

 

1.2.6 The aims of the PhD project 

The principle aim of this PhD was to identify the putative Horns locus, using a combination 

of linkage mapping and association mapping. The full aims of the project were to: 

 Develop new microsatellite and SNP markers in targeted areas of the genome, to 

identify candidate genes for Horns; 

 Fine map the Horns locus in Soay sheep to a single gene, using a combination of 

linkage mapping and association mapping; 

 Determine the mechanism by which horn type is inherited in Soay sheep; 

 Identify quantitative trait loci (QTL) affecting horn morphology within a single class, 

normal-horned males; 

 Investigate the relationship between genes affecting horn development and fitness 

traits within the Village Bay population. 

 

1.2.7 Thesis outline 

The chapters of this thesis have been presented in the form of detailed manuscripts for 

publication. The outline of the thesis is as follows: 

 Chapter 2: Horn type and horn length genes map to the same chromosomal 

region in Soay sheep. This chapter used information from publicly available sheep 

DNA sequence and the cattle genome project to develop microsatellite markers in 

a targeted region of the genome. A linkage-mapping approach mapped Horns to a 

7.4cM region of Soay sheep chromosome 10, and showed that a QTL for horn 

length in normal-horned males overlaps the same region. This indicated that Horns 

may also be a QTL affecting horn size. 

 Chapter 3: RXFP2 determines variation in horn type and horn size in wild Soay 

sheep. A genome-wide association study using ~36,000 polymorphic SNPs mapped 

Horns to a single gene, RXFP2, on sheep chromosome 10. Genotyping ~3,000 sheep 

at SNPs in and around RXFP2 indicated that Horns has two alleles in Soay sheep, 
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Ho+ and HoP. A new model of inheritance of horn type was proposed, which 

included evidence that horn type is a threshold trait. A QTL affecting horn size also 

mapped to the Horns locus; this study provides the first instance of mapping a QTL 

to the resolution of a single locus in an unmanipulated wild population. 

 Chapter 4: Horns genotype in Soay sheep mothers affects horn development in 

male offspring. This chapter examined the effect of maternal Horns genotype on 

horn type and horn size in male offspring, independent of the offspring Horns 

genotype. Mothers carrying the Ho+ allele were more likely to have normal-horned 

offspring, and normal-horned male offspring with mothers carrying more copies of 

the Ho+ allele developed larger horns. This chapter provides a unique example of 

pinpointing the source of a maternal genetic effect affecting offspring phenotype. 

 Chapter 5: Selection, heterozygote advantage and evolutionary dynamics at the 

Horns locus in Soay sheep. This chapter examined the relationship between the 

Horns genotype and fitness traits in both males and females. Individuals with 

genotype Ho+/HoP had greater fitness within each sex, indicating that the 

maintenance of polymorphism at Horns is likely to be due to heterozygote 

superiority in both sexes. 

Finally, in Chapter 6 I present a general discussion of the findings of this thesis and future 

directions in the investigation of the genetics of horn development in Soay sheep. 
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2.0 ABSTRACT 

 

The evolution of male weaponry in animals is driven by sexual selection, which is predicted 

to reduce the genetic variability underlying such traits. Soay sheep have an inherited 

polymorphism for horn type in both sexes, with males presenting either large, normal 

horns or small, deformed horns (scurs). In addition, there is additive genetic variation in 

horn length among males with normal horns. Given that scurred males cannot win conflicts 

with normal-horned males, it is unusual that genes conferring scurs should persist in the 

population. Identifying the genetic basis of these traits should help us to understand their 

evolution. We developed microsatellite markers in a targeted region of the Soay sheep 

genome and refined the location of the Horns locus (Horns) to a ~7.4cM interval on 

chromosome 10 (LOD = 8.78). We then located quantitative trait loci (QTL) spanning a 

34cM interval with a peak centred close to Horns which explained the majority of genetic 

variation for horn length and base circumference in normal-horned males (LOD = 2.51 and 

1.04 respectively). Therefore, genetic variation in horn type and horn length is attributable 

to the same chromosomal region. Understanding the maintenance of horn type and length 

variation will require an investigation of selection on genotypes which (co)determine both 

traits. 
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2.1 INTRODUCTION 

 

Natural and sexual selection in the wild are often directional, and therefore alleles 

conferring unfavourable phenotypes are expected to be removed from the population. This 

in turn should lead to a reduction in the genetic variability underlying the trait and a 

permanent change in its distribution (Falconer and Mackay 1996). However, substantial 

genetic variation is often maintained despite apparent directional selection (Fisher 1958; 

Houle 1992). This is particularly evident in wild populations, where rapid and unpredictable 

environmental change can lead to a shift in the optimum phenotype, or more genetic 

variance is exposed due to changes in genotype by environment interactions (Merilä and 

Sheldon 1999; Kruuk 2004; Kruuk et al. 2008).  

 

The extension of traditional quantitative genetic methods to account for stochasticity in the 

wild is continually improving our understanding of how free-living populations respond to 

selection (Kruuk et al. 2008) and is reflected in several informative studies of 

microevolution in wild vertebrates, in particular of ruminants (Kruuk et al. 2000; Kruuk et 

al. 2002; Coltman et al. 2005; Wilson et al. 2005), birds (Garant et al. 2005; Nussey et al. 

2005; Charmantier et al. 2006; Jensen et al. 2008), rodents (Réale et al. 2003) and 

salmonids (Thériault et al. 2007). Although these studies successfully quantify the 

proportion of variation in life history and morphology phenotypes attributed to 

environmental differences and additive genetic effects, pinpointing the source of genetic 

variability often remains elusive. This is because traditional methods alone give little 

indication of the underlying genetic architecture of a focal trait, such as the number of 

genes involved, their relative effects, mode of inheritance and/or their actions and 

interactions with additional characters and environmental conditions. One key step to 

resolve this is to identify the genetic basis of both discrete and quantitative characters 

within wild populations, as this will provide the foundation required to investigate the role 

of particular genes and genomic regions in maintaining genetic variation.  

 

The recent expansion of genomic resources and the improved efficiency of sequencing and 

genotyping technology has made the elucidation of genetic architecture in pedigreed wild 

populations much more tractable (Ellegren and Sheldon 2008). This is reflected in recent 

research using gene mapping and quantitative trait locus (QTL) methodology to identify 

genomic regions responsible for quantitative and simple Mendelian trait variation (Slate et 
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al. 2002; Beraldi et al. 2006, 2007b; Gratten et al. 2007). Recently, Gratten et al. (2008) 

demonstrated how identification of the underlying genotype of coat colour variation in 

Soay sheep can be used to make inference about microevolutionary processes that would 

have been cryptic when examining variation at the level of phenotype. Therefore, gene 

mapping does not simply explain the underlying genetic basis of a trait, but it can also be 

used to make inference about causes of microevolutionary change (or stasis).  

 

In species where males compete for the opportunity to mate, the evolution of exaggerated 

male weaponry may be driven by sexual selection, due to the advantage it confers in intra-

sexual competition (Andersson 1994; Pomiankowski and Møller 1995). The feral Soay 

sheep (Ovis aries) of the island of Hirta, St Kilda, Scotland, has a promiscuous mating 

system, with fierce competition between males for access to oestrous females during the 

rutting season (Coltman et al. 1999). The majority of males possess large horns, which are 

used as a weapon in intra-male conflict. However, Soay sheep are unusual in that they have 

an inherited polymorphism for horn type in both sexes, with substantial quantitative 

variation within each horn type. Males have two distinct horn phenotypes: large, normal 

horns (87% of all records) and scurred horns (vestigial and deformed horns, 13%; see Figure 

1.4 in Chapter 1). Females typically have smaller horns and have three distinct phenotypes: 

normal (32%), scurred (29%) and polled (complete absence of horns, 39%). Pedigree data 

suggests that the polymorphism could be controlled by a single autosomal locus, Horns 

(Horns), with three alleles; normal-horned (Ho+), sex-limited (HoL) and polled (HoP; Coltman 

and Pemberton 2004). This model is very similar to that originally proposed for Merino 

sheep (Dolling 1961), and is characterized by differences in dominance and expression of 

particular alleles between the sexes, making the inference of the individual genotype at 

Horns difficult (Table 2.1). Quantitative variation within each horn type, such as horn length 

in normal-horned males, also has a heritable component (Preston et al. 2003; Robinson et 

al. 2008). 

 

The Soay sheep population has been the subject of a long term project addressing a 

number of questions relating to their evolution and ecology (see Clutton-Brock and 

Pemberton 2004a for more information). Several studies have offered explanations as to 

why genetic variation in both horn type and horn morphology within normal horns is 

maintained in this population, by examining selection on horn type and horn length. 

Among normal-horned males, animals with longer horns sire more offspring due to the  
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Table 2.1. Phenotypic distribution and underlying genotypes of horn type in genotyped 
individuals in the Soay mapping pedigree where horn phenotype is known. 

 

Sex Horn Type Genotype Frequency 

    Males Normal Ho+/Ho+ 0.89 

n = 273 

 

Ho+/HoL 

 

Ho+/HoP 

HoL/HoL 

HoL/HoP 

 
Scurred HoP/HoP 0.11 

    Females Normal Ho+/Ho+ 0.381 

n = 286 
 

Ho+/HoL 
 

 
Scurred Ho+/HoP 0.248 

  
HoL/HoL 

 

 
Polled HoL/HoP 0.371 

  
HoP/HoP 

 
 

advantage large horns confer in intra-male conflict, suggesting strong sexual selection on 

horn length (Preston et al. 2003; Robinson et al. 2006). Normal-horned males have the 

greatest reproductive success in a given year, but have reduced longevity and poorer 

overwinter survival compared to scurred males (Robinson et al. 2006). Furthermore, larger 

normal horns are costly to produce and may only be advantageous if males experience 

favourable environmental conditions in the first year of life (Robinson et al. 2008). In 

female Soays, scurred females conceive more offspring, have greater weaning rates and 

over-winter survival compared to normal and polled females (Clutton-Brock et al. 1997; 

Robinson et al. 2006). This evidence suggests that the horn type polymorphism is 

maintained by antagonistic selection between the sexes, while variation in horn length is 

maintained by its effect on male fitness changing with environmental conditions.  

 

The development of a linkage map covering ~90% of the Soay sheep genome (Beraldi et al. 

2006) has proved indispensable in further investigations of the genetic basis of several 

quantitative and discrete traits in this population (Beraldi et al. 2006; Beraldi et al. 2007a; 

Beraldi et al. 2007b; Gratten et al. 2007). So far, a coat colour polymorphism has been fine-

mapped to the TYRP1 gene on chromosome 2 (Gratten et al. 2007), and scans for QTLs 
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underlying morphological traits and parasite resistance have had some success, including 

the discovery of a genome-wide significant QTL for jaw length on chromosome 11 (Beraldi 

et al. 2007a; Beraldi et al. 2007b). As yet, it is not known whether horn type and horn 

length variation (among normal-horned males) are genetically correlated, i.e. whether they 

share a common underlying set of genes (or genomic regions). Given the complex nature of 

selection on these traits, investigations of the evolution of horns in the population will 

benefit from being able to distinguish sheep with the same horn type but different 

underlying genotypes, as well as the identification of genomic regions which affect 

variation in horn length. The Horns locus has been mapped to a ~16cM region of 

chromosome 10 in separate mapping experiments in both domestic sheep and Soay sheep 

(Montgomery et al. 1996; Beraldi et al. 2006), but the gene responsible has yet to be 

characterised.  

 

In the following study, we improve the mapping resolution of Horns by developing new 

molecular markers in a targeted region of the Soay sheep genome using online genomic 

sequence information from related domestic organisms. We report a QTL analysis of horn 

morphology, examining horn length and base circumference in normal-horned males, and 

present evidence that horn type and horn length have a shared genetic basis. Finally, we 

discuss how this study provides a foundation for future work using underlying genotype to 

understand the evolution of horn type and morphology in this and other populations. 

 

2.2 MATERIALS AND METHODS 

 

2.2.1 Study population: The Soay sheep of St Kilda, Scotland, UK (57º49′  N, 8º34′  W) are a 

primitive breed likely to be the survivors of the earliest domestic sheep that spread across 

Europe in the Bronze Age (Clutton-Brock and Pemberton 2004b). The study population in 

Village Bay, Hirta, was established in 1932 with the introduction of 107 sheep from the 

neighbouring island of Soay, and has existed unmanaged ever since. The Village Bay 

population has been studied on an individual basis since 1985 (Clutton-Brock et al. 2004). 

Each spring, > 95% of lambs are caught, ear-tagged and sampled for genetic analysis. No 

predators are present on St Kilda. 

 

2.2.2 Horn phenotype dataset: Phenotypic records of sheep in the mapping pedigree were 

retrieved from the Soay Sheep Project Database, which contains data on more than 6,800 
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sheep. Normal and scurred horns grow cumulatively throughout the lifetime of the sheep. 

Horn type and dimensions are recorded annually during a two-week period in August (in 

which 49 – 67% of the study population are captured), during the rut in November and 

December, and/or after death. Horn length was measured as the length (in mm) from the 

base of the horn, along the outer curvature of the spiral to the tip. Horn base 

circumference was measured as the circumference (in mm) around the base of the horn at 

the closest point to the skull.  

 

2.2.3 Mapping pedigree and genome-wide linkage map: The Soay sheep mating system is 

promiscuous, meaning that few full-sibs occur in the population. Maternal links were 

assigned through field observations, whereas paternal links were inferred through 

molecular analysis (Overall et al. 2005). The whole Soay sheep pedigree contains more than 

3,900 individuals, from which a pedigree of 882 animals was selected as a mapping panel, 

comprising all sibships with 10 or more offspring and their common parents (Beraldi et al. 

2006); 588 individuals within this pedigree were genotyped, with the remaining individuals 

serving to improve estimates of kinship and identity by descent (IBD) coefficients used in 

the variance components analysis. A genome-wide linkage map was constructed by Beraldi 

et al. (2006), covering ~90% of the genome with an average intra-marker interval of ~15cM. 

Further information on the mapping pedigree selection criteria, map characteristics and 

technical procedures are available in Beraldi et al. (2006). 

 

2.2.4 Developing microsatellite markers around the Horns locus: Previous research has 

mapped Horns to a ~16cM region on chromosome 10, which has conserved synteny with 

cattle chromosome 12 (Montgomery et al. 1996; Beraldi et al. 2006). The previous linkage 

map of Soay sheep chromosome 10 consisted of nine markers, of which only one 

(AGLA226) was associated with horn type (LOD = 6.1; Beraldi et al. 2006). Higher resolution 

mapping of Horns therefore required an increase in marker density in a targeted region of 

chromosome 10, corresponding to a ~25Mb region on Bovine Chromosome 12. We 

screened all available domestic sheep DNA sequences (N = 569,364, NCBI Genbank 

Database, Accessed November 2006) for microsatellite repeat motifs using modified 

Sputnik II software (http://wheat.pw.usda.gov/ITMI/EST-SSR/LaRota/) with the following 

parameters: repeat motif = di- or tetra-nucleotide, minimum length of repeat sequence = 

30 bases and repeat purity ≥ 95%, of which 5,399 sequences met this criteria. These 

sequences were aligned to the entire Bovine genome (version Btau2.0.14, available from 
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ftp://ftp.ensembl.org/, accessed November 2006) using the blastn command in BLAST (v 

2.2.15, Altschul et al. 1990) with the following parameters: word size = 11 and expectation 

value = 10-20. We selected 17 sequences which aligned solely to a single region on the 

homologous region of cattle chromosome 12 as candidate loci (named OarSEJn, see 

Appendix 2.1 for marker information). Specific PCR primers for each microsatellite were 

designed using Primer3 (Rozen and Skaletsky 2000). 

 

2.2.5 DNA extraction and microsatellite genotyping: Genomic DNA was extracted from 

blood samples or from ear-punch tissue using DNeasy Tissue Kit (QIAGEN). OarSEJn loci 

were initially tested in six sheep to verify positive amplification and to optimize annealing 

temperature and MgCl2 concentration. Successful loci were then typed in 14-34 sheep to 

test for polymorphism and to size products for multiplex PCR. Fluorescent forward primers 

were synthesized by Operon Biotechnologies GmbH, Cologne, Germany (6-FAM and 5HEX 

labels) and Applied Biosystems, Warrington, UK (NED label). Three reverse primers 

(OarSEJ07, OarSEJ10 and OarSEJ16) were pigtailed at the 5’ end with the sequence 

GTTTCTT in order to improve scoring reliability (Brownstein et al. 1996). PCR amplifications 

for individual loci were performed in 10 μl volume containing: 1 μl 10xNH4 buffer, 0.2 mM 

dNTPs, 2.5 – 4.0 mM MgCl2, 1 U BioTaq and 10 ng genomic DNA. Annealing temperatures 

were adjusted between 59ºC to 64ºC to achieve optimal reaction quality (see Appendix 

2.1). Amplifications were performed using the following conditions: initial denaturation at 

94º for 3 min, 30 cycles consisting of denaturation at 94ºC for 30 s, annealing at 55 – 65ºC 

for 30 s, and extension at 72ºC for 30 s, and a final extension at 72ºC for 5 min. Multiplex 

reactions were performed in three groups, each with between four and six primer pairs 

arranged for product size and primer label, using QIAGEN Multiplex Kit in 2 μl reactions 

containing 1 μl Multiplex Kit, 0.2 μM of each primer pair, dH2O and 5 ng air-dried DNA. The 

PCR conditions followed the manufacturer’s protocol with an annealing temperature of 

61ºC. PCR product lengths were analysed on an ABI3730 DNA Analyzer and genotypes were 

scored using Genemapper v3.7 (Applied Biosystems). Pedigree mismatches were tested 

using PEDSTATS (Wigginton and Abecasis 2005) and PedCheck (O'Connell and Weeks 1998), 

and were resolved by rechecking parentage, genotypes and chromatograms or by scoring 

problem individuals as untyped. Genotyping error rate and estimates of null allele 

frequency were calculated using Cervus 3.0 (Kalinowski et al. 2007). 
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2.2.6 Chromosome 10 linkage map: The linkage map was constructed using CRI-MAP v2.4 

(Green et al. 1990), which determined marker order, map distances, two-point LOD scores 

and the number of informative meioses at each locus. The Soay mapping pedigree is 

complex in that it contains numerous inbreeding loops and every individual is related. 

Therefore, to increase computational efficiency, the pedigree was simplified into 29 

discrete three-generation families using the CRIGEN utility for CRI-MAP (Liu and Grosz 

2006). The map combined marker information from OarSEJn markers and those mapped to 

chromosome 10 by Beraldi et al. (2006). Polymorphic OarSEJn markers were tested for 

linkage to all markers on the Soay Genome Linkage Map using the twopoint function, in 

order to ensure exclusive linkage to loci on chromosome 10. Multipoint linkage analysis 

was carried out with all markers known to be on chromosome 10 using the build function, 

which uses the sequential incorporation of loci and determines marker order and inter-

marker distances. The log10 likelihood of the initial marker order from build was compared 

to that of alternative orders using the flips function. Individual recombination events and 

recombination locations were examined using the chrompic function. The chrompic 

function identified individuals with dubious double recombination events occurring 

between closely linked loci, which were reassessed and removed if necessary.  

 

2.2.7 Mapping the Horns locus: The Horns locus was mapped using a parametric multipoint 

linkage analysis in LINKAGE (Terwilliger and Ott 1994). The mapping panel was split into 39 

unlinked families (Beraldi et al. 2006), with each sheep assigned to one of five liability 

classes on the basis of horn phenotype and sex (see Table 2.1), and a sixth class for 

individuals with unclassified horn phenotype. The horn allele frequencies were specified as 

0.441, 0.170 and 0.389 for Ho+, HoL and HoP respectively (as stated in Coltman and 

Pemberton 2004) and the underlying genotypes in each class were assumed to have 

complete penetrance. Genome-wide evidence of linkage was accepted with a LOD 

threshold of 3.31 and a 95% confidence interval for gene location was determined using a 

1-LOD drop (see section ‘QTL Mapping and Estimation of QTL Effect’). 

 

2.2.8 Locating QTL for horn dimensions in normal horned males: The mapping analyses 

described in the previous section are appropriate for identifying the loci that determine 

traits with discrete phenotypic classes (inter-horn type variation), but not for quantitative 

(continuously varying) traits such as horn length in normal-horned males (intra-horn type 
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variation). To map quantitative trait loci we used (and further developed) a variance 

components approach (George et al. 2000; Slate 2005). 

 

Definitions of Fixed Effects: A general linear mixed model was implemented in R v2.8.0 (R 

Development Core Team 2008) to determine the fixed effects with a significant 

contribution to variation in horn traits. Capture age was fitted as a factor with nine levels 

(Ages 0 to 8 or more) and capture period was fitted as a factor with four levels: (January to 

March, April to June, July to September and October to December). Each fixed effect was 

added sequentially to the model for each phenotype and the significance was calculated 

using a Wald statistic, assuming a χ2 distribution with n-1 degrees of freedom, where n is 

the number of levels within the factor. Animal identity was included as a random effect to 

account for repeated measures. 

 

Estimating Variance Components: The null hypothesis of no segregating QTL assumes the 

source of additive genetic variation is many genes of small effect randomly scattered 

through the genome. This is represented by the ‘polygenic’ model. Horn morphology in 

normal horned males in the mapping pedigree can be modelled as a combination of fixed 

and random effects using the Animal Model (Lynch and Walsh 1998; Kruuk 2004): 

 

where y is a vector of phenotypic observations over all individuals, β is a vector of fixed 

effects, u is a vector of random effects, X and Z are design matrices of relating records to 

appropriate fixed and random effects respectively and ε is a vector of residual effects. This 

framework can be used to partition several random effects, including the additive genetic 

effect. The animal model differs from a standard mixed model in that it uses pedigree 

information to estimate additive genetic effects, incorporating the correlations of effects 

between relatives. Horn measurements are often recorded at different life stages within 

the same individual. Therefore, the identity of the individual was fitted as a random effect 

in order to group these repeated measurements. This allowed us to quantify the variance 

attributed to permanent between-individual differences, hereafter referred to as the 

permanent environment effect. Finally, birth year and capture year were fitted to account 

for variation attributed to specific environmental effects associated with these years. 

Although there is a phenotypic correlation between horn length and body weight (rP = 

0.410, S.E. = 0.047), fitting body weight as a covariate did not affect the proportion of 

variance explained by each random effect or the significance of the QTL model. In addition, 
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not all animals were weighed when horn measurements were taken. Therefore, we did not 

include body weight in our models, although models with body weight are reported in 

Appendix 2.2. 

 

The phenotypic variance (VP) was calculated as the sum of all variance components, and 

heritability (h2), permanent environment effect (c2), birth year effect (b2), capture year 

effect (y2) and the residual effect (ε2) were calculated as the ratio of the relevant variance 

component (VA, VC, VB, VY and Vε respectively) to the phenotypic variance, i.e. h2 = VA/VP, c2 

= VC/VP, b
2 = VB/VP, y

2 = VY/VP and ε2 = Vε/VP. We also calculated the observed phenotypic 

variance in the raw phenotypic data. Capture age and capture period were included as 

fixed effects. Variance components were estimated using a Restricted Maximum Likelihood 

procedure (REML: Lynch and Walsh 1998) implemented in ASReml v1.0 (Gilmour et al. 

2002). 

 

2.2.9 QTL mapping and estimation of QTL effect: To test for the presence of a QTL, a 

second linear mixed model was generated with the same terms as the polygenic model, 

plus a QTL effect at a genomic location of interest (Slate 2005): 

 

where q is a vector of additive QTL effects. In order to map putative segregating QTL, an 

IBD (identity by descent) matrix was first estimated at a given map position using pedigree 

relationships, marker information and map distances. IBD matrices were estimated every 

5cM along the whole genome map and were estimated every 1cM at putative QTL regions. 

IBD matrices were calculated by a Markov Chain Monte Carlo process, implemented in the 

program Loki (Heath 1997). LOD scores were calculated as the difference in log-likelihood 

between the polygenic and QTL model according to the equation: 

 

where L is the log-likelihood of the specified model. Using the formula given in Box 1 of 

Lander and Kruglyak (1995), the significance thresholds for declaring evidence of a QTL are 

3.31 for genome-wide significance (a test statistic expected to be exceeded by chance once 

in every 20 genome scans) and 1.88 for suggestive linkage (a false positive expected once in 

a single genome scan; Nyholt 2000). These correspond closely to thresholds suggested by 

Lander and Kruglyak (1995) for human pedigrees, as the number of chromosomes and 

linkage map lengths (~3300cM) of Soay sheep and humans are similar. Confidence intervals 
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for the presence of a putative QTL were defined as the map distance within a 1-LOD score 

drop from the peak value, equivalent to approximately 95% confidence (Lander and 

Botstein 1989). The nominal significance of the QTL model against the polygenic model was 

also calculated using a Likelihood Ratio Test (LRT): 

 

where L is the log-likelihood of the specified model. The LRT is distributed as 50:50 mixture 

of a χ2 with 1 d.f. and a point mass of zero, therefore the significance value is obtained by 

assuming a χ2 with 1 d.f. and halving the P-value (Almasy and Blangero 1998). We report 

nominal significance thresholds, because we wished to test a priori whether the Horns 

locus explained variation in horn morphology within normal-horned males; it can be argued 

that applying genome-wide thresholds to this analysis is overly-conservative. In the QTL 

models age and capture period were fitted as fixed effects; the variance was partitioned 

into heritability, permanent environment effect, capture year effect, birth year effect and 

QTL effect, where the phenotypic variance (VP) was the sum of the variance components.  

  

2.2.10 Bivariate QTL models: Univariate variance component analyses of two quantitative 

traits can reveal evidence for QTL at the same location, but are unable to reveal whether 

QTL alleles cause a positive, negative or even zero localized correlation between the traits. 

Therefore, we performed a bivariate QTL analysis that tested whether the Horns locus 

affected both horn length and horn base circumference. Random effects were fitted 

sequentially and tested using likelihood ratio tests (see above). We compared models 

where (i) both traits had polygenic variation but no QTL, (ii) one trait only had a QTL at 

Horns (one QTL parameter estimated), (iii) both traits had a QTL at Horns, with a QTL 

correlation constrained to zero (two QTL parameters), (iv) both traits had a QTL at Horns 

with a QTL correlation constrained to one (two QTL parameters) and (v) both traits had a 

QTL at Horns, with the sign and magnitude of the QTL correlation unconstrained (three QTL 

parameters). The correlation between two traits for a given random effect was calculated 

as follows:  

 

where ri is the correlation for random effect i, x and y are the traits under comparison and 

Vi is the variance associated with random effect i. 
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2.3 RESULTS 

 

2.3.1 Marker development: Of the 17 candidate OarSEJn loci, 15 amplified successfully in 

Soay sheep. Two loci (OarSEJ03 and OarSEJ13) exhibited high frequencies of parent-

offspring mismatches, in which each individual was homozygous for a different allele. 

CERVUS estimated null allele frequencies in these markers as 0.282 and 0.106 respectively. 

OarSEJ03 was rejected from further analyses; OarSEJ13 was retained in analysis by 

identifying individuals likely to be carrying the null allele and reclassifying the genotypes at 

this locus as heterozygous for the observed allele and the null allele. 

 

2.3.2 Chromosome 10 linkage map: Of the remaining markers, OarSEJ14 did not map to 

chromosome 10, but showed strong linkage to three markers on chromosome 23. OarSEJ05 

had low polymorphism and an accurate map position could not be determined, and so was 

removed from the analysis. The updated chromosome 10 linkage map was constructed 

with 21 microsatellite markers, incorporating 12 OarSEJn markers and 9 markers from 

Beraldi et al (2006), with a total of ~10,600 genotypes. The map increased in length from 

123.2cM to 144.5cM (Kosambi’s Mapping Function), and the OarSEJn markers spanned an 

interval of 60.5cM (Figure 2.1). This updated map is longer because OarSEJ02 and OarSEJ06 

are telomeric to all markers on the previous map, rather than due to inter-marker interval 

inflation. Recombination fractions between adjacent loci were also used to reconstruct the 

map using Haldane’s mapping function, to allow compatibility with downstream analyses in 

LINKAGE and LOKI. 

 

2.3.3 Horn type: mapping the Horns locus: Two-point parametric mapping in LINKAGE 

detected association between horn type and five markers on chromosome 10, with 

OarSEJ10 showing the strongest association (LOD = 8.6); also linked were AGLA226 (LOD = 

6.1), OarSEJ13 (LOD = 4.5), OarSEJ11 (LOD = 4.1) and OarSEJ07 (LOD = 2.5). Multipoint 

parametric analysis estimated the position of Horns to a ~7.4cM region (1-LOD drop) 

flanked by OarSEJ12 and AGLA226, with a maximum LOD = 8.78 at position 41.5cM (Figure 

2.2). This area corresponds to the region between 25 and 31.6Mb on cattle chromosome 

12 (Btau release 4.0) which contains ~52 genes. 
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Figure 2.1. Comparison of Soay sheep 
chromosome 10 maps from Beraldi et al. (2006, 
left) and the current study (right). OarSEJn 
microsatellite markers are new to this study. Map 
distances are given in Kosambi mapping function 
centiMorgans. Maps were drawn using MapChart 
2.1 (Voorrips 2002). The estimated position of 
Horns is represented by navy and purple shading 
for the 95% and 99% confidence intervals 
respectively. 

 

 

 

 

 

 

 

Figure 2.2. Parametric multi-point mapping of Horns. Horn type was tested simultaneously with 
four markers (SRCRS25, OarSEJ09, OarSEJ10 and OarSEJ16) and the putative Horns locus. The 
chromosome 10 linkage map is shown along the top axis, with the estimated position of Horns 
represented by navy and purple shading for the 95% and 99% confidence intervals respectively. The 
position of Horns was tested at intervals corresponding to recombination fractions of 0.05 from each 
marker as specified in LINKAGE. The dashed line denotes the theoretical genome-wide significance 
threshold; the dotted lines denote the 1-LOD drop and 95% confidence interval from the peak LOD 
of 8.8 at 41.5cM. 
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2.3.4 Horn morphology: variance component estimation and QTL mapping: Variance 

component analyses provided estimates of the magnitude of various random effects, under 

the null hypothesis of no segregating QTL (Table 2.2).  

 

Horn length: This trait had a significant heritable component (h2 = 0.327, P < 0.01) and 

permanent environment effect (c2 = 0.250, P < 0.001) in the polygenic model. Birth year 

and capture year components were also significant (P < 0.001; Table 2.2). Suggestive 

evidence of a QTL for horn length was detected on chromosome 10 at 37cM (LOD = 2.51, 

LRT = 12.02, P < 0.001; Figure 2.3), which corresponds to the position of Horns. When the 

QTL effect was fitted, the additive genetic variance (VA) and therefore the heritability 

collapsed to a value close to zero and the QTL effect was estimated as q2 = 0.392. As it is 

unlikely that the QTL explains all of VA, we repeated the model removing constraints upon 

the heritability to fall within the theoretical parameter space, which resulted in non-zero 

estimate of the standard error of VA, and consequently, the heritability (h2 = -0.109, S.E. = 

0.125). Although it is impossible to have negative heritability, the standard error indicates 

that VA becomes very small when the QTL is fitted; therefore the QTL explains a large 

proportion of VA in this trait. The QTL confidence interval derived from the 1-LOD drop 

support interval spanned ~34cM (flanked by CSRD87 and OarSEJ09; Figure 2.3). A whole 

genome scan gave no evidence of suggestive QTL for horn length elsewhere in the genome 

(Figure 2.4).  

 

Horn Circumference: This trait had a significant heritable component (h2 = 0.442, P < 0.001) 

in the polygenic model. Birth year and capture year components were also significant (P < 

0.036 and P < 0.004 respectively; Table 2.2) There was evidence of a QTL at 37cM, 

corresponding to Horns, which fell below the suggestive threshold but was still significant 

using a LRT (Figure 2.3: LOD = 1.04, LRT = 4.78, P = 0.014). The QTL effect was estimated as 

q2 = 0.237, and explained a large proportion of VA as the heritability dropped to h2 = 0.124 

(Table 2.2). As the LOD score was marginally greater than one, an accurate confidence 

interval for any QTL effect could not be inferred.  

 

2.3.5 Bivariate analysis of horn length and base circumference: In the bivariate polygenic 

model, there was a strong phenotypic and genetic correlation between horn length and 

base circumference (rP = 0.754, S.E. = 0.026 and rA = 0.730, S.E. = 0.099). Fitting a bivariate  
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Table 2.2. Estimated variance components for horn morphology traits in normal-horned 
males for polygenic and QTL models. 

 

Trait Model 
Mean 

(SD) 
VOBS VP 

Additive 

Genetic 

(Heritability) 

QTL 
Permanent 

Environment 

Year of 

Birth 

Year of 

Growth 
Residual 

h
2
 q

2
 c

2
 b

2
 y

2
 ε

2
 

H
O

R
N

 L
EN

G
TH

 

Polygenic 

318.5 20531 3177 0.327 NF 0.250 0.198 0.018 0.207 

(143.3) 
 

(331.2) (0.111) NF (0.103) (0.070) (0.010) (0.025) 

QTL   
3259 < 0.001 0.334 0.236 0.210 0.018 0.202 

  
(354.2) (0) (0.079) (0.068) (0.072) (0.010) (0.026) 

H
O

R
N

 B
A

SE
 

C
IR

C
U

M
FE

R
EN

C
E 

Polygenic 
150.3 773.09 335.3 0.442 NF 0.200 0.035 0.070 0.253 

(27.8) 
 

(28.82) (0.121) NF (0.111) (0.018) (0.041) (0.028) 

QTL   
330 0.124 0.237 0.268 0.077 0.035 0.259 

  
(28.55) (0.178) (0.122) (0.114) (0.044) (0.018) (0.028) 

 
VOBS is the observed phenotypic variance and VP is the phenotypic variance defined as the sum of the 
variance components (not shown). Each random effect is reported as the effect size (i

2
) respectively, 

as described in the Materials and Methods. Numbers in parenthesis are the standard error unless 
otherwise stated. Variance components were calculated from 769 records in 319 individuals (217 
genotyped) for horn length and 721 records in 299 individuals (215 genotyped) for horn base 
circumference. NF = random effect not fitted. 
  



CHAPTER 2: QTL MAPPING 

 

43 

 

 

Figure 2.3. Map positions of putative QTL for total horn length (black circles) and horn base 
circumference (white circles) in normal-horned males. LOD score represents the probability of 
having a QTL in a given position against the probability of no QTL at that position. The horizontal 
dotted line represents the threshold for a suggestive QTL (LOD = 1.88). The top axis shows marker 
positions on chromosome 10, with the estimated position of Horns represented by dark grey and 
light grey shading for the 95% and 99% confidence intervals respectively. 

 

 

 

Figure 2.4. Genome-wide scan for a horn length QTL using the Soay sheep genome linkage map. 
The LOD score represents the probability of having a QTL in a given position against the probability 
of no QTL at that position. The horizontal dotted line represents the threshold for a suggestive QTL 
(LOD = 1.88). 
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QTL effect at position 37cM, the most likely positions of both horn length and base 

circumference QTLs, significantly improved the model compared to the polygenic model 

(LRT = 11.7, d.f. = 3, P < 0.008). Similar to the univariate models, fitting the QTL effect 

resulted in the polygenic genetic correlation collapsing to zero. There was a significant 

positive phenotypic correlation (rP = 0.752, S.E. = 0.027) and positive QTL effect correlation 

(rQ = 0.983, S.E. = 0.081) between the traits. The full model was also a significant 

improvement on three additional models, the first two fitting the QTL effect on either 

length (full model vs. length QTL only, LRT = 9.08, d.f. = 2, P = 0.011) or base circumference 

only (full model vs. circumference QTL only, LRT = 10.72, d.f. = 2, P = 0.005) and the third 

constraining the covariance at the QTL to zero (full model vs. no covariance between length 

and circumference QTL, LRT = 8.9, d.f. = 1, P = 0.003). However, the full model was not a 

better fit than the model in which the QTL correlation was constrained to one (LRT = 0.02, P 

> 0.999). In other words, the genetic correlation between horn length and horn 

circumference is determined by a QTL located in the same genomic region as Horns which 

affects both traits in the same direction (i.e. QTL alleles for long horns also confer horns 

with large base circumference).  

 

2.4 DISCUSSION 

 

Horns has been mapped in the Hirta Soay sheep population to a region where a test to 

determine individual Horns genotypes may soon be developed, enabling the discrimination 

between individuals with similar phenotype but different underlying genotype. We have 

also shown that both horn type in all Soay sheep and horn length and base circumference 

in normal-horned male Soay sheep are likely to be controlled by the same chromosomal 

region. This is indicated by the co-localisation of a QTL for horn morphology traits with 

Horns on chromosome 10. Our results provide a foundation for examining selection on 

horn type and morphology at the level of genotype, and will improve our understanding of 

how the horns polymorphism is maintained in this population. In addition, we have 

described technical and analytical developments that will serve as useful benchmarks for 

mapping studies in unmanipulated wild populations. 

 

2.4.1 Targeted marker development: By using targeted marker development, the marker 

density on chromosome 10 was increased, thereby making fine-mapping of Horns feasible. 

The method outlined was successful, with 13 of the 17 candidate microsatellites amplifying 
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successfully and 12 of these mapping to my target region on chromosome 10. In addition, 

developing polymorphic, co-dominant markers provided the level of information required 

to produce linkage maps in a complex pedigree. The ability to develop targeted markers 

was aided by genomic resources in domestic cattle and sheep. The increasing application of 

high throughput sequencing in non-model organisms means that our method can be 

adapted for identifying microsatellites and single nucleotide polymorphism (SNP) markers 

required for genetic studies in other wild populations, where comparative genomic 

resources and information have until recently been limited (Ellegren and Sheldon 2008; 

Kruuk et al. 2008). 

 

2.4.2 Mapping Horns and horn morphology QTL: Horns was mapped to the same region of 

sheep chromosome 10 as described in Beraldi et al. (2006) and Montgomery et al. (1996), 

and the size of the confidence interval has decreased from ~16cM to 7.4cM in this 

population. The LOD score increased from 6.10 to 8.78, and an association with four 

additional markers strengthens the evidence that Horns in Soay sheep lies within the 

confidence interval described above. Furthermore, we identified a suggestive QTL spanning 

the Horns confidence interval which may account for the majority of heritable variation in 

horn length and base circumference in normal-horned males. A genome scan gave no other 

suggestive QTL for horn length or volume; combined with an a priori knowledge of the 

position of Horns, it is likely that the QTLs at this position are not due to Type 1 error or 

effect overestimation. The QTL model for horn base circumference at 37cM was nominally 

significant using a likelihood ratio test, but the LOD score was below the threshold for 

suggestive linkage. However, given our knowledge of the position and effects of Horns and 

the horn length QTL, as well as a strong positive phenotypic correlation between length 

and circumference, our data suggest that Horns is responsible for a significant proportion 

of quantitative variation in base circumference. Furthermore, Horns appears to explain 

variation in horn size, independently of any effect that overall body size QTL might have on 

horns (see Appendix 2.2).  

 

2.4.3 Estimation of QTL effect and QTL significance: Estimates of QTL effect in free-living 

populations may often be upwardly biased, as datasets with relatively low sample size and 

power typically focus attention on the overestimated QTL due to what is known as the 

‘Beavis effect’ (Beavis 1998). However, we are confident that the QTL estimates are not 

dramatically biased for several reasons. First, it has been shown under a range of pedigree 
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structures that the two-step variance components measure does not usually result in large 

upward bias of QTL effects and downward bias of remaining polygenic effects (George et al. 

2000). Second, our analysis focused on a specific region a priori, and so is less prone to 

errors in QTL magnitude estimation, which are most severe when a whole genome scan is 

conducted and the largest QTL reported without prior knowledge of its likely location. 

Third, we attempted to reduce upward bias when estimating additive genetic and/or QTL 

effects by fitting permanent environment effects and common environment effects (such 

as birth year and capture year) as random effects rather than fixed effects. Fitting them as 

fixed effects would mean they did not contribute to the overall non-genetic variance (VP) 

and therefore result in higher estimates of q2 and h2. For a similar discussion of how fitting 

of fixed effects can result in upwardly biased estimates of heritability, see Wilson (2008) 

and Visscher et al. (2008). In time, it may be possible to empirically test whether estimates 

of QTL magnitude are biased by re-estimating them on separate, unrelated sib-ships. The 

strong positive correlation between the QTLs for horn length and horn circumference 

indicates that gene(s) in this region which confer longer horns will also confer horns with a 

larger horn circumference. Given that this study is carried out on a wild population, it may 

be that the power to detect further loci with small effects on horn size is limited. 

Nevertheless, the results provide compelling evidence that a small number of genes of 

large effect explain much of the genetic variation in a quantitative trait under selection in 

the wild. 

 

2.4.4 Bivariate QTL analysis: This is the first time that a bivariate animal model has been 

used to explore the nature of genetic correlations at a QTL in the wild. Univariate analyses 

are capable of showing that two traits share co-localized QTL, but not whether correlations 

of QTL allelic effects are positive or negative (or zero, if the alleles at the two QTL are not in 

linkage disequilibrium). By estimating the magnitude and direction of QTL correlations it is 

possible to gain additional insight into the shared genetic architecture of traits and to 

predict the evolutionary consequences of selection on a given trait. A similar approach 

could be taken to explore QTL by environment interactions, e.g. by treating a trait 

measured in one environment as trait one and measured in a second environment as trait 

two.  

 

2.4.5 Selection on Horns genotype: Most analyses of selection and evolution of horns in 

the Soay sheep have focused either on horn type (among all animals; Clutton-Brock et al. 
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1997; Robinson et al. 2006) or on horn length (among normal horned males; Preston et al. 

2003; Robinson et al. 2008). Here we show that the two traits have a correlated genetic 

basis, and so evolution of horn type is likely to impact on horn length (and vice versa). 

Therefore, the evolution of Horns genotype may be driven by more factors than previously 

thought. It is particularly interesting that the polled allele (HoP) has persisted in the 

population despite polled females (HoP/HoP or HoL/HoP) and scurred males (HoP/HoP) being 

the least fit phenotypes in both sexes (Robinson et al. 2006). One possibility is that 

genotypes including the polled allele in non-polled sheep (such as Ho+/HoP in scurred 

females and Ho+/HoP and HoL/HoP in normal-horned males) are fitter than other genotypes 

conferring similar phenotypes, and are maintained in the population by balancing selection. 

Differences in fitness between sheep with similar phenotypes but different underlying 

genotypes may also arise through associations to other alleles at adjacent loci in linkage 

disequilibrium with Horns. It is only by identifying and typing the Horns locus that we will 

be able to investigate these hypotheses fully. 

 

2.4.6 Future directions: Future investigations of horn type evolution in the Hirta Soay 

sheep population will benefit from investigating the relationship between Horns genotype 

and fitness. We aim to develop a genetic test for Horns genotype in Soay sheep, by 

identifying a marker in linkage disequilibrium with Horns or by identifying the causal 

mutations responsible for differences in horn type. Resources to further dissect the genetic 

basis of horns variation are becoming more readily available 

(http://www.sheephapmap.org/), facilitating the next phase in gene discovery. Identifying 

different haplotypes corresponding to the three Horns alleles and comparing the levels of 

variation on each haplotype should allow us to infer which horn types are ancestral, when 

different alleles arose in the population and patterns of selection at the Horns locus.  

 

Given that the Soay sheep are a unique island population, replication of the results in this 

study poses an additional challenge. Genetic variation in horn length and morphology has 

also been the focus of evolutionary genetics research in the bighorn sheep, Ovis canadensis 

(Coltman et al. 2005; Poissant et al. 2008) and extensive DNA and phenotype information 

for domestic sheep is becoming available for further study. Therefore, a possible extension 

is to examine whether the same chromosomal region also explains a significant proportion 

of the additive genetic variation in horn length in these other species, to establish whether 

the same set of genes explain variation in different breeds and species. Potentially, horn 
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type and morphology in sheep are an ideal system in which to investigate whether the 

same genes are important in macro- and micro-evolutionary processes in nature. 
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3.0 ABSTRACT 

 

Understanding how genetic variation is maintained in the face of natural selection is one of 

the most fundamental questions in evolutionary genetics. Soay sheep have an inherited 

polymorphism for horn type in both sexes, which is largely controlled by a single locus, 

Horns. Males present either large, normal horns or small, deformed horns (scurs), and 

females are either normal-horned, scurred or without horns (polled). There is also 

significant additive genetic variation in horn size. Given that scurred males and polled 

females have reduced fitness within each sex, it is unusual that this polymorphism persists 

in the population. Therefore, identifying the genetic architecture of horn phenotype 

variation will ultimately allow us to understand its evolution. A genome-wide association 

study using ~36000 single nucleotide polymorphisms (SNPs) identified a main candidate 

gene for Horns as RXFP2, a gene known to be involved in determining primary sex 

characters in humans and mice. Evidence from additional SNPs in and around RXFP2 

supports a new model of horn type inheritance in Soay sheep, and therefore sheep with 

the same horn phenotype but different underlying genotypes can be identified. Our data 

show that RXFP2 is also a quantitative trait locus (QTL) for horn size in normal horned 

males, accounting for up to 76% of additive genetic variation in this trait. As far as we are 

aware, this is a unique instance of association mapping resolving the location of a QTL to 

the level of a single gene in an unmanipulated wild vertebrate population. These results 

also contrast markedly from genome-wide association studies of quantitative traits in 

humans, where it is frequently observed that mapped loci only explain a modest 

proportion of the overall genetic variation and that loci contributing to the remainder are 

unidentified. 
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3.1 INTRODUCTION 

 

The ability to identify the genetic basis of a trait under selection is imperative in 

understanding its evolution. Until recently, such studies have only been possible in a few 

model organisms. However, the increasing depth of genomic resources, gene ontology 

information and the reduced costs of sequencing technology have led to a rapid expansion 

of genetic studies in wild populations (Ellegren and Sheldon 2008; Dalziel et al. 2009; Slate 

et al. 2010). Today candidate-gene studies, linkage mapping and genome-wide association 

studies provide a foundation for investigating the role of particular genes and genomic 

regions in explaining trait variation in organisms as diverse as red deer (Slate et al. 2002), 

Soay sheep (Gratten et al. 2007; Gratten et al. 2008), red grouse (Piertney and Webster 

2008), threespine sticklebacks (Barrett et al. 2008; Chan et al. 2010), deer mice (Hoekstra 

et al. 2006; Linnen et al. 2009), butterflies (Vera et al. 2008; Counterman et al. 2009), 

columbines (Aquilegia spp., Hodges et al. 2002) and sunflowers (Rieseberg et al. 2003). An 

important consequence of these studies is that selection in wild populations can now be 

studied at the level of genotype rather than phenotype. This paves the way for 

understanding fundamental evolutionary genetic questions, such as the causes of 

microevolutionary change (or stasis; Kruuk et al. 2008), the relative importance of 

structural and regulatory mutations in causing heritable variation (Hoekstra and Coyne 

2007), adaptation to new environments (Barrett et al. 2008; Counterman et al. 2009) and 

ultimately, why genetic variation is often maintained despite apparent directional selection 

(Merilä et al. 2001; Kruuk et al. 2008). In the following chapter, we examine the genetic 

basis of discrete and quantitative variation in heritable trait under cryptic selection in a wild 

population. 

 

Horns are a secondary sexual character present in all wild species of sheep, and play an 

important role in competition between males for access to mates. The Soay sheep of St 

Kilda are unusual in that they have an inherited polymorphism for horn type in both sexes. 

Males can be one of two horn types: large, normal horns (88% of records) and scurs 

(deformed, vestigial horns, 12%). Females have smaller horns and there are three horn 

types: normal (33%), scurred (39%) and polled (absence of any horn, 28%); occasionally, 

polled females become scurred later in life. There is also heritable variation in horn size in 

normal-horned individuals (Chapter 2). Scurred males and polled females have reduced 

fitness within each sex (Robinson et al. 2006); therefore it is surprising that they persist in 
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this population. This polymorphism is likely to be controlled by a single autosomal locus, 

Horns (Online Mendelian Inheritance in Animals 2010), which has been mapped to a 

~7.4cM region of chromosome 10 in both domestic and Soay sheep (Montgomery et al. 

1996; Beraldi et al. 2006; Chapter 2). There is also evidence for a quantitative trait locus 

(QTL) for horn length overlapping this region (LOD = 2.51; Chapter 2), suggesting that the 

genotype at Horns may not only be responsible for discrete variation in horn type, but also 

for much of the quantitative genetic variation in horn size. Previous studies have proposed 

that Horns has three alleles in Soay and Merino sheep, with differences in dominance and 

expression of particular alleles between the sexes explaining why the phenotypes are not 

identical in males and females (Dolling 1961; Coltman and Pemberton 2004). However, the 

complex nature of this inheritance model, the relatively low precision with which Horns has 

been mapped, and the fact that different genotypes can lead to the same phenotype, has 

made it difficult to determine the Horns genotype of individual sheep, even with extensive 

pedigree data. As a result, a full understanding of the inheritance of horn phenotype and 

the maintenance of the polymorphism has remained elusive. 

 

Fortunately, new findings from fine mapping of Horns in domestic sheep, combined with 

improved annotation of ruminant genomes, has led to the identification of a promising 

candidate gene, Relaxin-like peptide receptor 2 (RXFP2, Accession Number Q8WXD0: 

Pickering et al. 2009; McEwan et al. 2010). Although associations of RXFP2 with additional 

phenotypes have not yet been documented in sheep, its expression is associated with a 

number of primary sex characters in humans and mice. For example, levels of RXFP2 

expression are positively correlated with the blood concentration of testosterone and may 

mediate the action of androgens in shaping male sexual characters (Bathgate et al. 2006; 

Feng et al. 2009; Yuan et al. 2010). In addition, mutations in RXFP2 are associated with 

impaired testicular descent in males (Gorlov et al. 2002; Bogatcheva et al. 2007; Feng et al. 

2009; Bay and Andersson 2010) as well as reduced bone mass density and osteoporosis in 

males (Ferlin et al. 2008). An orthologue of RXFP2 has been identified on the cattle 

genome, corresponding to the estimated position of the Horns locus in sheep, using the 

CSIRO Sheep Genome Browser v1.0 (available at http://www.livestockgenomics.csiro.au/). 

In Soay sheep, castration of ram lambs within one day of birth is known to have a profound 

effect on horn development in adulthood, where horn phenotypes were more similar to 

those of females, including polled phenotypes that had never been observed in non-

castrated rams (Jewell 1997). This suggests that sex hormones may play an important role 
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in horn development. Therefore, it is feasible that a mutation affecting the function of a 

gene associated with the testes and male hormone levels, such as RXFP2, could have an 

effect on horn type.  

 

Genomic studies in both domestic and wild sheep have benefitted from projects led by the 

International Sheep Genetics Consortium (ISGC, http://www.sheephapmap.org/), which 

has included the construction of a preliminary assembly of the sheep genome and the 

development of a single nucleotide polymorphism (SNP) chip designed to probe more than 

50,000 SNPs throughout the genome. The latter, commercially available as the Ovine 

SNP50 BeadChip (Illumina Inc.), provides an extremely useful tool for gene mapping by 

genome-wide association studies (GWAS), particularly in wild populations such as Soay 

sheep, in which such high resolution genotyping had not previously been available. In this 

chapter, we carried out a GWAS for horn type and horn size using the Ovine SNP50 

BeadChip and confirmed RXFP2 as the main candidate gene for Horns. We typed additional 

SNPs in and around RXFP2, which allowed us to determine the inheritance mechanism of 

horn type. We also confirmed that Horns not only controls horn type, but that it is also a 

QTL with a major contribution to heritable variation in horn size in normal horned males. 

 

3.2 MATERIALS AND METHODS 

 

3.2.1 Study population: The Soay sheep of the St Kilda archipelago (Scotland, UK, 57º49’ N, 

8º34’ W) are a primitive feral breed likely to be the survivors of the earliest domestic sheep 

that spread across Europe during the Neolithic period and are related to the Mediterranean 

and Asiatic mouflon, Ovis aries orientalis (Clutton-Brock and Pemberton 2004; Chessa et al. 

2009). The study population in Village Bay, Hirta, was established in 1932 with the 

introduction of 107 sheep from the neighbouring island of Soay. The Village Bay population 

has been studied on an individual basis since 1985 (Clutton-Brock et al. 2004). Each spring, 

at least 95% of lambs are caught, ear-tagged and sampled for genetic analysis. No 

predators are present on St Kilda. 

 

3.2.2 Phenotype dataset: Horn type, length and base circumference are recorded annually 

during a two-week period in August (in which 49 – 67% of the study population are 

captured), during the rut in November and December, and/or after death. Horn types are 

defined as follows: normal horns are sturdy and consist of a bony core (os cornu) covered in 
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a keratin sheath; scurred horns consist of keratin but lack an os cornu and are more loosely 

attached to the head, and a polled phenotype is a complete absence of visible horn growth. 

Occasionally, there is reclassification of females from polled to scurred, as distinguishing 

between these phenotypes can be difficult in lambs and yearling females (i.e. a female may 

not develop scurs for several years after birth). To ensure as much accuracy as possible in 

scoring horn type, males were only categorised if captured during or after the rut of their 

year of birth (≥ 6 months of age) and females were only categorised if captured during or 

after the August catch the year after birth (≥ 16 months of age). In cases where the birth 

year is unknown, horn type was categorised if two or more adult teeth were present 

(indicative of age one year or older). Horn length is measured as the length (in mm) from 

the base of the horn, along the outer curvature to the tip, and base circumference is 

measured as the circumference (in mm) around the base of the horn at the closest point to 

the skull.  

 

3.2.3 Soay sheep pedigree: The Soay sheep mating system is promiscuous, with individual 

females often consorting with multiple males, meaning that few full-sibs occur in the 

population. Maternal links were assigned through field observations and confirmed using 

molecular analysis, whereas paternal links were inferred through molecular analysis alone 

(Overall et al. 2005). Paternity was assigned using Cervus 3.0 (Kalinowski et al. 2007), in 

which males were assigned at > 80% confidence, with no more than one mismatch 

between father and offspring or between the mother-father-offspring trio over the 14-18 

microsatellite loci used. Genomic DNA was extracted from blood samples or from ear-

punch tissue using DNeasy Tissue Kit (QIAGEN). In this study we used the full Soay sheep 

pedigree (N = 4577) and two sub-pedigrees. The first sub-pedigree was used to conduct the 

GWAS for horn phenotype, and consists of 486 individuals, which were selected based on 

the highest and lowest estimated breeding values (EBVs) for hind leg length and typed on 

the Ovine SNP50 BeadChip (see section 3.2.5 below). The second sub-pedigree is the Soay 

sheep mapping pedigree (N = 564; see Beraldi et al. 2006) which was used in our earlier 

work to map Horns to a ~7.4 cM of chromosome 10 (Chapter 2). The mapping pedigree was 

used to examine association between horn type and SNP markers in and around RXFP2 (see 

section 3.2.6 below), as well linkage between these SNPs and microsatellite markers 

already developed on chromosome 10 (Chapter 2). The mapping pedigree consists of all 

sibships with 10 or more offspring and their common parents. 
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3.2.4 Modelling quantitative variation in phenotype using the Animal Model: To 

investigate the effects of SNP markers on quantitative variation in horn size, this variation 

was modelled as a combination of fixed and random effects using a Restricted Maximum 

Likelihood (REML) procedure known as the ‘Animal Model’ (Henderson 1975; Lynch and 

Walsh 1998; Kruuk 2004). This model can be used to partition several random effects and 

differs from a standard mixed model in that it uses pedigree information to estimate 

additive genetic variance (and hence the heritability) of a trait by incorporating the 

correlations of effects between relatives. The fixed-effect structure of the model was 

determined using general linear mixed models implemented using the lmer function in the 

package lme4 in R v2.10.1 (Bates and Maechler 2009; R Development Core Team 2010). 

The variance components corresponding to random effects were estimated using ASReml 

v1.0 (Gilmour et al. 2002). Random effects were added to the model sequentially and their 

significance was tested by dropping the effect from the full model, and comparing the two 

models using a Likelihood Ratio Test distributed as χ2 with 1 d.f.. 

 

3.2.5 GWAS for horn type and horn size: SNP markers selected for the Ovine SNP50 

BeadChip are evenly distributed throughout the genome with an intra-marker distance of 

mode 34.7kb and median 44.4kB. A subset of 486 sheep from the full Soay sheep pedigree 

was typed at 50,722 SNP markers on the Ovine SNP50 BeadChip using the Illumina Bead 

Array genotyping platform (Teo et al. 2007). The sheep typed in this analysis were originally 

selected based on the highest and lowest EBVs for hind leg length, a trait that is genetically 

unrelated to horn type and horn size. Therefore, the BeadChip sheep are unbiased with 

respect to horn traits. Genotyping was performed at Illumina, Inc. (San Diego, USA). We 

used the programme PLINK v1.06 (Purcell et al. 2007) to identify and remove all SNPs 

where genotyping frequency < 95%, minor allele frequency (MAF) < 0.05 and Hardy-

Weinberg equilibrium test P < 0.001, as well as individuals in which the proportion of SNPs 

genotyped < 0.95. A total of 36,034 SNPs (35,831 of known position) passed the selection 

criteria and were included in further analysis. The r2 statistic of linkage disequilibrium (LD) 

was calculated between markers in regions highly associated with horn type, also using 

PLINK v1.06. Performing such a large number of tests can increase the chance of obtaining 

false positive results. However, as many of the SNPs are in LD, not all tests are 

independent. The effective number of tests was calculated as 26899.5 using the method 

outlined in Moskvina and Schmidt (2008) with the software Keff (version September 2007, 

available from http://x001.psycm.uwcm.ac.uk/), specifying a sliding window of 50 SNP 
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markers. The P-value of each test statistic was then corrected for multiple testing by 

dividing it by the effective number of tests. The positions of all SNPs associated with horn 

phenotype (P < 0.05) were uploaded to the CSIRO Sheep Genome Browser v1.0 (available 

at http://www.livestockgenomics.csiro.au/), to determine their positions relative to known 

genes and protein-coding regions in the human and cattle genomes. 

 

GWAS for discrete variation in horn type: Individual sheep were divided into five groups 

based on sex and horn type: normal males (N = 160), scurred males (N = 12), normal 

females (N = 101), scurred females (N = 121) and polled (N = 51) females. We tested the 

non-random genotypic association between horn type and each individual SNP genotype in 

all sheep and in female sheep using chi-square and Fisher’s exact tests implemented in R 

v2.10.1 (R Development Core Team 2010). Due to the small number of scurred males, we 

did not test for association between horn type in males and SNP genotype in this study.  

 

GWAS for quantitative variation in horn size: Individual EBVs for horn length and base 

circumference in normal horned males were calculated using the animal model of the 

whole Soay sheep pedigree (N = 4577 sheep). Fixed effects in the model included age 

(fitted as a factor with nine levels, ages 0 to 8+ years) and capture period (fitted as a factor 

with four levels corresponding to the four main annual expeditions to St Kilda) at which the 

horn measurement was taken; random effects included an additive genetic effect 

(heritability); a permanent environment effect (fitting the identity of an individual to group 

repeated measurements throughout its lifetime); birth year and capture year (to account 

for variation attributed to specific environmental effects associated with these years). We 

then extracted estimated breeding values (EBVs) using best linear unbiased prediction 

(BLUP) implemented in ASReml v1.0 (Gilmour et al. 2002) for the normal horned males that 

were typed on the Ovine SNP50 BeadChip (N = 160), in which at least one horn 

measurement had been made during their lifetime. Associations between SNP genotypes 

and EBVs were calculated in the software EMMAX (v 07Mar2010 Beta), which uses mixed 

models to test association whilst accounting for population structure and relatedness 

between individuals (Kang et al. 2010); this method reduces the potential biases and 

spurious associations that can be caused by the sampling of relatives or structured 

populations (Balding 2006). 
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3.2.6 Fine-scale association between candidate gene RXFP2 and horn phenotype: 

Extensive sequencing of RXFP2 and adjacent regions has been carried out at AgResearch 

Ltd. (Invermay Agricultural Centre, Mosgiel, New Zealand) with the ultimate aim to identify 

novel SNP markers and the causal mutation for presence and absence of horns in domestic 

sheep breeds. Three assays (G100364, G100365 and G100366) were developed to 

genotype 56 SNPs spanning a region of ~406kB, using a Sequenom MassARRAY® system 

with an iPlex amplification and extension protocol; these SNPs had not previously been 

included on the Ovine SNP50 BeadChip. Individuals from the Soay sheep mapping panel (N 

= 564) were genotyped and SNPs were selected for further analysis based on the following 

quality control thresholds: Conservative and Moderate Call rate on Sequenom 

MassARRAY® System > 85%; MAF > 0.05; pedigree mismatches < 2% per SNP, tested with 

PEDSTATS (Wigginton and Abecasis 2005); Hardy-Weinberg Equilibrium P > 1e-5. We 

mapped the SNPs to a previous linkage map of Soay sheep chromosome 10 (Chapter 2) 

using CRI-MAP v2.4 (Liu and Grosz 2006). Individual sheep from the Soay sheep mapping 

panel were divided into five categories based on sex and horn type: normal males (N = 

185), scurred males (N = 24), normal females (N = 57), scurred females (N = 54) and polled 

females (N = 36), and genotypic association was calculated in all sheep, in males only and in 

females only. 

 

The three most highly associated SNPs from the AgResearch assay (SNP10, SNP11 and 

SNP271) were typed in all individuals from the full Soay sheep pedigree with available DNA 

samples (N = 3123). Genotyping was carried out using a multiplex SNP-SCALE protocol 

(Kenta et al. 2008), a medium-throughput method based on allele-specific PCR. Tailed 

allele-specific oligonucleotides (ASOs) and common reverse oligonucleotides (CRO) were 

designed in Primer3 (Rozen and Skaletsky 2000) using sequence information from the 

AgResearch assay and the AgResearch Sheep Genome 1.0 assembly (available from 

https://isgcdata.agresearch.co.nz/; Appendix 3.1). Universal fluorescent oligonucleotides 

(UFOs), identical in sequence to the ASO tails, were selected from those previously 

described in Kenta et al. (2008; UFO_T1_HEX and UFO_T2_FAM; Table S3). CROs had an 

additional pigtail sequence at the 5’ end of the oligonucleotides (GTTTCTT) in order to 

improve the scoring efficiency at each locus. ASOs were synthesized by Eurogentech, 

                                                           

 

1
 AgResearch Assay IDs: SNP10 = G100364-AS001072, SNP11 = G100365-AS001110, SNP27 = 

G100364-AS001071. 
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Seriang, Belgium, and the CROs and UFOs were synthesized by Operon Biotechnologies 

GmbH, Cologne, Germany (6-FAM and 5HEX labels). Multiplex PCR was carried out in a 2 µl 

reaction volume, containing ~12 ng of dried genomic DNA, 1 µl of QIAGEN multiplex PCR 

master mix, between 0.002 and 0.027 µM of each ASO (optimised for final PCR product 

concentration, see Table A3.1 in Appendix 3.1), 0.2 µM of each CRO and 0.1 µM of each 

UFO.  

 

PCR reactions were carried out using a two-step touchdown thermal cycling programme. In 

the first step, the annealing temperature (Ta) was decreased by 1ºC per cycle from 60ºC to 

51ºC (a total of 10 cycles); in the second step, Ta was set to 50ºC for an additional 30 cycles. 

Each cycle comprised of 94ºC for 30 s, Ta for 90s and 72ºC for 90 s. Genomic DNA was 

initially denatured for 15 minutes at 95ºC, and a final extension was carried out for 10 

minutes at 72ºC. PCR products were visualised using an Applied Biosystems 3730 DNA 

Analyzer and GENEMAPPER 3.7 software, and sized relative to a ROX500 size standard. 

Pedigree mismatches were tested using PEDSTATS (Wigginton and Abecasis 2005) and 

were either resolved using pedigree information, rechecking chromatograms or by scoring 

problem individuals as unknown. Individual sheep were divided into five groups based on 

sex and horn type: normal males (N = 1,068), scurred males (N = 156), normal females (N = 

221), scurred females (N = 281) and polled females (N = 168) and genotypic association was 

calculated in all sheep, in males only and in females only. Association with horn length and 

base circumference was tested using EMMAX (v 07Mar2010 Beta). 

 

An animal model was constructed to examine the contribution of SNP mutations in RXFP2 

to phenotypic and genetic variation in horn size in normal horned males. Fixed effects were 

age and period of horn measurement (see section 3.2.5) and random effects included the 

additive genetic effect, permanent environment effect, birth year and capture year effects 

and a maternal identity effect. The phenotypic variance (VP) was calculated as the sum of 

all variance components, and the effect of each random effect was calculated as the ratio 

of the relevant variance component to the phenotypic variance,; for example, heritability 

(h2) is the ratio of the additive genetic variance (VA) to VP, i.e. h2 = VA/VP. We also calculated 

the observed phenotypic variance in the raw phenotypic data before the inclusion of fixed 

effects in the model to allow future comparison of results with other studies (Wilson 2008). 

This model is referred to as the ‘polygenic’ model (Chapter 2). To examine the role of 

RXFP2 as a QTL and its contribution to genetic variance, we constructed an additional 
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‘Horns’ model fitting the genotype at the most highly associated SNP locus (i.e. CC, CT or TT 

at SNP10 as predictors for Horns genotypes Ho+/Ho+, Ho+/HoP and HoP/HoP respectively) as 

an additional random effect to the polygenic model. This allowed us to estimate the 

relative proportion of phenotypic variance explained by Horns, independently from the 

remaining heritable variation not explained by Horns. By comparing the likelihoods of the 

polygenic and Horns models, we could determine (a) if the Horns genotype had a significant 

effect on quantitative variation for horn size, and (b) the proportion of the phenotypic 

variance explained by Horns genotype (where horns2 = VHORNS/VP). The significance of the 

Horns model against the polygenic model was calculated using a likelihood ratio test 

distributed as χ2 with 1 d.f.. An additional animal model was constructed with Horns 

genotype as a fixed effect rather than a random effect, to estimate the effect of each Horns 

genotype on horn size. In this case, the significance of Horns was determined by resampling 

the genotype at Horns 1000 times. 

  

3.3 RESULTS 

 

3.3.1 GWAS of discrete and quantitative horn phenotypes: A total of 35,831 SNPs of 

known genomic position passed our quality control thresholds and were analysed in a 

pedigree of 486 sheep.  

Discrete differences in horn type: The most significant association between SNP genotype 

and discrete horn type was with the marker OAR10_29448537.1 on chromosome 10 (all 

sheep: P = 2.05×10-37; female sheep: P = 2.98×10-38); Manhattan and quantile-quantile (Q-

Q) plots are displayed in Figures 3.1A and 3.2 respectively. This SNP does not fall within any 

known or predicted gene sequences, but is ~43.3kB downstream from the 3’ end of the 

closest gene, RXFP2, and 175.2 kB upstream from the 5’ end of the gene FRY (Drosophila 

Furry). The second and third most highly associated SNPs, OAR10_29538398.1 and 

OAR10_29511510.1, were in linkage disequilibrium (LD) with OAR10_29448537.1 (r2 > 0.3; 

Figure 3.1B), and were immediately adjacent to RXFP2 (266 bases from the 5’ end) and 

within RXFP2 respectively. In other words, the three SNPs most closely associated with 

horn type are closer to RXFP2 than to any other gene in the sheep genome. 

 

Quantitative variation in horn size in normal horned males: As with discrete variation in 

horn type, OAR10_29448537.1 had the highest association with estimated breeding values 

(EBVs) for horn length and base circumference in normal-horned males (P = 3.19×10-4 and  
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Figure 3.1. Genome-wide association for horn type and linkage disequilibrium for 

chromosome 10 region of high association. (A) Manhattan plot of genome wide 

association between Ovine SNP50 BeadChip SNPs and discrete horn type in all sheep and in 

female sheep only. Points are colour coded by chromosome. P values were estimated using 

a χ2 statistic. Dotted lines indicate the 99.9% confidence threshold after correction for 

multiple testing, and all positions are given relative to the Real Sheep Genome Assembly 

v1.0 (B) The chromosome 10 genomic region with the highest association with horn type in 

all sheep. SNPs are colour coded on the basis of LD with the most highly associated SNP, 

OAR10_29448537.1 (red: r2 > 0.3, orange: r2 > 0.2, yellow: r2 > 0.1, blue: r2 < 0.1). Known 

cattle protein coding regions are plotted above plot B and are presented as displayed in the 

CSIRO Sheep Genome Browser v2.0.  
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Figure 3.2. Q-Q plots of genome-wide associated for horn type in all sheep and female 

sheep. The plots are displayed including chromosome 10 (the chromosome with the 

highest association; left plot) and excluding chromosome 10 (right plot). P-values are 

plotted for all sheep and female sheep only. The solid black line indicates the distribution of 

test statistics under a null hypothesis of no association.  
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1.22×10-5 respectively); Manhattan and Q-Q plots are displayed in Figures 3.3 and 3.4 

respectively. OAR10_29511510.1 and OAR10_29538398.1 were the second and third most 

highly associated SNPs (P < 0.05 for horn length, P < 0.001 for base circumference; Figure 

3.3). This indicates that the area around RXFP2 is also the most likely candidate for a QTL 

for horn length previously characterised within this region (Chapter 2).  

 

Additional associations: There were significant associations, albeit weaker, between horn 

phenotype and other SNPs in this region of chromosome 10. However, these were likely to 

be due to linkage with mutation(s) affecting the function of RXFP2, rather than 

independent effects of other genes in this region. Associations were also found with loci on 

other chromosomes (see Figures 3.1A and 3.3), but were much weaker than those seen at 

RXFP2. These loci were not pursued further in the current study, but we describe their 

locations and possible function in maintaining variation in horn phenotype in Appendix 3.2. 

 

3.3.2 Fine-scale association between RXFP2 and horn phenotype: SNPs located within and 

immediately flanking RXFP2 were genotyped in the Soay sheep mapping pedigree (N = 564) 

to fine map the location of Horns. A total of 21 SNPs passed our quality control criteria, 

spanning a 3.5cM interval within the Horns confidence interval on chromosome 10 (Figure 

3.5). Of these SNPs, 17 were associated with horn type (P < 0.05, Figure 3.6), with three 

SNPs showing particularly high associations (Figure 3.6); these were SNP10 (occurring 

within the flanking sequence at the 3’ end of RXFP2), SNP11 (occurring within an intron of 

RXFP2, 11.4kB upstream from SNP10) and SNP27 (occurring within the 5’ flanking sequence 

of RXFP2, 46.4kB upstream from SNP11). SNP10 showed the strongest association in all 

sheep (P = 6.89×10-44), in females only (P = 5.56×10-33) and in males only (P = 4.26×10-15). 

SNP11 was also strongly associated with horn type in females (P = 4.51×10-29), and SNP27 

was strongly associated with horn type in males (P = 8.41×10-15). We then typed these 

three SNPs in the full Soay sheep pedigree; again SNP10 showed the highest association 

(Table 3.1; P = 1.402×10-231), as well as in males only (P = 1.043×10-66) and in females only (P 

= 2.147×10-164). The association between male horn type and SNP27 was still significant but 

was lower than that of SNP10 (P = 5.931×10-22). Therefore, SNP10 showed the highest 

association with horn type in all sheep and within each sex in this population.  

 

3.3.3 Inheritance of horn type: No SNP typed in this study showed a perfect association 

with horn type (Table 3.1). However, the strong association observed at SNP10 provided a 
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Figure 3.3. Genome-wide association results for horn size QTL in normal-horned males. 
Values are based on association with SNPs and estimated breeding values for horn length 
(top) and horn base circumference (bottom).in normal-horned males (N = 160). Points are 
colour coded by chromosome. P-values were estimated using a χ2 statistic and dotted lines 
indicate the 99.9% confidence threshold after correction for multiple testing. Each point is 
plotted at its position on the Real Sheep Genome Assembly v1.0. 
 

 
Figure 3.4. Q-Q plot of genome-wide association for horn size in normal-horned males. 
The plots are displayed including chromosome 10 (the chromosome with the highest 
association; left plot) and excluding chromosome 10 (right plot). Results are based on 
association with SNPs and estimated breeding values for horn length (black points) and 
horn base circumference (green points) in normal-horned males. The solid black line 
indicates the distribution of test statistics under a null hypothesis of no association.  
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Figure 3.5. Linkage map of Soay chromosome 10 showing the position of 21 polymorphic 
SNPs developed around RXFP2. This map incorporated markers from previous mapping 
studies (Beraldi et al. 2006; Chapter 2; black text) and the current study (red text). Map 
distances are given in Kosambi mapping function centiMorgans (cM) and were estimated 
using the Soay Sheep mapping panel (N = 569 sheep). The map was drawn using MapChart 
2.1 (Voorips 2002). 
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Figure 3.6. Association between horn type and SNPs around RXFP2 in the Soay sheep 

mapping panel. Association was tested between horn phenotype and 21 SNP markers in all 

sheep (top), females only (centre) and males only (below) in the Soay sheep mapping 

panel. Human and cow reference sequences for this region are given above the graph and 

were obtained from the Virtual Sheep Genome Assembly v2.0. The relative SNP positions 

were estimated using the public domain Virtual Sheep Genome Assembly (v1.0). P-values 

were estimated using a χ2 statistic and the dotted line indicates the significance threshold 

of P = 0.01.  
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Table 3.1. Distribution of horn types for each Horns genotype in male and female Soay 
sheep, using SNP10 as a predictor for Horns genotype. 
 
 

 

 

 

 

 

 

 

 

 

 

 

valuable insight into the mode of inheritance and expression of the Horns locus in Soay 

sheep. Our findings imply that the C and T alleles at SNP10 are in strong linkage 

disequilibrium with the putative alleles Ho+ and HoP described in previous gene mapping 

papers, where Ho+ is a wild type allele conferring normal horns, and HoP is a mutant allele 

conferring a scurred or polled phenotype in males and females respectively. Therefore, in 

the remainder of this section, we refer to the SNP10 genotypes in terms of their predicted 

genotype at the Horns locus, with its alleles Ho+ and HoP. In females, it appears that Horns 

acts as an additive, biallelic locus; 98% of Ho+/Ho+ females have normal horns, 82% of 

Ho+/HoP females have scurs and 82% of HoP/HoP females are polled (Table 3.1). As there is 

some difficulty distinguishing between scurred and polled females in the first few years of 

life, it may be the case that many of the polled females with the genotype Ho+/HoP are 

actually scurred females who did not, or have not yet exhibited a scurred phenotype during 

their lifetime (see section 3.2.2). In males, Horns appears to act as a dominant biallelic 

locus, where 97% of sheep with Ho+/Ho+ and Ho+/HoP genotypes have normal horns. 

Although the majority of scurred males (80%) have the HoP/HoP genotype, this genotype 

conferred normal horns in 55% of cases, and scurred horns in the remaining 45% (Table 

3.1).  

 

3.3.4 Association between Horns and horn size in normal horned males: Horn length and 

base circumference both had a significant heritable component (h2 = 0.366 and 0.297, P < 

0.001; Table 3.2) as well as significant permanent environment, birth year and capture year  

 

Predicted Horns genotype  Ho+/Ho+ Ho+/HoP HoP/HoP 

MALES 
Normal 279 542 141 

Scurred 3 26 116 
 

FEMALES 

Normal 165 23 2 

Scurred 2 218 25 

Polled 2 25 127 
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Table 3.2. Estimated random effect sizes for horn size in normal-horned males for 
polygenic and Horns models. 

Trait Model 
Mean 

(SD) 
VOBS VP 

Additive 

Genetic 

Horns 

Genotype 

Permanent 

Environment 

Year of 

Birth 

Year of 

Growth 
Residual 

h
2
 horns

2
 c

2
 b

2
 y

2
 ε

2
 

HORN LENGTH Polygenic 
258.6 16916 2715 0.366 NF 0.327 0.08 0.03 0.198 

(130.1)   (143.3) (0.076) NF (0.074) (0.032) (0.012) (0.013) 

 
Horns   

3640 0.142 0.406 0.213 0.069 0.022 0.148 

    (1492) (0.072) (0.243) (0.096) (0.039) (0.012) (0.061) 

HORN BASE 

CIRCUMFERENCE  
Polygenic 

137.0 777.98 321.8 0.297 NF 0.322 0.061 0.066 0.255 

(27.89)   (16.41) (0.076) NF (0.073) (0.026) (0.024) (0.017) 

 
Horns   

414.5 0.119 0.378 0.209 0.048 0.048 0.198 

    (157.9) (0.063) (0.236) (0.09) (0.027) (0.026) (0.076) 

Variance components, effects and standard errors were estimated using the program ASReml v1.0 
(Gilmour et al. 2002). Each random effect is reported as effect size (i

2
) for additive genetic 

(heritability), Horns genotype, permanent environment, birth year, capture year and residual effects 
respectively. VOBS is the observed phenotypic variance and VP is the phenotypic variance defined as 
the sum of the variance components in the animal model. Horn measurements are in millimetres 
(mm). Numbers in parenthesis are the standard error unless otherwise stated. Variance components 
were calculated from 1998 records in 937 genotyped individuals for horn length and 1979 records in 
934 genotyped individuals for horn base circumference for which age and birth year were known. NF 
= random effect not fitted.  

 

effects (P < 0.001; Table 3.2). Fitting the Horns genotype as an additional random effect 

improved the models for both traits (P < 0.001, LOD = 55.22 and 53.39 for horn length and 

base circumference respectively) and explained a significant proportion of the phenotypic 

variance in horn length and base circumference (horns2 = 0.406 and 0.378 respectively; 

Table 3.2). Fitting the Horns genotype led to a decrease in the remaining heritability (to h2 = 

0.142 and 0.119 in horn length and base circumference respectively). Therefore, the 

genotype at Horns could explain up to 76% of the heritable variation in horn length and 

base circumference, confirming that the majority of the additive genetic variation in horn 

size appears to be explained by the Horns locus. 

 

3.3.5 Effect of SNP genotype on horn dimensions in normal-horned males: When Horns 

genotype was fitted as a fixed effect in the Horns animal model, males with the genotype 

Ho+/Ho+ had a greater estimated effect size for horn length and circumference compared to 

those with the genotypes Ho+/HoP and HoP/HoP, the latter having the smallest estimated 

effect size for length and circumference (Figure 3.7). Relative to the intercept Ho+/Ho+, the 

effect sizes of Ho+/HoP and HoP/HoP for horn length were -28.74 (S.E. = 3.049, t = 9.41) and 
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Figure 3.7. Effect sizes of each Horns genotype on horn length and base circumference in normal-
horned males. Effect sizes were estimated when Horns genotype was fitted as a fixed effect in an 
animal model implemented in ASReml v1.0 (Gilmour et al. 2002). Effect sizes were estimated based 
on 1998 records in 937 genotyped individuals for horn length and 1979 records in 934 genotyped 
individuals for horn base circumference. Fixed effects in the animal model included capture age, 
capture period and Horns genotype, and random effects included additive genetic, permanent 
environment, birth and capture year effects. Standard errors are given for each Horns genotype as 
the model intercept. The intercept of the model is for individuals captured during the August 
expedition at age 2 in the year 2008.  

 

-76.42 (S.E. = 4.326, t =17.66) respectively; for horn base circumference, these were -10.74 

(S.E. = 1.035, t = 10.37) and -25.06 (S.E. = 1.459, t = 17.18) respectively. Therefore, it 

appears that substitutions of a HoP to a Ho+ allele had an approximately additive effect. The 

t-statistic obtained from our animal model was higher than any statistic obtained from 

resampling the genotype at Horns 1000 times; even the most significant resampled 

datasets had a much smaller t-statistic (e.g. maximum of 3.46 for horn length) than the one 

we observed in our dataset. Therefore, differences in quantitative variation in horn size 

appear to be explained by Horns, rather than polygenic effects that are associated with 

Horns genotype due to other causes, such as cryptic genetic structure in the population. 

 

3.4 DISCUSSION 

 

In this study, we have fine-mapped a locus underlying a Mendelian trait to a single 

candidate gene, RXFP2, and therefore we can distinguish animals with identical horn 

phenotypes but different underlying genotypes. Furthermore, we also have shown that an 
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associated quantitative trait has a surprisingly simple genetic basis, where the same locus 

explains a large proportion of the additive genetic variation in horn size in normal-horned 

males. This provides a rare example where GWAS has been used to identify a gene 

responsible for variation in either a discrete or a quantitative trait in an unmanipulated wild 

population. Here, we propose an inheritance model of horn phenotype in Soay sheep, 

discuss how a lack of perfect association may give an insight into the action of RXFP2 upon 

horn phenotype and examine the contribution of Horns locus to phenotypic and genetic 

variation in the population. 

 

3.4.1 Inheritance of horn type in Soay sheep: Our data suggest a new model for horn 

inheritance in the Soay sheep population, which is simpler than the three-allele model 

previously hypothesised (Coltman and Pemberton 2004). The new model is based on the 

assumption that the genotype at Horns is predicted by the observed genotype at SNP10. In 

females, Horns is likely to act as an additive biallelic locus, with Ho+/Ho+ conferring normal 

horns, Ho+/HoP conferring scurred horns and HoP/HoP conferring the polled phenotype, 

with some overlap in phenotypes occurring, particularly in Ho+/HoP and HoP/HoP females 

(see section 3.4.2). In males, Horns is likely to be a dominant locus, where Ho+/Ho+ and 

Ho+/HoP confer normal horns, but HoP/HoP confers either normal or scurred horns at a ratio 

of roughly 50:50. The presence of normal or scurred horns in HoP/HoP individuals may be 

determined by an underlying liability, which could be affected by additional genetic, 

prenatal and/or environmental factors (Falconer and Mackay 1996; Hartl and Clark 2007). 

Therefore, Horns explains discrete and quantitative variation in horn type to a large degree, 

but we cannot rule out significant associations observed in other parts of the genome 

which may explain the remaining polygenic variation in horn phenotype. 

 

3.4.2 The role of RXFP2 as a candidate gene for Horns: Our results show a strong 

association between horn phenotype and SNPs in and around the predicted position of the 

gene RXFP2; associations between horn type and SNPs in the immediately adjacent genes 

are dramatically weaker in comparison. None of our SNPs occur with an exon, or show a 

perfect association with horn type; therefore it is unlikely that we have identified the 

causal mutation. This observation may be due to ancestral recombination (and therefore 

imperfect linkage disequilibrium) between any causative mutation and the most highly 

associated SNPs. However, there are several other explanations as to why we may not 

predict a perfect association a priori. Given that RXFP2 acts as a receptor for hormones 
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which shape primary sex characters in other male mammals (Feng et al. 2009), it could 

mean that levels of expression of RXFP2 explain most, but not all of an individual’s liability 

for a particular horn phenotype (Falconer and Mackay 1996), indicating that Horns is a form 

of threshold trait. This explanation is consistent with the observations that having more 

copies of the Ho+ allele results in larger horns in normal-horned males, and males with 

genotype HoP/HoP can express two distinct phenotypes; males with this genotype could be 

near to the threshold between scurs and normal horns. Also, incidences of polled females 

developing scurs later in life could be a result of changes in the level of expression of RXFP2 

over their lifetime. It is also possible that horn phenotype itself could be an indicator of 

other factors related to primary sex characters that may affect fitness, such as male 

aggression. The SNPs most strongly associated with variation in horn phenotype are in LD 

and occur at the 3’ end of the gene, suggesting that the causal mutation occurs towards the 

end of the transcribed sequence. If Horns is indeed a threshold trait, our evidence suggests 

that the mutant allele, HoP, is not an amino acid replacing substitution or a functional knock 

out, but is a mutation that results in a lower expression of functional RXFP2 relative to the 

wild type allele, Ho+. Nonetheless, a full understanding of the mechanism by which 

different alleles of RXFP2 affect horn morphology will require further investigation.  

 

3.4.3 Contribution of Horns to quantitative genetic variance in horn morphology: In this 

study, we refined our previous mapping work by increasing the confidence of a horn 

morphology QTL (from LOD = 2.51 to LOD > 50) and by decreasing the confidence interval 

from 34 cM (Chapter 2) to a single gene, RXFP2. In addition, we can now understand the 

effect of each allele at the QTL by showing that having more copies of Ho+ confers larger 

horns. Notably, our estimate of the effect of Horns is large relative to the remaining 

polygenic variation and is similar to the QTL effects described in the earlier linkage mapping 

study (Chapter 2); (horn length: horns2 = 0.406, qtl2 = 0.392; base circumference: horns2 = 

0.378, qtl2 = 0.237), including a high QTL correlation between horn length and 

circumference (rQ = 0.983, rHORNS = 0.999). Therefore, as much as 76% of the additive 

genetic variation in both horn length and horn circumference is attributable to the 

genotype at Horns. One common criticism of estimates of the magnitude of QTL effects in 

wild populations is that they are vulnerable to upward bias due to relatively modest sample 

sizes and reduced power i.e. they may be sensitive to the ‘Beavis effect’ (Beavis 1998). In 

this study, we increased the sample size from a pedigree with 882 individuals (217 

genotyped normal-horned males) in Chapter 2, to 4577 individuals (937 genotyped normal-
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horned males), yet obtained a similar estimate of the QTL effect. Therefore, we are 

confident that our estimates of the proportion of variance explained by the QTL are robust, 

especially as they are reported for a genomic region that a priori was expected to explain 

variation in horn traits. 

 

It is striking that a single locus appears to explain the majority of the additive genetic 

variation in horn size in this population. There is currently intense debate in the genetics 

literature about the genetic architecture of quantitative traits and the notion of identifying 

sources of ‘missing’ heritability (Flint and Mackay 2009; Manolio et al. 2009; Ehrenreich et 

al. 2010; Slate et al. 2010). For example, a number of large-scale GWAS studies for some 

traits (e.g. human height) have failed to identify a large fraction of the genes explaining 

additive genetic variation (Manolio et al. 2009); our data form an interesting counter-

example of this phenomenon. Therefore, it may be difficult to generalise about the number 

and magnitude of genes affecting any quantitative trait, even for morphometric traits (such 

as horn length and circumference) that are typically regarded as being truly polygenic. One 

cause of increased genetic variation may be stabilising or balancing selection acting on horn 

type and horn size; this was characterised by an increase in nucleotide diversity at Horns, 

resulting in several distinct alleles being maintained within the population. This contrasts 

with the effect of directional or purifying selection favouring a particular horn phenotype, 

where a decrease in nucleotide diversity (and a decrease in additive genetic variation) 

would be expected to occur. 

 

As repeated measures of horn length were available for many males, we used EBVs from 

animal models, rather than raw phenotypic data, in the GWAS analysis of horn quantitative 

traits. Recent simulation studies have indicated that estimation of EBVs through best linear 

unbiased prediction (BLUP) can be subject to bias and can lead to anti-conservatism in 

testing predictions (Hadfield et al. 2009). However, there is good reason to be confident 

that our results are unbiased. First, we only included EBVs of males who had actually been 

measured, and so the EBVs used here should be relatively robust. Second, our major gene 

for horn size was at the same SNP as the horn type locus, and the probability of obtaining a 

false positive result for horn size at this SNP rather than at one of the other 36,033 SNPs is 

very low. Finally, and most importantly, a GWAS study of horn size traits using raw 

phenotypic values at a single age, revealed qualitatively the same result (see Appendix 3.3). 
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3.4.4 Future directions: By identifying markers which are highly associated with horn 

phenotype, we provide an opportunity to understand the mechanism by which the horn 

type polymorphism is expressed. Continued sequencing of the RXFP2 gene, particularly in 

the 3’ region, would seem an obvious next step in determining the causal mutation for 

different horn types at this locus. However, as our evidence suggests that Horns may be a 

threshold trait, further fine mapping of this trait may fail to reveal any position that is 

perfectly associated with horn type in Soay sheep. Nevertheless, the ability to identify the 

Horns genotype of any individual will allow us to investigate the relationship between 

Horns genotype and traits associated with fitness in the study population, which will help 

to shed light on the evolution and maintenance of the polymorphism. Data from the Ovine 

SNP50 BeadChip could indicate whether the same set of genes explain polymorphisms in 

horn phenotype in different breeds and species; for example, there is longstanding 

evidence that similar inheritance patterns exist in other breeds, such as the Merino (Dolling 

1961). It will also be interesting to test whether Horns contributes to genetic variation in 

other wild sheep species, especially those for which fitness data in the wild have been 

measured (Coltman et al. 2003; Poissant et al. 2008). Finally, examination of haplotypes 

corresponding to Ho+ and HoP in other breeds may also allow us to infer which horn types 

are ancestral and the origins of Ho+ and HoP within this population. 
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4.0 ABSTRACT 

 

The conditions experienced by an individual during early development can have a lasting 

effect on a number of morphological, physiological and behavioural traits. Indirect 

maternal genetic effects can occur when the genotype of the mother influences the 

phenotype of her offspring, independent of the direct genetic effects inherited from its 

mother. These effects represent a heritable source of phenotypic variation and so have the 

potential to influence the evolution of a trait under selection. Soay sheep have an inherited 

polymorphism for horn type in both sexes, which has recently been mapped to a single 

autosomal locus, Horns, with two alleles, Ho+ and HoP; this locus is also a QTL with a major 

effect on horn size. In males, the genotypes Ho+/Ho+ and Ho+/HoP confer large, normal 

horns, but the genotype HoP/HoP confers normal and scurred (deformed) horns in a ratio of 

approximately 1:1. As horn type is determined very early in life, one source of variation in 

horn phenotype of HoP/HoP males could be that of indirect maternal genetic effects. We 

examined the effect of maternal Horns genotype on adult horn type and horn size in male 

offspring. We found that sons with the genotype HoP/HoP were more likely to develop 

normal horns if their mother had the genotype Ho+/HoP, rather than HoP/HoP. Furthermore, 

normal-horned sons with Ho+/Ho+ mothers have horns with a larger base circumference 

than those with HoP/HoP mothers, when individual genotype is taken into account. 

Therefore, the Horns locus contributes a significant indirect maternal genetic effect on horn 

type expression and horn size in male offspring. This study provides a rare example of the 

identification of a specific genome region underlying a maternal genetic effect in a wild 

population. 
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4.1 INTRODUCTION 

 

The conditions experienced by an individual during early development can have a lasting 

effect on a number of morphological, physiological and behavioural traits (Clemens et al. 

1978; Balthazart and Ball 1995; Sharpe 2010). In many organisms, maternal effects play an 

important role in development, and include the transfer of nutrients, hormones and/or 

behaviour which can lead to phenotypic differences in offspring (Badyaev and Uller 2009). 

One possible source of maternal effects is that of indirect maternal genetic effects, in which 

the phenotype of the individual is influenced the genotype of its mother, independent of 

the direct genetic effects inherited from its mother (Roff 1998; Wolf et al. 1998; Wolf and 

Wade 2009). The following chapter investigates a heritable trait with a known genetic basis 

in a wild population, and examines how the maternal genotype can shape phenotype in 

their male offspring, independently of the genotype of those offspring. 

 

The Soay sheep of St Kilda have an inherited polymorphism for horn type in both sexes, 

controlled by a single autosomal locus, Horns (Ho) with two alleles, Ho+ and HoP (Chapter 

3). Males can be one of two horn types: large, normal horns (88% of records) and scurs 

(deformed, vestigial horns, 12%); the genotypes Ho+/Ho+ and Ho+/HoP confer normal horns, 

but the genotype HoP/HoP confers normal and scurred horns in a ratio of approximately 1:1 

(Chapter 3). In addition, Horns is also a QTL accounting for up to 76% of heritable variation 

in horn size, in that more copies of the Ho+ allele results in larger horns in normal-horned 

males. Females have smaller horns and three horn types: normal (33%), scurred (39%) and 

polled (absence of any horn, 28%), which are conferred by the genotypes Ho+/Ho+, Ho+/HoP 

and HoP/HoP respectively. Therefore, Ho+ appears to be dominant to HoP in males, whereas 

the effect of allelic substitutions is approximately additive in females. The development of 

larger horns in males is likely to be influenced by male sex hormones (androgens) as 

castration of ram lambs at birth leads to development of female horn phenotypes (Jewell 

et al. 1974).  

 

The Horns locus has been mapped to a single locus, Relaxin-like peptide receptor 2 (RXFP2, 

UniProt Accession Number Q8WXD0; Chapter 3). Although associations of RXFP2 with 

additional phenotypes have not yet been documented in sheep, its expression is associated 

with a number of primary sex characters in humans and mice. For example, levels of RXFP2 

expression are positively correlated with the blood concentration of testosterone and may 
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mediate the action of androgens in shaping male sexual characters (Bathgate et al. 2006; 

Feng et al. 2009; Yuan et al. 2010). In addition, mutations in RXFP2 are associated with 

impaired testicular descent (Gorlov et al. 2002; Bogatcheva et al. 2007; Feng et al. 2009; 

Bay and Andersson 2010) as well as reduced bone mass density and osteoporosis (Ferlin et 

al. 2008). Evidence from the previous chapter suggested that horn type may be a threshold 

trait, in which the levels of functional RXFP2 gene product (determined by the genotype at 

Horns) contributes to an underlying liability of developing a particular horn type in both 

male and female sheep. Therefore, it is possible that male sheep with the genotype 

HoP/HoP may span the liability threshold between normal and scurred horn expression 

whereas Ho+/Ho+ and Ho+/HoP males nearly always exceed this threshold.  

 

As horn type is determined very early in life, one source of variation in horn phenotype of 

HoP/HoP males could be that of indirect maternal genetic effects. Maternal genetic effects 

have long been considered important in quantitative genetic studies, as they represent a 

heritable source of phenotypic variation. Therefore, they have the potential to influence 

the evolution of a trait under selection (Willham 1972; Kirkpatrick and Lande 1989; 

Falconer and Mackay 1996). In Soay sheep, more than half of the total heritable variation in 

birth weight and birth date is due to maternal genetic effects (Wilson et al. 2005). Despite 

the importance of maternal effects, similar studies in other wild animal populations are 

uncommon (although see McAdam et al. 2002). In addition, studies identifying specific 

genomic regions underlying maternal genetic effects are rare (Kruuk et al. 2008). 

 

The following chapter examines the contribution of the Horns genotype of the mother to 

phenotypic differences in horn morphology in her male offspring. As mothers of HoP/HoP 

males can be either homozygous for the allele associated with scurs (HoP), or carry one 

copy of the allele associated with normal horns (Ho+), it is possible that maternal genotype 

affects the development of horn morphology in sons independent of the son’s genotype. In 

addition, horn size of normal-horned males may be correlated with the number of copies of 

the Ho+ allele carried by their mother, independent of their own Horns genotype. Finally, if 

the expression of RXFP2 gene products in utero does affect horn development, then there 

should be no similar effect of paternal Horns genotype. In the following chapter, we 

examine the effect of maternal and paternal Horns genotypes on the determination of horn 

type and horn size of their male offspring. 
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4.2 MATERIALS AND METHODS 

 

4.2.1 Study population: The Soay sheep of the St Kilda archipelago (Scotland, UK, 57º49’ N, 

8º34’ W) are a primitive feral breed likely to be the survivors of the earliest domestic sheep 

that spread across Europe during the Neolithic period and are related to the Mediterranean 

and Asiatic mouflon, Ovis aries orientalis (Clutton-Brock and Pemberton 2004; Chessa et al. 

2009). The study population in Village Bay, Hirta, was established in 1932 with the 

introduction of 107 sheep from the neighbouring island of Soay. The Village Bay population 

has been studied on an individual basis since 1985 (Clutton-Brock et al. 2004). Every spring, 

at least 95% of lambs are caught, ear-tagged and sampled for genetic analysis. 

 

4.2.2 Phenotype dataset: Horn type, length and base circumference are recorded annually 

during a two-week period in August (in which 49 – 67% of the study population are 

captured), during the rut in November and December, and/or after death. Horn types are 

defined as follows: normal horns are sturdy and consist of a bony core (os cornu) covered in 

a keratin sheath; scurred horns consist of keratin but lack an os cornu and are more loosely 

attached to the head, and a polled phenotype is a complete absence of visible horn growth. 

Occasionally, there is reclassification of females from polled to scurred, as distinguishing 

between these phenotypes can be difficult in lambs and yearling females i.e. a female may 

not develop scurs for several years after birth. Males were only categorised if captured 

during or after the rut of their year of birth (≥ 6 months of age) and females were only 

categorised if captured during or after the August catch the year after birth (≥ 16 months of 

age), to ensure as much accuracy as possible in scoring horn type. In cases where the birth 

year is unknown, horn type was categorised if two or more adult teeth were present 

(indicative of age one year or older). Horn length is measured as the length (in mm) from 

the base of the horn along the outer curvature to the tip, and base circumference is 

measured as the circumference (in mm) around the base of the horn at the closest point to 

the skull. 

  

4.2.3 Soay sheep pedigree: The Soay sheep mating system is promiscuous, with individual 

females often consorting with multiple males, meaning that few full-sibs occur in the 

population. Maternal links were assigned through field observations and confirmed using 

molecular analysis, whereas paternal links were inferred through molecular analysis only 

(Overall et al. 2005). Genomic DNA was extracted from blood samples or from ear-punch 
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tissue using DNeasy Tissue Kit (QIAGEN). Paternity was assigned using Cervus 3.0 

(Kalinowski et al. 2007), where males were assigned at > 80% confidence, provided there 

was no more than one mismatch between father and offspring or between the mother-

father-offspring trio over the 14-18 microsatellite loci used. Of 7161 pedigreed individuals, 

a total of 4155 maternal links and 1975 paternal links were assigned. 

 

4.2.4 Determining the genotype at Horns: Previous research has mapped the Horns locus 

in Soay sheep to a single gene, RXFP2, on chromosome 10. In Chapter 3, a single autosomal 

SNP, SNP10 (located at ~29.5Mbp on chromosome 10), was identified as being strongly 

associated with both horn type and horn size in Soay sheep (P = 2.05×10-37 and 1.19×10-8, 

respectively), although the causal mutation is yet to be discovered (see Chapter 3 for a 

detailed discussion). We typed SNP10 in 2827 sheep using a multiplex SNPSCALE protocol 

(Kenta et al. 2008). Our findings implied that the C and T alleles at SNP10 are in strong 

linkage disequilibrium with the putative alleles Ho+ and HoP described in previous gene 

mapping papers, in which Ho+ is a wild type allele conferring normal horns, and HoP is a 

mutant allele conferring a scurred or polled phenotype in males and females respectively. 

Therefore, we refer to the SNP10 genotypes in terms of their predicted genotype at the 

Horns locus, with its alleles Ho+ and HoP. 

 

4.2.5 Parental effects on horn type in HoP/HoP male offspring: Male Soay sheep carrying 

one or two copies of the Ho+ allele nearly always have normal horns, but those with the 

genotype HoP/HoP develop either normal or scurred horns in a ratio of roughly 1:1. We 

tested association of horn type in HoP/HoP males with maternal Horns genotype and 

paternal Horns genotype using a χ2 test and a Fishers exact test (with a P-value estimated 

on the data being resampled 100,000 times) implemented in R v 2.10.1 (R Development 

Core Team 2010). Individuals with mismatches between parent/offspring Horns genotypes 

were removed prior to analysis. The analysis was then repeated using maternal and 

paternal horn phenotype, as horn expression in the parents is likely to be a reflection of 

their individual RXFP2 expression, and some parents had known horn phenotype, but an 

unknown Horns genotype. Finally, the relative risk of a HoP/HoP male developing normal 

horns for a given parental genotype/horn type was calculated, as the proportion of sons 

with Ho+/HoP parents (or scurred mothers/normal-horned fathers) developing normal 

horns, divided by the proportion of sons with HoP/HoP parents (or polled mothers/scurred 

fathers) developing normal horns.  
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4.2.6 Parental effects on horn size in normal-horned male offspring: August 

measurements of horn length and horn base circumference were obtained from lambs (~4 

months of age) and yearlings (~16 months of age); if more than one measurement was 

available, then a mean measurement was calculated. To examine parental effects on horn 

size, general linear models (GLMs) with a Gaussian error structure were fitted for each age 

class and horn measure, with a fixed effect of offspring Horns genotype; GLMs were 

implemented in R v2.10.1 (R Development Core Team 2010). To test the association of 

parental horn traits with offspring phenotype, an additional fixed effect of either maternal 

Horns genotype, paternal Horns genotype or maternal horn type was fitted. Paternal horn 

type was not examined due to the small number of scurred fathers in the pedigree. As six 

different GLM models were examined, a Bonferroni correction of multiple testing was 

applied, i.e. the P-value required for experiment-wide statistical significance was calculated 

as 0.05/6 = 0.0083. 

 

4.3 RESULTS 

 

4.3.1 Indirect parental effects on offspring horn type in HoP/HoP males: Maternal Horns 

genotype had a significant effect on horn type in HoP/HoP sons, as Ho+/HoP mothers were 

more likely to have normal-horned sons than HoP/HoP mothers (N = 120, χ2 = 9.782, P = 

1.76×10-3; relative risk = 1.74; Table 4.1A). Similarly, maternal horn type had an effect on 

son horn type, where normal-horned and scurred mothers were more likely to have 

normal-horned sons, and polled females more likely to have scurred sons (N = 164, χ2 = 

17.22, d.f. = 2, P = 1.82×10-4; relative risk = 1.47; Table 4.1B). In contrast, there was no 

effect of paternal Horns genotype or paternal horn type on horn type in HoP/HoP sons 

(paternal Horns genotype: N = 77, χ2 = 0.339, d.f. = 1, P = 0.561; relative risk = 0.9; Table 

4.2A; paternal horn type: N = 99, χ2 = 0.522, d.f. = 1, P = 0.470; relative risk = 1.22; Table 

4.2B). Therefore, maternal Horns genotype affects horn development in sons; a HoP/HoP 

son is almost twice as likely to grow normal horns if his mother carries a copy of the Ho+ 

allele. 
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Table 4.1. Distribution of horn types in HoP/HoP males for each maternal Horns genotype 
(A) and maternal horn type (B).  
 

A 

HoP/HoP Male 
Horn Type 

Maternal Horns Genotype 
Total 

Ho+/HoP HoP/HoP 

Normal 39 24 63 

Scurred 19 38 57 

Total 58 62 120 
χ

2 
= 9.782, d.f. = 1, P (χ

2
) = 0.002, P (Fisher’s exact test) = 0.002 

 

 

B 

HoP/HoP Male 
Horn Type 

Maternal Horn Type Total 

Normal Scurred Polled  

Normal 13 51 27 91 

Scurred 1 30 42 73 

Total 14 81 69 164 
Excluding normal-horned mothers: χ

2 
= 8.479, d.f. = 1, P (χ

2
) = 0.004, P (Fisher’s exact test) = 0.005 

Including normal-horned mothers:  χ
2
 = 17.22, d.f. = 2, P (χ

2
) = 3.59×10

-3
, P (Fisher’s exact test) = 1.2×10

-4
 

 

 

 

Table 4.2. Distribution of horn types in HoP/HoP males for each paternal Horns genotype 
(A) and paternal horn type (B).  
 

A 

HoP/HoP Male 
Horn Type 

Paternal Horns 
Genotype Total 

Ho+/HoP HoP/HoP 

Normal 30 19 49 

Scurred 19 9 28 

Total 49 28 77 
χ

2 
= 0.339, d.f. = 1, P (χ

2
) = 0.561, P (Fisher’s exact test) = 0.628 

 

B 

HoP/HoP Male 
Horn Type 

Paternal Horn Type 
Total 

Normal Scurred 

Normal 53 6 59 

Scurred 34 6 40 

Total 87 12 99 
χ

2 
= 0.522, d.f. = 1, P (χ

2
) = 0.470, P (Fisher’s exact test) = 0.538 
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4.3.2 Parental effects on horn size in normal-horned male offspring: In lambs, normal-

horned male offspring of HoP/HoP mothers had significantly smaller horn base 

circumference than those of Ho+/Ho+ mothers, independent of their own genotype (P = 

2.83×10-3 ; Table 4.3 and Figure 4.1A). Maternal horn type also had an effect on horn size in 

normal-horned male offspring; the sons of polled mothers had significantly shorter horns 

and a smaller base circumference than those of normal-horned mothers (P = 4.95×10-4 and 

P = 3.47×10-4 respectively), as well as a significantly smaller horn base circumference than 

offspring of scurred mothers (P = 9.99×10-4; Figure 4.1B). Paternal Horns genotype had no 

significant effect on horn length or horn base circumference and there were no parental 

effects on horn size in yearling normal-horned sons (where P > 0.0083, the threshold for 

statistical significance; Figure 4.1C). 

 

4.4 DISCUSSION 

 

Here we show that in male Soay sheep, maternal genotype at the Horns locus affects horn 

development, independent of their own genotype at Horns. Males with the genotype 

HoP/HoP are more likely to develop normal horns if their mother has the genotype Ho+/HoP, 

rather than HoP/HoP. Furthermore, normal-horned sons with Ho+/Ho+ mothers have horns 

with a larger base circumference than those with HoP/HoP mothers, when individual 

genotype is taken into account. Similar examination of maternal horn type showed that 

normal-horned mothers have offspring with longer horns and a larger base circumference 

in comparison to polled mother. This study provides rare evidence of a specific gene in the 

mother causing a maternal genetic effect in her offspring in a wild population.  

 

4.4.1 The role of maternal RXFP2 genotype affecting horn development in sons: The 

findings of this study are consistent with the idea that the expression of RXFP2 associated 

with Ho+ in the mother could contribute to the level of RXFP2 gene product (and/or 

associated androgens) in the developing embryo, thereby increasing the likelihood that the 

foetus will pass the liability threshold for normal horns. Similarly, a lack of exposure to the 

Ho+ allele could mean that reaching this threshold is less likely. Although the cause and 

effect relationship between androgens and RXFP2 is still poorly understood, there is a 

positive association between RXFP2 expression and blood testosterone levels (Yuan et al. 

2010). Also, androgens are known to pass into the developing foetus through the placenta, 
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Table 4.3. Effect sizes of parental Horns genotype and maternal horn type in GLMs for 

horn size in Soay sheep lambs (~4 months of age).  

 

Measure Model Coefficient Mean S.E. t 
Nominal P-

value 
Significance 

H
O

R
N

 L
EN

G
TH

 

Maternal Horns 
Genotype 
(N = 309) 

Intercept 
(Ho

+
/Ho

+
) 

155.548 3.503 44.407 
 

 

Ho
+
/Ho

P
 -6.316 4.072 -1.551 0.122 NS 

Ho
P
/Ho

P
 -11.554 5.328 -2.168 0.031 NS 

      
 

Maternal Horn 
Type 

(N = 415) 

Intercept 
(Normal) 

157.947 2.942 53.688 
 

 

Scurred -6.447 3.419 -1.886 0.06 NS 

Polled -17.519 4.989 -3.512 4.95×10
-4

 ** 

      
 

Paternal Horns 
Genotype 
(N = 175) 

Intercept 
(Ho

+
/Ho

+
) 

154.732 4.581 33.781 
 

 

Ho
+
/Ho

P
 3.824 5.73 0.667 0.506 NS 

Ho
P
/Ho

P
 -8.8 7.397 -1.19 0.236 NS 

 

      
 

H
O

R
N

 B
A

SE
 C

IR
C

U
M

FE
R

EN
C

E 

Maternal Horns 
Genotype 
(N = 309) 

Intercept 
(Ho

+
/Ho

+
) 

121.759 1.912 63.688 
 

 

Ho
+
/Ho

P
 -3.787 2.228 -1.7 0.09 NS 

Ho
P
/Ho

P
 -8.773 2.914 -3.01 2.83×10

-3
 * 

      
 

Maternal Horn 
Type 

(N = 409) 

Intercept 
(Normal) 

121.474 1.584 76.665 
 

 

Scurred -1.444 1.844 -0.783 0.434 NS, † 

Polled -9.654 2.676 -3.608 3.47×10
-4

 ** 

      
 

Paternal Horns 
Genotype 
(N = 172) 

Intercept 
(Ho

+
/Ho

+
) 

120.78 2.610 46.282 
 

 

Ho
+
/Ho

P
 5.077 3.219 1.577 0.117 NS 

Ho
P
/Ho

P
 -3.779 4.126 -0.916 0.361 NS 

†Scurred mothers have a significantly different effect size for horn base circumference in comparison to polled 
mothers, coefficient S.E = 2.477, t = 3.315, P = 6.00×10

-3 

 

GLMs included an additional effect of offspring Horns genotype (not shown) with the 
intercept at Ho+/Ho+. *P < 0.05. ** P < 0.01, both after Bonferroni correction for multiple 
testing. 
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Figure 4.1. Mean horn size measures in normal-horned male lambs within each maternal Horns 
genotype (A), maternal horn type (B) and paternal Horns genotype (C). Mean values and standard 
errors were estimated from general linear models including offspring Horns genotype as an 
additional fixed effect; standard errors are given relative to the intercept (Ho

+
/Ho

+
 for parental 

Horns genotype and normal horns for maternal horn phenotype). 
* 95% confidence that the mean is significantly different from that of Ho

+
/Ho

+ 
(** = 99% confidence). 

† 95% confidence that the mean is significantly different from that of Ho
P
/Ho

P
.  
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from adjacent foetuses, and/or exogenously from the uterine environment (Deanesly 1961; 

vom Saal 1989; Nagel et al. 2004), and gene-expression studies in humans have found that 

RXFP2 is expressed in the uterine environment and placenta of pregnant women (see Gene 

Expression Omnibus record 1553326 in datasets GDS2470 and GDS2548 respectively, 

available at http://www.ncbi.nlm.nih.gov/geo/). Therefore, if there is a link between RXFP2 

and androgen expression, there are two possible routes by which maternal RXFP2 

genotype could influence offspring horn phenotype. Firstly, higher levels of RXFP2 gene 

product with normal-function in Ho+ mothers could increase receptivity to androgens in the 

mother, which are then transferred to the developing foetus through the placenta; or 

secondly, that higher levels of RXFP2 gene product with normal function in Ho+ mothers 

could be associated with an increased amount of androgens freely available in the intra-

uterine environment.  

 

4.4.2 An absence of other non-genetic effects: The current study found no evidence that 

paternal Horns genotype or paternal horn type affected horn type in HoP/HoP sons or horn 

size in normal-horned sons. Therefore, our data are consistent with the idea that the main 

indirect genetic effect on horns development is due to uterine exposure to maternal RXFP2 

gene products, which can influence the growth of horns in developing male foetuses. One 

additional test of the importance of uterine environment in shaping horn development 

would have been to consider the effect of twin sex or Horns genotype on horn type 

development in HoP/HoP males; for example, if the presence of androgens or an Ho+ allele 

in a twin would increase the likelihood of expressing normal horns. However, only a small 

proportion of births in Soay sheep are fraternal twins (~11%: Pemberton et al. 1999) and so 

there were not enough data to perform this analysis. Further examination found no 

association of offspring horn morphology with other individual/environmental factors, such 

as birth weight, parental body weight and population density. 

  

4.4.3 Could there be additional genetic factors involved? The maternal genotype of 

HoP/HoP males may make the development of a particular horn type more likely, but the 

association between maternal Horns genotype and horn type is not perfect. Although this 

may be due to Horns being a threshold trait, we cannot rule out the possibility of additional 

genetic factors controlling horn type. Imperfect association may also be attributed to 

recombination between the predictive SNP, SNP10, and the causal mutation affecting horn 

type (Chapter 3). The previous chapter presented results of a GWAS on horn type using 
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~36,000 SNPs in 486 sheep, but the low number of HoP/HoP males in the study (N = 19, with 

only 5 scurred individuals) made it impossible to investigate additional genes associated 

with horn type. Nevertheless, association with horn base circumference and an additional 

locus on chromosome 22 (Protein Kinase PRKG1, P = 0.031; Chapter 3) highlights that we 

may not be able to rule out the effect of other regions of the genome without examining a 

larger number of HoP/HoP males. 

 

4.4.4 Conclusions and wider consequences: The findings of this study show that maternal 

Horns genotype will affect horn type and horn size in their sons, where mothers with more 

copies of the Ho+ allele are more likely to have HoP/HoP sons with normal horns and 

normal-horned sons with larger horns, independent of the Horns genotype of the offspring. 

Our results appear to conform to the findings from the previous chapter of horn expression 

as a threshold trait, and that the effect of the alleles is approximately additive; this is also 

consistent with evidence of the action RXFP2 and associated androgens in other mammal 

species. Previous studies examining maternal genetic effects in wild populations have been 

restricted to quantitative genetic studies, in order to understand the proportion of 

heritable variation explained by these effects, as well as their covariance with direct genetic 

effects of their offspring (Kirkpatrick and Lande 1989; Wolf et al. 1998; Wilson et al. 2005). 

However, the current study takes a unique approach, as it not only examines a specific 

maternal genetic contribution to variation, but also identifies a genetic locus that 

contributes to that maternal genetic effect.  

 

4.4.5 Future directions: The current study offers promising evidence for an effect of 

maternal Horns genotype on horn morphology in their sons, and provides a stepping stone 

for understand the mechanism by which maternal Horns genotype influences horn type 

and horn size in male offspring, as well as its direct contribution to total heritable variation 

in horn size. Further sequencing to determine a causal mutation may allow for a more 

accurate interpretation of our findings, although this may be limited by the action of Horns 

as a threshold trait. In addition, conducting a GWAS on a greater of number of individuals 

would provide two possible avenues of research: firstly, it may reveal additional genetic 

factors affecting horn type and horn morphology in male Soay sheep, particularly in those 

with the genotype HoP/HoP; and secondly, it may be possible to identify QTLs within the 

mother which contribute to horn morphology variation in their sons, and identify the 

magnitude of their effect, as well as covariance with genetic variation within sons. 
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Ultimately, our findings provide a foundation for examining the evolutionary potential of 

this maternal effect, particularly of how the genotype of the mother at a locus conferring a 

secondary sexual character may confer a fitness advantage in species with aggressive 

competition for mates and strong sexual selection. 
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5.0 ABSTRACT 

 

Understanding how genetic variation is maintained in the face of natural selection is one of 

the most fundamental questions in evolutionary genetics. Soay sheep have an inherited 

polymorphism for horn type in both sexes, which has recently been mapped to a single 

autosomal locus, Horns, with two alleles, Ho+ and HoP. The majority of males exhibit large, 

normal horns; however, ~50% of males with the genotype HoP/HoP develop small, 

deformed horns (scurs). Females are either normal-horned (Ho+/Ho+), scurred (Ho+/HoP) or 

hornless (polled, HoP/HoP). Despite reduced fitness in scurred males and polled females (i.e. 

HoP/HoP individuals), the frequency of the HoP allele has been increasing in the Soay sheep 

population. The following study determines if the increase in HoP is greater than would be 

expected through genetic drift alone, and investigates the relationship between the Horns 

genotype and annual and lifetime fitness in both males and females. We found that the HoP 

allele increased by ~0.357% per annum from 1990 to 2008; this was a higher rate than 

would be expected through genetic drift alone (P = 0.037). Males with the genotype 

Ho+/HoP had the greatest annual and lifetime fitness; HoP/HoP males exhibited significantly 

lower annual and lifetime breeding success while Ho+/Ho+ males exhibited significantly 

lower annual survival. In females, there was no difference in annual fitness between Horns 

genotypes, but Ho+/HoP females had significantly higher lifetime fitness in comparison to 

Ho+/Ho+ and HoP/HoP females. Therefore, the maintenance of polymorphism at the Horns 

locus is likely to be due to heterozygote superiority in both sexes. The temporal increase in 

HoP is moving towards the equilibrium frequency predicted by the fitness differences 

between the three genotypes.  
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5.1 INTRODUCTION 

 

Evolution is the change in the genetic composition of a population over many generations, 

and can occur through natural selection and/or genetic drift. Evolutionary theory predicts 

that strong directional selection within a population will drive alleles conferring desirable 

phenotypes towards fixation, whilst removing alleles conferring unfavourable phenotypes. 

As a result, it is expected that the genetic variability (i.e. the heritability) underlying the 

trait will be reduced and a permanent change in its distribution will occur (Falconer and 

Mackay 1996). However, in wild populations, substantial genetic variation is often 

maintained despite apparent directional selection (Fisher 1958; Houle 1992); this may be 

due to spatial and temporal changes in environmental conditions, selection pressures 

and/or gene by environment interactions (Merilä and Sheldon 1999; Kruuk 2004; Kruuk et 

al. 2008). Understanding the mechanisms maintaining genetic variation in any trait under 

selection often remains elusive, and so one key step in understanding the evolution of a 

trait is to identify its genetic architecture, i.e. the genomic regions and genes that 

contribute to genetic and phenotypic variation. When genomic regions underlying trait 

variation can be identified, then their relationship with important fitness traits can be 

determined. In the following chapter, we examine the relationship between fitness and a 

recently discovered locus strongly associated with variation in a secondary sexual character 

under natural and sexual selection in a wild sheep population. 

 

Sexual selection through mate choice or intra-sexual competition is often assumed to be a 

source of strong, directional selection (Andersson 1994; Pomiankowski and Møller 1995), 

yet several studies have identified and quantified substantial heritable variation of sexually-

selected traits in the wild (Kruuk et al. 2002; Jensen et al. 2008; Poissant et al. 2008; Petrie 

et al. 2009). If there is antagonistic selection between the sexes on a trait with similar 

genetic control, then genetic variation could be maintained by intra-locus sexual conflict 

(Bonduriansky and Chenoweth 2009). This occurs when selection on a sexually dimorphic 

trait in one sex reduces fitness in the other sex, causing a shift away from the latter’s 

optimal phenotype (Lande 1980). Such effects have been observed in quantitative genetic 

studies of wild populations, such as in red deer, where males with relatively high fitness 

sired daughters with low fitness (Foerster et al. 2007) and in collared flycatchers, where 

there is a strong negative correlation between lifetime reproductive success between 

males and females (Brommer et al. 2007). Although these studies are informative about 
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the maintenance of variation, they do not provide information on the specific genetic 

mechanisms by which intra-locus sexual conflict is maintained, because the genes 

underlying variation in the focal traits have not been identified. 

 

Wild sheep populations (Ovis spp.) have highly competitive and promiscuous mating 

systems, with fierce competition between males for access to oestrous females during the 

mating season (Hogg 1984; Coltman et al. 1999). All male sheep possess large horns which 

are used as weaponry in this intra-male conflict and which grow cumulatively over their 

lifetime. The Soay sheep of St Kilda (Ovis aries) are a feral population of a primitive breed of 

domestic sheep which have been subject to a long term study since 1985. They are unusual 

in that they have an inherited polymorphism for horn type. The majority of males have 

large, normal horns (88% of records) but a small number have weak, deformed horns 

(known as scurs, 12%). Females are either normal-horned (33%), scurred (39%) or have no 

visible horn growth (known as ‘polled’, 28%). As well as a polymorphism of horn type, there 

is also a substantial amount of heritable variation in horn size within normal horned males 

(e.g. horn length h2 = 0.37, Chapter 3). 

 

To understand this variation in horn type in Soay sheep, several studies have examined the 

relationship between discrete and quantitative variation in horn morphology and a number 

of life-history traits. They found that normal-horned males have greater reproductive 

success in a given year, but have reduced longevity in comparison to scurred males 

(Robinson et al. 2006). In females, scurred sheep have greater reproductive success and 

annual survival compared to normal and polled females, with polled females exhibiting 

lower longevity and lifetime breeding success (Clutton-Brock et al. 1997; Robinson et al. 

2006). Larger normal horns are associated with higher reproductive success in males 

(Preston et al. 2003), but the cost of their development may only pay off if environmental 

conditions are favourable in early life (Robinson et al. 2008). Therefore, the horn type 

polymorphism could be maintained by antagonistic selection between the sexes, with 

heritable variation in horn size maintained by differences in selection arising from 

fluctuating environmental conditions. Nevertheless, given that polled females have lower 

fitness and that scurred males have low reproductive success, it remains a paradox that 

these phenotypes persist within the population. 
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The key to understanding the evolution of this trait may lie with the recent discovery of the 

genetic architecture of horn morphology in Soay sheep. The gene controlling horn type, the 

putative Horns locus, has recently been fine-mapped to a single autosomal locus, Relaxin-

like peptide receptor 2 (RXFP2, UniProt Accession Number Q8WXD0; Chapter 3). This gene 

is associated with a number of primary sex characters, including testicular descent and 

blood testosterone levels (Gorlov et al. 2002; Bathgate et al. 2006; Bogatcheva et al. 2007; 

Feng et al. 2009; Bay and Andersson 2010; Yuan et al. 2010), and is also associated with 

reduced bone mass density in humans and mice (Ferlin et al. 2008). In Chapter 3, a genetic 

marker in strong linkage disequilibrium (LD) with Horns was identified, and for the first 

time, it was possible to determine individual Horns genotypes in the study population and 

the mode of inheritance. In addition, it provides a rare opportunity to test for intra-locus 

sexual conflict at a specific genomic region controlling variation in a sexually dimorphic 

trait. Horns is a biallelic locus, with differences in dominance and expression between the 

sexes: in males, genotypes Ho+/Ho+ and Ho+/HoP confer normal horns, whereas HoP/HoP 

confers normal and scurred horns in a ratio of ~1:1; in females, the genotypes Ho+/Ho+, 

Ho+/HoP and HoP/HoP confer normal, scurred and polled phenotypes respectively. The most 

striking discovery from Chapter 3 was that the Horns locus also explains up to 76% of the 

genetic variation in horn size in normal-horned males, in which having more copies of the 

Ho+ allele results in larger horns. This contrasts markedly from the expectation (and 

empirical evidence) that a single locus is likely to explain only a small proportion of the 

genetic variation in a trait (Flint and Mackay 2009; Manolio et al. 2009; Ehrenreich et al. 

2010).  

 

Despite the low reproductive success of scurred males and polled females (both HoP/HoP), 

the frequency of the HoP allele increased by ~0.39% per year between the years 1990 and 

2008 (linear regression, F1,18 = 38.71, P = 7.182×10-06; this study). Therefore, the first aim of 

this study was to identify if this temporal trend is due to selection, by determining if the 

increase in the frequency of HoP is higher than would be expected through genetic drift 

alone. The second aim of this study was to investigate selection at Horns, by examining the 

relationship between Horns genotype and a number of fitness traits. The evidence that 

scurred females (which tend to have genotype Ho+/HoP) have the greatest fitness could 

offer an explanation for the maintenance (rather than increase) of the HoP allele within the 

population. We predict that in addition to selection favouring the Ho+/HoP genotype in 

females, a trade-off between reproductive success and survival confers greater overall 
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fitness in Ho+/HoP males. Ultimately, this chapter aims to explain the causes of changes in 

allele frequency and therefore the evolution of variation in horn morphology in the Soay 

sheep population. 

 

5.2 MATERIALS AND METHODS 

 

5.2.1 Study population: The Soay sheep of the St Kilda archipelago (Scotland, UK, 57º49’ N, 

8º34’ W) are a primitive feral breed likely to be the survivors of the earliest domestic sheep 

that spread across Europe during the Neolithic period, and are related to the 

Mediterranean and Asiatic mouflon, Ovis aries orientalis (Clutton-Brock and Pemberton 

2004; Chessa et al. 2009). The study population in Village Bay, Hirta, was established in 

1932 with the introduction of 107 sheep from the neighbouring island of Soay. The Village 

Bay population has been studied on an individual basis since 1985 (Clutton-Brock et al. 

2004). Each spring, at least 95% of lambs are caught, ear-tagged and sampled for genetic 

analysis. There are no predators present on St Kilda. 

 

5.2.2 Soay sheep pedigree: The Soay sheep mating system is promiscuous, with individual 

females often consorting with multiple males, meaning that few full-sibs occur in the 

population. Maternal links are assigned through field observations and confirmed using 

molecular analysis, whereas paternal links are inferred through molecular analysis only 

(Overall et al. 2005). Paternity is assigned using Cervus 3.0 (Kalinowski et al. 2007), where 

males are assigned at > 80% confidence, with no more than one mismatch between father 

and offspring or between the mother-father-offspring trio over the 14-18 microsatellite loci 

used. Genomic DNA was extracted from blood samples or from ear-punch tissue using 

DNeasy Tissue Kit (QIAGEN). 

 

5.2.3 Determining the genotype at Horns: Previous research has mapped the Horns locus 

in Soay sheep to a single gene, RXFP2, on chromosome 10. In Chapter 3, we identified a 

single SNP in the 3’ untranslated region of RXFP2, SNP10, strongly associated with both 

horn type and horn size in Soay sheep, although the causal mutation is yet to be discovered 

(see Chapter 3 for a detailed discussion). We typed SNP10 in 2517 sheep in the full Soay 

sheep pedigree (N = 4577) using a multiplex SNPSCALE protocol (Kenta et al. 2008). Our 

findings implied that the C and T alleles at SNP10 are in strong linkage disequilibrium with 

the putative alleles Ho+ and HoP described in previous gene mapping papers, where Ho+ is a 
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wild type allele conferring normal horns, and HoP is a mutant allele conferring a scurred or 

polled phenotype in males and females respectively. Therefore, we refer to the SNP10 

genotypes in terms of their predicted genotype at the Horns locus, with its alleles Ho+ and 

HoP.  

 

5.2.4 Temporal trend in Horns allele frequencies: A temporal trend in gene frequencies 

over time can be due to selection and/or genetic drift. A simple linear regression suggests 

that the frequency of the HoP allele increased between 1990 and 2008. However, given that 

some individuals were recorded in multiple years, the regression may be affected by 

autocorrelation. To account for this, a ‘gene-drop’ method was used to model the expected 

change in frequency due to genetic drift alone, given an identical pedigree to the true one 

(Gratten et al. in prep). This method uses information from the observed allele frequencies 

in the pedigree founders. Alleles are randomly assigned to founder individuals based on a 

starting frequency and are then transmitted to their offspring; frequencies are then 

estimated for each year. If an individual in the pedigree had unknown parents, its alleles 

were sampled using the frequencies recorded in the previous year. A total of 1000 

simulations of this gene-drop method were conducted using a pedigree consisting of all 

pedigreed and genotyped individuals from all cohorts from the years 1990 to 2008. The 

change in allele frequency in each simulation was calculated using a linear regression with 

year as the predictor variable and allele frequency as the response variable. As the 

proportion of genotyped individuals increased from year to year, due to the increasing 

availability of viable DNA samples, the regression was weighted by the proportion of 

genotyped individuals within each cohort. The starting frequency of Horns in this study was 

estimated using both information from SNP10 and confirmed using the frequency of 

normal-horned females (as an estimate of the frequency of the Ho+ allele) from 1990. The 

whole analysis was repeated using SNP11, a locus closely linked to, and in strong LD with, 

SNP101. If the observed trends were significantly stronger than those generated under the 

                                                           

 

1
 As the SNP-SCALE genotyping method uses different fluorescent dyes, there is a risk that an 

apparent temporal trend could emerge if there was preferential amplification of a particular allele 
i.e. if the two dyes differed in sensitivity to the age or quality of the DNA sample. However, each 
allele at SNP11 was labelled with the opposite fluorescent dye to its associated allele at SNP10 (i.e. 
the C allele at SNP10 is in strong LD with the T allele at SNP11, where the former is labelled with [6-
HEX] and the latter is labelled with [5FAM]). Because the temporal trends are in the same direction 
for associated alleles at SNPs 10 and 11, preferential amplification associated with particular dyes 
can be rejected as a cause of the temporal trends.  
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gene dropping simulations, genetic drift could be rejected as a the sole process affecting 

temporal changes in allele frequency. All models were implemented in R v2.11.1 (R 

Development Core Team 2010). 

 

5.2.5 Components of fitness and phenotype dataset: To identify possible selection at the 

Horns locus, this study examined the relationship between Horns genotype and a number 

of measures of annual and lifetime fitness, based on measures of survival and fecundity. As 

free-living populations often experience years of high mortality and fluctuations in the 

population mean survival and reproductive success, we used a ‘de-lifed’ approach to 

calculate fitness (Coulson et al. 2006). This method differs from traditional methods in that 

it calculates the contribution of an individual i to overall population growth, pt(i), as the sum 

of its reproductive success (recruitment, rt(i)) and survival, st(i), incorporating information 

from the mean population rt(i) and st(i) between reproductive periods. These measures were 

defined as follows for annual fitness:  

1) De-lifed recruitment (rt(i)): the number of lambs sired by a male, or as the number 

of live lambs born to a female, surviving to at least the first November after birth (≥ 

6 months old), which was then standardised relative to the population size of the 

year of measurement; 

2) De-lifed survival (st(i)): survival to November of the following year, standardised 

relative to the population size of the year of measurement; 

3) De-lifed individual contribution to annual population growth (pt(i)): the sum of rt(i) 

and rt(i); 

Lifetime fitness measures were also calculated as the sum of annual fitness measures for 

individuals known to be deceased, in which annual fitness measures had been recorded for 

every year of their lifetime. De-lifed fitness measures were obtained from the Soay Sheep 

Database v1.69, where the Village Bay population size was calculated as the total number 

of individuals observed by census in November of each year, from 1985 to 2007.  

5.2.6 Modelling selection on components of fitness. 

The Animal Model: To investigate the effects of SNP markers on components of fitness, 

phenotypic variation was modelled as a combination of fixed and random effects using a 

Restricted Estimate Maximum Likelihood (REML) procedure known as the ‘Animal Model’ 

(Henderson 1975; Lynch and Walsh 1998; Kruuk 2004) implemented in ASReml v1.0 

(Gilmour et al. 2002). This model differs from a standard mixed model in that it uses 
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pedigree information to estimate additive genetic variance (and hence the heritability) of a 

trait by incorporating the correlations of effects between relatives. All animal models were 

fitted in males and females separately, due to differences in variance in fitness traits 

between the sexes.  

 

Error structure: Although the annual and lifetime de-lifed fitness measures were not 

normally distributed, they were continuous positive and negative real numbers. Therefore, 

a Gaussian error structure was the most appropriate for the data; these de-lifed fitness 

measures were also multiplied by 1000 for ease of analysis. The frequency distributions for 

annual and lifetime fitness components are shown in Figure 5.1 and Figure 5.2 respectively. 

Due to the unusual nature of the distribution, all models described in this section were 

reanalysed using a Bayesian approach to estimate the fixed and random effects; similar 

results and the same conclusions were reached regardless of the method used; additional 

methods and results are outlined and presented in Appendix 5.1. 

 

Model structure and significance testing: The significance of fixed effects was tested using a 

Wald t-test. Rather than sequentially eliminating non-significant fixed terms and their 

interactions from models (a model reduction strategy), fixed effects were retained for each 

fitness measure if they had a significant effect in any model of fitness components. The 

calculation of accurate P-values of fixed effects in Gaussian mixed models is the subject of 

on-going debate, due to difficulty in estimating the correct degrees of freedom2. Therefore, 

the Wald t-statistics are given in the results section and deemed significant at P < 0.05 

where t > 1.96 (as it is for ∞ degrees of freedom). The significance of each random effect 

was tested by comparing a full model with all random effects with the same model with the 

focal random effect removed; this was done using a likelihood ratio test (LRT) distributed as 

a 50:50 mixture of a χ2 with 1 d.f. and a point mass of zero; the significance value was 

obtained by assuming a χ2 with 1 d.f. and halving the P-value (Almasy and Blangero 1998).  

 

                                                           

 

2
 There is no definitive reference on the P-value debate, but it is discussed online by authors of the 

package lmer in R (Douglas Bates, available at https://stat.ethz.ch/pipermail/r-help/2006-
May/094765.html, retrieved July 2010) and extensively by a number of eminent statisticians 
(available at http://rwiki.sciviews.org/doku.php?id=guides:lmer-tests, retrieved July 2010). 
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Figure 5.1. Frequency distributions of annual de-lifed overall population growth (pt(i)), 

recruitment (rt(i)) and survival (st(i)) in males (N = 901) and females (N = 1912). The 

frequency of males with pt(i) and rt(i) greater than 5 have been scored as 5+. 
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Figure 5.2. Frequency distributions of lifetime de-lifed overall population growth (pt(i)), 

recruitment (rt(i)) and survival (st(i)) in males (N = 614) and females.(N = 644) The 

frequency of individuals with pt(i) and rt(i) greater than 10 have been scored as 10+. 
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For annual fitness measures, the fixed effects fitted were age of measurement (fitted as a 

quadratic term), weight (in kg, measured during the August catch for the year the fitness 

measure was made and fitted as a covariate), and the genotype at Horns (fitted as a factor 

with three levels corresponding to genotypes Ho+/Ho+, Ho+/HoP and HoP/HoP); random 

effects included an additive genetic effect (heritability), animal identity (or permanent 

environment effect, to account for repeated measures in individual sheep), birth year and 

the year of fitness measurement (‘capture’ year); the two latter effects account for 

variation attributed to specific environmental effects associated with these years. For 

lifetime fitness measures, fixed effects included the genotype at Horns, birth weight 

(residuals taken from a linear regression of capture weight and age in days of 

measurement) and birth population density; random effects included an additive genetic 

effect, birth year and death year.  

 

5.2.7 Equilibrium frequency of HoP based on fitness measures: If heterozygous individuals 

have increased fitness in comparison to both homozygotes, then polymorphism at a locus 

should be maintained by heterozygote superiority. If the fitness of each genotype is known, 

then it is possible to calculate the expected equilibrium frequency of either allele. If 

Ho+/Ho+ individuals have a relative fitness 1-s, Ho+/HoP (heterozygous) individuals have a 

relative fitness of 1, and HoP/HoP individuals have a relative fitness of 1-t, then the 

equilibrium frequency of HoP can be calculated as q = s/(s+t) (Hedrick 2005). The 

equilibrium frequency was tested using measures of pt(i) for annual and lifetime fitness in 

both males and females. We also calculated an overall equilibrium frequency accounting 

for the observed sex ratio within the Soay sheep population by weighting each fitness 

estimate by the mean proportion of males within the study area (~33%). 

 

5.3 RESULTS 

 

5.3.1 Temporal trend in Horns allele frequencies: The frequency of the HoP allele increased 

in the Village Bay population from the year 1990 to 2008 (linear regression of SNP10: b = 

3.568×10-3, F1,17 = 27.17, P = 7.04×10-5; Figure 5.3); the frequency of the HoP-linked allele at 

SNP11 also increased over this period (linear regression: b = 5.268×10-3, F1,17 = 64.14, P = 

3.59×10-7; Figure 5.3). The gene-drop simulations (N = 1000) indicated that this observed 
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Figure 5.3. Temporal trend in the frequency of the Ho
P
 allele in the Village Bay population from 

1990 to 2008 (black solid line and points). Each point indicates the observed frequency of the Ho
P
 

allele in the Village population in August of a given year (as indicated by SNP10). The solid line is a 

linear regression of allele frequency and year, weighted by the proportion of genotyped individuals. 

The change in frequency of the allele of SNP11 in strong LD with Ho
P
 is indicated by the grey dashed 

line.  

 

 

Figure 5.4. The distribution of regression slopes obtained from 1000 gene-drop simulations in the 

Soay sheep pedigree for the Horns locus (SNP10, left) and for the linked locus SNP11 (right). The 

dashed line indicates the empirical slope for the change in allele frequency from 1990 to 2008. The 

probability of observing a more rapid increase in Ho
P
 is 0.035; the probability of observing a more 

rapid increase at the linked allele at SNP11 is 0.001. 
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increase of the HoP allele is greater than would be expected from genetic drift alone (P = 

0.035 and 0.001 for Horns (SNP10) and SNP11 respectively; Figure 5.4). Therefore, 

temporal trends at Horns are consistent with a response to selection favouring the HoP 

allele. 

 

5.3.2 Modelling selection on components of fitness:  

Annual Fitness: In males, Ho+/HoP individuals had a significantly higher annual contribution 

to population growth than Ho+/Ho+ and HoP/HoP individuals (pt(i): Wald t = 2.58 and t = 2.26 

respectively; Figure 5.5; Table 5.1). Ho+/HoP had significantly higher annual recruitment 

than HoP/HoP males (rt(i): Wald t = 2.1) and significantly higher annual survival than Ho+/Ho+ 

males (st(i): Wald t = 3.12). Therefore Ho+/HoP males have the highest overall annual fitness 

in the Village Bay population, through relatively high survival and recruitment; leading to a 

significantly higher contribution to population growth in comparison to Ho+/Ho+ and 

HoP/HoP males. In females, there was no difference between any annual fitness measure 

and Horns genotype (Figure 5.5; Table 5.1). The estimated variance components for models 

of annual fitness in both males and females are provided in Table 5.2. 

 

Lifetime fitness: In males, Ho+/HoP and Ho+/Ho+ individuals had a significantly higher 

lifetime contribution to population growth than HoP/HoP individuals (pt(i): Wald t = 2.09 and 

t = 2.46 respectively; Figure 5.6; Table 5.3). Ho+/HoP and Ho+/Ho+ individuals also had a 

significantly higher lifetime recruitment than HoP/HoP individuals (rt(i): Wald t = 2.13 and t = 

2.4 respectively). There was no difference in lifetime survival between all three Horns 

genotypes (st(i): Wald t < 0.91). Therefore, HoP/HoP males have a reduced lifetime 

contribution to population growth compared to Ho+/Ho+ and Ho+/HoP males, which is 

driven by significantly lower recruitment to the population. In females, Ho+/HoP females 

had significantly higher pt(i) than Ho+/Ho+ and HoP/HoP individuals (Wald t = 2.35 and t = 

2.46 respectively, Figure 5.6; Table 5.3) and also had higher rt(i) than Ho+/Ho+ and HoP/HoP 

individuals (Wald t = 2.44 and t = 1.96 respectively). There was no difference in st(i) between 

all three Horns genotypes (Wald t < 0.82). Therefore, Ho+/HoP females have the highest 

lifetime contribution to population growth compared to Ho+/Ho+ and HoP/HoP females, 

which is driven by significantly higher recruitment to the population. The estimated 

variance components for models of lifetime fitness in both males and females are provided 

in Table 5.4. 
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Figure 5.5. Effect sizes of annual de-lifed fitness measures overall population growth (pt(i)), 
recruitment (rt(i)) and survival (st(i)) for each Horns genotype in males (left) and females (right). 
Effect sizes were estimated from an animal model with additional fixed effects of body weight and 
age. Random effects in the model included an additive genetic effect, permanent environment 
effect, birth year and capture year. Effect sizes are given relative to the intercept at Ho

+
/Ho

+
. The 

number of annual fitness measures within each Horns genotype is given at the top of the graph, with 
the number of unique individuals in brackets. 
 
* indicates significant difference from the intercept at P < 0.05(** = P <0.01%, *** = P < 0.001%) 
† indicates significant difference (at P < 0.05) from the other (non-intercept) factor level 
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Table 5.1. Parameter estimates for fixed effects from animal models of annual fitness 
measures of overall population growth (pt(i)), recruitment (rt(i)) and survival (st(i))) in male 
and female Soay sheep. 
 

  
MALES  FEMALES 

pt(i) 

EFFECT ESTIMATE S.E. t SIG  ESTIMATE S.E. t SIG 

Intercept -1.973 0.911 -2.17    -2.086 0.147 -14.22   

Ho
+
/Ho

P
 0.289 0.112 2.58 **  0.059 0.064 0.91   

Ho
P
/Ho

P
 0.020 0.132 0.15    0.055 0.078 0.70   

Body Weight 0.061 0.015 4.19 ***  0.117 0.010 12.25 *** 

Age 0.502 0.195 2.58 **  0.125 0.044 2.85 ** 

Age
2
 -0.024 0.018 -1.34    -0.020 0.003 -6.33 *** 

  Ho
+
/Ho

P
 v. Ho

P
/Ho

P
: t = -2.26†  Ho

+
/Ho

P
 v. Ho

P
/Ho

P
: t = -0.06 

           

rt(i) 

EFFECT ESTIMATE S.E. t SIG  ESTIMATE S.E. t SIG 

Intercept -0.945 0.955 -0.99    -1.054 0.087 -12.16   

Ho
+
/Ho

P
 0.119 0.095 1.25   0.047 0.041 1.16   

Ho
P
/Ho

P
 -0.093 0.111 -0.84    0.027 0.050 0.53   

Body Weight 0.022 0.012 1.80    0.046 0.006 7.55 *** 

Age 0.502 0.170 2.95 **  0.159 0.028 5.71 *** 

Age
2
 -0.007 0.015 -0.44    -0.015 0.002 -7.40 *** 

  Ho
+
/Ho

P
 v. Ho

P
/Ho

P
: t = -2.1†  Ho

+
/Ho

P
 v. Ho

P
/Ho

P
: t = -0.47 

           

st(i) 

EFFECT ESTIMATE S.E. t SIG  ESTIMATE S.E. t SIG 

Intercept -1.022 0.136 -7.53    -0.922 0.120 -7.71   

Ho
+
/Ho

P
 0.211 0.068 3.12 **  0.010 0.049 0.20   

Ho
P
/Ho

P
 0.168 0.082 2.06 *  0.029 0.060 0.48   

Body Weight 0.037 0.008 4.63 ***  0.068 0.006 10.53 *** 

Age -0.083 0.094 -0.89    -0.062 0.029 -2.09 * 

Age
2
 -0.009 0.009 -1.04    -0.003 0.002 -1.53   

  Ho
+
/Ho

P
 v. Ho

P
/Ho

P
: t = -0.6  Ho

+
/Ho

P
 v. Ho

P
/Ho

P
: t = 0.36 

 

Effect sizes are given relative to individuals with the Horns genotype Ho
+
/Ho

+ 
(the intercept). The t 

statistic indicates a Wald t test; significance is indicated by * (P < 0.05), ** (P < 0.01) and *** (P < 
0.001). The contrast between fitness measures the Ho

+
/Ho

P
 and Ho

P
/Ho

P
 genotypes is given 

underneath each table, where † indicates a significant difference between these two levels (P < 
0.05). Fixed effects were calculated from 901 records in 569 males and 1912 records in 726 females. 
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Table 5.2. Estimated random effect sizes for annual fitness traits in males and females. 
 

 Trait 
Mean 
(SD) 

VOBS VP 

Additive 
Genetic 

Permanent 
Environment 

Year of 
Birth 

Year of 
Growth 

Residual 

h
2
 c

2
 b

2
 y

2
 ε

2
 

M
A

LE
 

pt(i) 
-0.234 3.554 18.950 0.003

*
 0.006 0.454 0.457 0.080 

(1.885)  (4.150) (0.005) (0.005) (0.107) (0.107) (0.018) 

rt(i) 
-0.084 2.467 20.620 <0.001

*
 0.007 0.436 0.506 0.052 

(1.571)  (4.571) (0.002) (0.003) (0.107) (0.108) (0.012) 

st(i) 
-0.149 0.768 0.722 0.197 0.079 0.191 0.064 0.469 

(0.876)  (0.065) (0.080) (0.079)
*
 (0.063) (0.031) (0.057) 

FE
M

A
LE

 

pt(i) 
0.186 1.563 1.080 0.031

*
 0.127 0.116 0.030 0.696 

(1.250)  (0.059) (0.033) (0.040) (0.040) (0.014) (0.041) 

rt(i) 
0.071 0.519 0.430 0.061 0.077 0.086 <0.001

*
 0.776 

(0.721)  (0.020) (0.036) (0.038) (0.034) (<0.001) (0.034) 

st(i) 
0.115 0.637 0.596 0.081 0.177 0.139 0.131 0.471 

(0.798)  (0.046) (0.041) (0.046) (0.046) (0.046) (0.042) 

 

Variance components, effects and standard errors were estimated using the program ASReml v1.0 
(Gilmour et al. 2002). Each random effect is reported as effect size (i

2
) for additive genetic 

(heritability), permanent environment, birth year, capture year and residual effects respectively. 
VOBS is the observed phenotypic variance and VP is the phenotypic variance defined as the sum of the 
variance components in the animal model. Variance components were calculated from 901 records 
in 569 males and 1912 records in 726 females. 
. 
* Random effect not significant 
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Figure 5.6. Effect sizes of lifetime de-lifed fitness measures overall population growth (pt(i)), 
recruitment (rt(i)) and survival (st(i)) for each Horns genotype in males (left) and females (right). 
Effect sizes were estimated from an animal model with additional fixed effects of birth weight and 
birth population density. Random effects in the model included an additive genetic effect, birth year 
and death year. Effect sizes are given relative to the intercept at Ho

+
/Ho

+
. The numbers of unique 

individuals for lifetime fitness measures within each Horns genotype are given at the top of the 
graph. 
 
* indicates significant difference from the intercept at P < 0.05 
† indicates significant difference (at P < 0.05) from the other (non-intercept) factor level 
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Table 5.3. Parameter estimates for fixed effects from animal models of lifetime fitness 
measures of overall population growth (pt(i)), recruitment (rt(i)) and survival (st(i)) in male 
and female Soay sheep. 
 

  
MALES  FEMALES 

pt(i) 

EFFECT ESTIMATE S.E. t SIG  ESTIMATE S.E. t SIG 

Intercept 15.257 7.451 2.05    7.453 4.407 1.69   

Ho
+
/Ho

P
 0.034 0.212 0.16   0.369 0.157 2.35 * 

Ho
P
/Ho

P
 -0.532 0.254 -2.09 *  0.030 0.189 0.16   

Birth Weight 0.361 0.164 2.19 *  0.237 0.120 1.98 * 

Birth Pop. 
Density 

-0.038 0.017 -2.24 *  -0.025 0.010 -2.50 * 

  Ho
+
/Ho

P
 v. Ho

P
/Ho

P
: t =-2.40†  Ho

+
/Ho

P
 v. Ho

P
/Ho

P
: t =-1.99† 

           

rt(i) 

EFFECT ESTIMATE S.E. t SIG  ESTIMATE S.E. t SIG 

Intercept 10.013 4.457 2.25 *  2.882 1.824 1.58   

Ho
+
/Ho

P
 0.009 0.213 0.04   0.379 0.155 2.44 * 

Ho
P
/Ho

P
 -0.543 0.255 -2.13 *  0.049 0.185 0.27   

Birth Weight 0.378 0.164 2.30 *  0.290 0.118 2.45 * 

Birth Pop. 
Density 

-0.023 0.010 -2.27 *  -0.009 0.004 -2.17 * 

  Ho
+
/Ho

P
 v. Ho

P
/Ho

P
: t =-2.4†  Ho

+
/Ho

P
 v. Ho

P
/Ho

P
: t =-1.96† 

           

st(i) 

EFFECT ESTIMATE S.E. t SIG  ESTIMATE S.E. t SIG 

Intercept 4.308 2.736 1.57    4.593 2.541 1.81   

Ho
+
/Ho

P
 0.030 0.018 1.68    0.007 0.021 0.35   

Ho
P
/Ho

P
 0.019 0.021 0.91    -0.011 0.025 -0.44   

Birth Weight -0.002 0.014 -0.18    -0.024 0.016 -1.51   

Birth Pop. 
Density 

-0.013 0.006 -2.10 *  -0.015 0.006 -2.71 * 

  Ho
+
/Ho

P
 v. Ho

P
/Ho

P
: t =-0.55  Ho

+
/Ho

P
 v. Ho

P
/Ho

P
: t =-0.82 

 

Effect sizes are given relative to individuals with the Horns genotype Ho
+
/Ho

+ 
(the intercept). The t 

statistic indicates a Wald t test; significance is indicated by * (P < 0.05), ** (P < 0.01) and *** (P < 
0.001). The contrast between fitness measures the Ho

+
/Ho

P
 and Ho

P
/Ho

P
 genotypes is given 

underneath each table, where † indicates a significant difference between these two levels (P < 
0.05). Fixed effects were calculated from 614 males and 644 females where annual fitness measures 
were available for each year of life. Random effects in the model are outlines in Table 5.4. 
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Table 5.4. Estimated random effect sizes for annual fitness traits in males and females. 
 

 Trait 
Mean 
(SD) 

VOBS VP 

Additive 
Genetic 

Year of 
Birth 

Year of 
Death 

Residual 

h
2
 b

2
 d

2
 ε

2
 

M
A

LE
 

pt(i) 
-1.221 8.54 130.7 0.001

*
 0.539 0.424 0.036 

(2.922)  (32.57) (0.002) (0.115) (0.114) (0.009) 

rt(i) 
-0.344 6.412 46.56 0.002

*
 0.535 0.363 0.101 

(2.532)  (11.9) (0.005) (0.109) (0.106) (0.027) 

st(i) 
-0.878 0.834 19.13 <0.001

*
 0.496 0.502 0.002 

(0.913)  (4.581) (<0.001) (0.119) (0.119) (<0.001) 

FE
M

A
LE

 

pt(i) 
-0.03 12.025 71.7 0.003

*
 0.414 0.549 0.034 

(3.468)  (15.89) (0.003) (0.107) (0.108) (0.008) 

rt(i) 
0.186 4.098 12.91 0.01

*
 0.382 0.417 0.192 

(2.024)  (2.61) (0.012) (0.096) (0.099) (0.042) 

st(i) 
-0.216 3.424 23.9 <0.001 0.414 0.584 0.002 

(1.85)  (5.372) (<0.001) (0.109) (0.109) (<0.001) 

 

Variance components, effects and standard errors were estimated using the program ASReml v1.0 
(Gilmour et al. 2002). Each random effect is reported as effect size (i

2
) for additive genetic 

(heritability), year of birth, year of death and residual effects respectively. VOBS is the observed 
phenotypic variance and VP is the phenotypic variance defined as the sum of the variance 
components in the animal model. Variance components were calculated from 614 males and 644 
females where annual fitness measures were available for each year of life. 
* Random effect not significant 

 

 

5.3.3 Equilibrium frequency of HoP based on fitness measures: The equilibrium frequency 

(q) of the HoP was calculated in all cases where there was a significant difference in fitness 

between Horns genotypes, where the Ho+/HoP genotype had the highest fitness value. For 

annual fitness in males, the equilibrium frequency of HoP based on pt(i) was q = 0.518; the 

frequency of HoP in 2008 was 0.508; therefore the population may be close to reaching this 

equilibrium frequency. For lifetime fitness in males, there is no concordance between 

temporal trends and equilibrium frequencies; for pt(i), the equilibrium frequency of HoP is q 

= 0.281. Finally, for female lifetime fitness, the equilibrium frequency for pt(i) is q = 0.521, 

which is similar to the frequency reached during the temporal series. When the fitness 

measures were combined and weighted for each sex (including annual fitness in females), 

the equilibrium frequency of HoP was predicted to be q = 0.585 for annual fitness and q = 

0.511 for lifetime fitness measures. Therefore, these data predict that the frequency of HoP 

should stabilise between q ≈ 0.51 and q ≈ 0.58. 
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5.4 DISCUSSION 

 

In this chapter, we show that the frequency of the HoP allele has increased at a rate higher 

than would be expected under genetic drift alone. We also show that the genotype at 

Horns is under selection in this population. In males, Ho+/HoP individuals have significantly 

higher annual fitness than do Ho+/Ho+ and HoP/HoP individuals, whereas HoP/HoP males 

have significantly lower lifetime fitness than Ho+/Ho+ and Ho+/HoP individuals. In females, 

Ho+/HoP individuals have significantly higher lifetime fitness than other Horns genotypes. 

The following discussion examines possible evidence for heterozygote advantage at Horns 

and examines whether this can explain the increase in the frequency of the HoP allele.  

 

5.4.1 Evidence for heterozygote advantage at the Horns locus: The results of this chapter 

present a rare example of heterozygote superiority, where the Ho+/HoP genotype has the 

greatest overall contribution to population growth in both sexes, through increased 

recruitment in both sexes and survival in males only. Almost all examples of heterozygote 

superiority are linked to disease traits, although loci with heterozygote advantage due to 

increased fecundity have been identified in domestic sheep (Gemmell and Slate 2006). In 

the Soay sheep population, our findings suggest that the Horns polymorphism is 

maintained by a trade-off between reproductive success favouring the Ho+ allele and 

survival favouring the HoP allele in males, and by a greater lifetime reproductive success in 

Ho+/HoP females.  

 

5.4.2 Why does the Horns genotype affect male survival? In males, the Horns locus not 

only controls discrete variation in horn type, but it is also a QTL contributing up to 76% of 

genetic variation in horn size, in which carrying more copies of the Ho+ allele will result in 

the growth of much larger horns. As a consequence, individual regulation of horn growth 

may be difficult, even during periods of low resource availability and/or poor 

environmental conditions. The predisposition to limit growth may be important, as larger 

horns may pose an additional energetic load in temperate climates, through dissipation of 

heat from the body (Taylor 1966; Picard et al. 1994; Picard et al. 1996). Wild sheep from 

temperate climates, such as the bighorn sheep (Ovis canadensis) and Dall’s sheep (Ovis 

dalli), have shorter horn cores and thicker keratin sheaths (Picard et al. 1996; Hoefs 2000); 

Soay sheep are related to the Mediterranean mouflon and so the horn structure may not 

be well adapted to conserving heat in the colder climate of St Kilda. Therefore, the 
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polymorphism at the Horns locus may be maintained by the need to possess larger normal 

horns for intra-male competition, favouring more copies of the Ho+ allele (recruitment is 

significantly reduced in HoP/HoP males), whilst limiting horn growth to conserve energy 

during times of poor environmental conditions, favouring more copies of the HoP allele 

(survival is significantly reduced in Ho+/Ho+ males), although this latter strategy runs the 

risk of developing scurred horns. This is consistent with Robinson et al. (2008), in which 

early horn growth only paid off if environmental conditions during early life were 

favourable (i.e. years of lower juvenile mortality)..  

 

An alternative explanation for differences in survival of males with different Horns 

genotypes may be due to behavioural factors. Increased levels of blood testosterone are 

associated with juvenile and adult aggressive behaviour in sheep (Ruiz-de-la-Torre and 

Manteca 1999; Pelletier et al. 2003) although in other organisms, the causative relationship 

between the testosterone and aggression is currently the subject of debate (see Wingfield 

2005). Nevertheless, given that the candidate gene for Horns is associated with male 

hormone levels, it may be possible that males with more copies of the Ho+ allele have 

increased levels of aggression and so may engage in more fights, expending a higher 

amount of energy and putting themselves at a higher risk of serious injury. 

 

In females, it is less clear as to why Ho+/HoP individuals (~82% of which are scurred) have 

higher lifetime recruitment and contribution to population growth. Female horns are much 

smaller than those of males, and the energetic cost of producing normal horns is much 

lower. The main candidate gene for Horns, RXFP2, has strong associations with androgen 

levels and male primary sex characters in males (see Chapter 3) and so may also affect the 

level of sex hormones in the mother, which could in turn affect female fertility through 

physiology or behaviour (Staub and De Beer 1997). The role of male sex hormones in 

female fertility and survival is not well understood, and the role/action of RXFP2 in females 

is unknown, although its expression in pregnant Soay females may influence the horn 

phenotype in their male offspring (Chapter 4).  

 

5.4.3 Why is the HoP allele increasing in frequency? The frequency of HoP increased 

steadily from 0.430 in 1990 to 0.502 in 2008 at a higher rate than would be expected 

through drift alone. The increased fitness of heterozygotes and the predicted equilibrium 

frequency of q ≈ 0.51 to 0.58 for HoP both provide an insight into why the HoP allele has 
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been increasing in frequency. Here, we propose several possible explanations for the 

observed temporal trend. Firstly, it is possible that the increase may be attributed to longer 

term changes in optimal fitness, perhaps though changes in environmental conditions, 

where there has been a shift from no selection or selection for the Ho+ allele to selection 

for the HoP allele; therefore, the equilibrium frequency of HoP may not be stable in over 

longer time scales. Secondly, it is possible that the HoP allele is a recent introduction to this 

population, and so has been steadily increasing from a low starting frequency towards the 

equilibrium frequency. Anecdotal evidence suggests that there have been opportunities for 

admixture between Soay sheep and more modern breeds during the human habitation of 

St Kilda; it is believed that the islanders moved some rams from a more modern breed onto 

Soay in the 19th century (Elwes 1912; Fraser et al. 1957; Clutton-Brock et al. 2004). The 

study of admixture from modern breeds into Soay sheep is on-going (Philine Feulner & Jon 

Slate, unpublished data), the findings of which may shed light on the history of the HoP 

allele and its possible introduction into the population. Finally, given that the effect of HoP 

is similar in both sexes, it may be that the HoP allele is in linkage disequilibrium with an 

allele at a different locus with fitness effects; this was observed in a study on a coat colour 

polymorphism in the same population, where the decreasing frequency of an allele 

conferring a dark coat colour was attributed to its proximity to a QTL with antagonistic 

effects on fitness (Gratten et al. 2008).  

 

5.4.4 Is there evidence for intra-locus sexual conflict? The maintenance of genetic 

variation in sexually selected traits may be caused by trade-offs in fitness between the 

sexes (Bonduriansky and Chenoweth 2009), and is supported by a number of empirical 

examples of negative genetic correlations between fitness traits in males and females 

(Chippindale et al. 2001; Brommer et al. 2007; Foerster et al. 2007). However, the findings 

of this study are unusual for two reasons. Firstly, we examine intra-locus sexual conflict at a 

specific locus, responsible for genetic variation in the trait under selection (horn type and 

horn size). Secondly, rather than finding a strong negative correlation between fitness 

traits, we show that the same genotype (Ho+/HoP) has the greatest fitness within each sex. 

This is reflected in the similar values we observe for the equilibrium frequency in annual 

fitness in males and lifetime fitness in females. Rather, it may be a negative correlation 

between fitness traits within one sex (i.e. reproductive success and survival in males) which 

is causing genetic variation to be maintained. However, our estimate of the equilibrium 
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frequency obtained from male lifetime fitness does not support this idea; as q for HoP = 

0.281, we would expect HoP to be decreasing in frequency.  

 

5.4.5 Annual or Lifetime Fitness? The mismatches observed in the Horns equilibrium 

frequency calculated for annual and lifetime fitness measures raise the question as to 

whether annual fitness measures or lifetime fitness measures provide a more accurate or 

interpretable representation of selection within the population. One advantage of 

examining annual fitness measures is that they not only allow the inclusion of individuals 

with incomplete life histories, but also allow environmental variation attributed to specific 

years to be incorporated (Foerster et al. 2007). However, trade-offs of selection associated 

with the effects of ontogeny and/or short-term environmental changes suggest that 

considering selection over the entire lifetime of the individual is imperative (Merilä et al. 

2001; Perez and Munch 2010). A meta-analysis of directional selection in the wild 

suggested that natural selection is weaker when measured over longer time periods (i.e. 

survival), whereas the strength of sexual selection often remains unchanged (Hoekstra et 

al. 2001). This was observed in viability selection in this study: there is no difference in 

survival between the three Horns genotypes when examining lifetime fitness. However, the 

opposite trend is observed in female recruitment, where differences in fitness are only 

observed over lifetime. In males, annual recruitment is low in Ho+/Ho+ individuals, but a 

change in this trend with lifetime fitness suggests that selection against this genotype 

becomes weaker over long time periods. Our findings suggest that considering both annual 

and lifetime measures is important, but further studies on trends across traits in Soay 

sheep and other wild populations may fully elucidate which measures are more predictive 

of future evolution of the trait.  

 

5.4.6 Wider consequences: Previous research on the horn type polymorphism could only 

consider selection upon the horn phenotype. In females, we observe a similar result to 

Robinson et al. (2006), because each horn type in females (normal, scurred and polled) is 

generally associated to a specific genotype (i.e. Ho+/Ho+, Ho+/HoP and HoP/HoP 

respectively), although there are a small number of females who exhibit a different 

phenotype than is predicted from their genotype (see Chapter 3). However, in males, 

selection remained cryptic at the level of the phenotype. This is because although it had 

been proposed that normal horns are conferred by more than one genotype (Coltman & 

Pemberton 2004), the individual genotypes at Horns could not be identified, and so it could 
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not be determined if the different genotypes had different (or similar) fitness. The findings 

of the current study show that by complementing quantitative genetics with genotypic and 

QTL approaches, it is possible to identify the specific genomic regions which maintain 

genetic variation and estimate the magnitude of their effect on overall fitness. 

 

5.4.7 Future directions: The advantage of heterozygosity at this locus in males may be due 

to shifts in the optimum phenotype with environmental heterogeneity, but it remains 

unclear as to why heterozygous females also have increased fitness in the population. 

Future studies on the function of RXFP2 in domestic sheep, particularly in females, may 

shed light on other possible mechanisms by which the Horns locus affects fitness in each 

sex. The increasing wealth of genetic resources in sheep, such as the Ovine SNP50 

BeadChip described in Chapter 3 and the on-going sequencing of RXFP2 in domestic sheep, 

means that understanding the age and origin of the Horns polymorphism, as well as 

signatures of selection, is now much more achievable. This resource will also provide 

information on temporal trends in frequency with neutral SNPs throughout the genome, 

allowing verification of the trends observed in this chapter through the use of ‘control’ 

SNPs. Ultimately, the findings in this chapter provide a welcome advance in understanding 

the maintenance of genetic variance in horn size, and the evolution of the horn type 

polymorphism within this population. 
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CHAPTER 6: Discussion 

 

Susan E. Johnston 

 

6.1 Summary of the main findings of the PhD project 

The principle aim of this PhD project was to map the putative Horns locus in the Soay sheep 

of St Kilda, in order to understand the maintenance of a horn type polymorphism present 

within the population. The main findings presented in this thesis are as follows: 

 

1. The putative Horns locus has been mapped to a single gene. The Horns locus has 

been mapped to a single candidate gene on chromosome 10, Relaxin-like peptide 

receptor 2 (RXFP2), a gene associated with primary sex characters and bone 

density in male humans and mice. In the Soay sheep population, Horns has two 

alleles, Ho+ and HoP, which have differences in dominance between the sexes. In 

males, the genotypes Ho+/Ho+ and Ho+/HoP confer normal horns, whereas HoP/HoP 

confers normal and scurred horns in a ratio of ~1:1. In females, Horns has an 

additive effect, where the genotypes Ho+/Ho+, Ho+/HoP and HoP/HoP are most likely 

to confer normal, scurred and polled phenotypes respectively. It is likely that horn 

type is a threshold trait, where dosage of Ho+ largely determines phenotype, but 

additional genetic, prenatal and/or environmental factors may contribute to an 

underlying liability for developing a particular horn type. 

 

2. Horns is a quantitative trait locus for horn size in normal-horned males. In normal 

horned males, the individual genotype at the Horns locus accounts for up to 76% of 

the heritable variation in horn size. Having more copies of the Ho+ allele will confer 

a longer horn length and a larger base circumference; in other words, Horns is a 

quantitative trait locus (QTL) for horn size.  

 

3. Maternal Horns genotype affects horn development in sons. HoP/HoP males with 

mothers carrying a copy of the Ho+ allele are almost twice as likely to develop 

normal horns as those with mothers that lack Ho+. In addition, normal-horned male 

lambs of Ho+/Ho+ mothers had larger horns than those of HoP/HoP mothers, 

independent of their own Horns genotype.  
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4. Genetic variation in horn morphology is maintained due to heterozygote 

superiority at Horns. The frequency of the HoP allele at Horns has been increasing 

at a rate higher than would be expected under genetic drift alone. In males, 

Ho+/HoP individuals have significantly greater annual fitness than Ho+/Ho+ and 

HoP/HoP individuals, whereas HoP/HoP males have significantly lower lifetime 

fitness than Ho+/Ho+ and Ho+/HoP individuals. In females, Ho+/HoP individuals have 

significantly higher lifetime fitness then the other Horns genotypes. The 

polymorphism at the Horns locus may be maintained by the need to possess larger 

normal horns for intra-male competition, favouring more copies of the Ho+ allele 

(recruitment is significantly reduced in HoP/HoP males), whilst limiting horn growth 

to conserve energy during times of poor environmental conditions, favouring more 

copies of the HoP allele (survival is significantly reduced in Ho+/Ho+ males), although 

this latter strategy runs the risk of developing scurred horns. 

 

6.2 Analytical approaches and novel findings in this thesis 

This thesis has used analytical methods developed for animal breeding and medical 

genetics, and adapted them for understanding genetic architecture in unmanipulated wild 

populations. As a result, objectives which had not previously been achieved in an 

unmanipulated wild population have been realised in the examination of horn morphology 

in the Soay sheep population.  

 

The animal model: The animal model is an important tool for understanding heritable 

variation in quantitative genetic studies, and has proved invaluable for modelling 

phenotypic variation in horn size, whilst accounting for environmental heterogeneity and 

repeated measures within the Soay sheep population. In this thesis, uses and adaptations 

of the animal model have included: fitting an identity by descent matrix for specific 

chromosomal locations in order to detect the presence and the proportion of heritable 

variation explained by a QTL (Chapter 2); a bivariate QTL model to explore the nature of 

genetic correlations at a specific locus (Chapter 2); determining the proportion of heritable 

variation explained by Horns and the relative effect of each Horns genotype (Chapter 3); 

and modelling differences in fitness attributed to different Horns genotypes (Chapter 5). 

 

New approaches to gene mapping: The depth of genetic resources greatly increased 

throughout the course of this project, and so the approaches to marker development and 



CHAPTER 6: DISCUSSION 

127 

 

trait mapping have been continually developing. In Chapter 2, a targeted marker 

development method was used to increase the resolution of markers in the Horns 

confidence interval. This demonstrated that even with relatively sparse genetic data 

available, new markers could be developed in the candidate region cheaply and easily, 

without further DNA sequencing. Another important tool was the use of data from the 

Ovine SNP50 BeadChip to conduct a genome-wide association study (GWAS) mapping 

discrete and quantitative variation in horn morphology. GWAS is most often conducted 

using carefully selected case/control data from large population samples. In Chapter 3, the 

GWAS was adapted to account for more than two discrete phenotypes, differing in their 

expression between the sexes. In addition, the likelihood of detecting spurious associations 

due to population structure was reduced by accounting for pedigree structure within the 

genotyped individuals. I am unaware of GWAS studies of this scale being conducted in any 

other wild population. 

 

Novel findings: In Chapter 3, Horns was mapped to a single candidate gene in Soay sheep 

and was also found to be a QTL for horn size; this is a rare instance of mapping a QTL to a 

single gene in an unmanipulated wild population. Moreover, it was found that Horns 

explained a large proportion of heritable variation in horn size; this contrasts markedly 

from genome-wide association studies of quantitative traits in humans, where it is 

frequently observed that mapped loci only explain a modest proportion of the overall 

genetic variation. In Chapter 4, a rare example of a genetic locus contributing to a maternal 

genetic effect was uncovered. Previous studies examining maternal genetic effects in wild 

populations have been restricted to quantitative genetic studies; Chapter 4 not only 

examined a specific maternal genetic contribution to variation, but also identified a genetic 

locus that contributes to a maternal genetic effect. Finally, in Chapter 5, an example of 

heterozygote superiority at the same locus in both sexes was revealed through the 

examination of the relative fitness of all three Horns genotypes in males and females. This 

finding is unusual as genetic variation is often maintained by negative correlation in fitness 

between different sexes or environmental conditions (Brommer et al. 2007; Foerster et al. 

2007; Bonduriansky and Chenoweth 2009) and previous examples of heterozygote 

superiority have been restricted to loci associated with disease resistance, with only one 

example of loci associated with fecundity (Gemmell and Slate 2006). 
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6.3. The benefits and limitations of using a wild population to examine genetic 

architecture 

Genetic studies in domestic populations are driven by the potential for economic gain, and 

so maximise power by examining extremes in trait variation. However, as genetic studies in 

wild populations become more common and cost effective, it may be that detailed records 

or phenotypic and environmental variation will provide additional information which would 

be missed in studies of domestic populations. In the case of mapping the Horns locus, 

studies on domestic sheep concentrated on the presence or absence of horns only 

(Montgomery et al. 1996) and GWAS mapping has utilised the strategy of comparing 

general trends between breeds (McEwan et al. 2010), with no information available on sex-

specific expression or variation in horn size. In this thesis, having extensive records of 

phenotypic variation led to the discovery of a QTL for horn size, which would not have been 

possible in previous horn mapping experiments in domestic sheep (John McEwan, personal 

communication). It may also be the case that wild populations contain interesting variants 

which are not present in domestic breeds (Hanotte et al. 2010); the Soay sheep on St Kilda 

are the only population of which we are aware, that has a polymorphism for horn type in 

both males and females. Finally, to understand the evolution of any trait in a wild 

population, it is necessary to account for the environmental heterogeneity and other 

factors affecting fitness, such as body size. The depth of information available for not only 

phenotypes, but also environmental conditions, allows us to obtain more accurate 

observations of long term evolutionary trends. 

 

Nevertheless, examining genetic architecture in the wild does have its limitations. Studies 

in wild populations receive less funding than those in domestic organisms, due to the 

reduced economic potential, and so there are often much fewer genetic resources 

available. The complex pedigree structure leads to reduced power in the detection of both 

discrete and quantitative trait loci. In addition, the reduced heritability due to increased 

environmental heterogeneity means that the contribution of real QTL to phenotypic 

variance will be much lower than in stable environmental conditions, and so they become 

harder to detect. Another limitation is that in long term studies, it is unlikely that all 

individuals within the study area will be captured, and so pedigrees may have incomplete 

phenotype and life history records. Furthermore, any long term project is likely to have 

several distinct objectives occurring simultaneously, and so disruption must be kept to a 

minimum in order to avoid having a negative impact on another component of the project. 
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This means that experimental manipulation of the population is often out of the question, 

and invasive procedures, such as extracting tissue for mRNA analysis, would not be 

desirable. Finally, the horn type polymorphism is unique to the Soay sheep population, and 

so replication of the results is not easily achievable, although they could conceivably be 

carried out in other Soay sheep populations on St Kilda. 

 

 

6.4 Future directions for the genetics and evolution of horn morphology in Soay sheep 

The findings of this thesis give rise to new questions regarding the genetic architecture and 

evolution of horn morphology. Resources to further dissect the genetic basis of horns 

variation are becoming more readily available, facilitating the next phase in gene discovery, 

and the construction of a reference sheep genome is now well underway (International 

Sheep Genomics Consortium 2010). Continued sequencing of RXFP2, to identify the causal 

mutation, may allow for more accurate interpretation of the findings of this thesis. In 

addition, information from SNPs within RXFP2 could determine whether Horns contributes 

to genetic variation in other wild sheep species, especially those for which fitness data in 

the wild have been measured (Coltman et al. 2003; Poissant et al. 2008). Genotyping 

greater numbers of Soay sheep using the Ovine SNP50 BeadChip holds great potential for 

identifying the location of further QTL affecting horn size, as well additional genetic effects 

that determine horn type. It may also provide an insight into whether the same set of 

genes explains polymorphisms in horn phenotype in different breeds and species. A further 

objective is to understand why HoP has been increasing in frequency in the Village Bay 

population; future studies may determine if HoP is a recent introduction to the population, 

or if changes in relative fitness have led to weaker selection against HoP/HoP individuals in 

recent years. Finally, future work would benefit from investigations into the physiological 

mechanisms by which the Horns candidate gene, RXFP2, affects horn morphology and 

individual fitness within the Soay sheep population. Ultimately, the findings in this thesis 

provide a welcome advance and a strong foundation for future work in understanding the 

maintenance of genetic variance in horn size, and the evolution of the horn type 

polymorphism within this population. 
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APPENDICES 

Appendix 1.1. Genetic determination of horns in domesticated Bovids 

 

The first locus identified as affecting horn type in a bovid was the polled locus in cattle 

(Georges et al. 1993), which has since been mapped to a ~3MB region at the proximal end 

of cattle chromosome 1 in a number of breeds (Harlizius et al. 1997; Drögemüller et al. 

2005; Wunderlich et al. 2006; Cargill et al. 2008) and in a cattle (Bos taurus) x Bos indicus 

cross (Brenneman et al. 1996). However, the causal mutation has yet to be identified; this 

may be due to the proximity of the polled locus to the telomeric chromosomal region, 

which is often characterised by a low level of recombination and therefore is likely to 

possess a greater degree of linkage disequilibrium (Petes 2001). There have been additional 

loci identified or hypothesised as affecting horn phenotype in cattle. A locus affecting scur 

development, Scurs, has been mapped to chromosome 19 in Canadian Beef Cattle 

Reference Herd (Asai et al. 2004), although the same locus was not responsible for scurs in 

a French Charolais pedigree (Capitan et al. 2009). A third locus, African horn, has been 

postulated and is often discussed (White and Ibsen 1936; Montgomery et al. 1996), but has 

never been characterised in cattle. In the domestic goat (Capra aegagrus hircus), the polled 

condition mapped to the distal area of goat chromosome 1. It is completely distinct from 

the cattle polled locus and is closely linked to a gene associated with abnormalities in sex 

determination (in a condition known as polled intersex syndrome; Vaiman et al. 1996; 

Pailhoux et al. 2001). Naturally, the genetic region syntenous to the polled locus in cattle 

(sheep chromosome 1) was a promising candidate region for the Horns locus in domestic 

sheep. However, Montgomery et al. (1996) mapped the Horns locus to a > 17cM region at 

the distal end of chromosome 10, using a cross between New Zealand Romney and Merino 

sheep. Ten years later, Beraldi et al. (2006) mapped Horns in Soay sheep to the same region 

of chromosome 10, and confirmed that the presence of horned and polled phenotypes may 

be controlled by different genes in sheep and cattle. 
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Appendix 2.1. Characteristics of OarSEJ n  microsatellite loci.

Locus PCR Primers (5' to 3')
Expected 

Size (bp)
Size Range

No. 

Alleles
Repeat Motif Tm (°C)

MgCl2 conc. 

(mM)
N HO/HE

Genbank 

Accession No.

Position on Bta4 

Chr12 (Mb)

OarSEJ02 F: CCCCTTCACATTTCCTACCA 278 249 - 269 4 (TA)22 64 2.5 519 0.618 DU403434.1 5.733

R: AATCAAGACGGCCTCATTTG 0.602

OarSEJ05 F: TTACCTTCTCAGCCACCAGG 201 192 - 203 5 (TG)24 60 2.5 522 0.117 DU483888.1 7.622

R: GGCAAACTAGCCCCTTTTTC 0.119

OarSEJ06 F: AGACCTTGGTATGGGCTGTG 181 163 - 178 7 (A)12T(TA)22 63 3 517 0.607 DU187728.1 11.523

R: TCTCTGGCTTATGTATTTGCTGA 0.595

OarSEJ07 F: TGTGTTTGCTTCTTTGCCTG 275 237 - 289 11 (TG)37 60 2.5 507 0.72 DU514719.1 15.551

R: *TCGGGGAACTAAGATCATGC 0.715

OarSEJ09 F: CAACTCCATTCCTTCCCTGA 258 253 - 261 3 (CTGC)9 64 2.5 493 0.602 DU438063.1 21.580

R: GGTGTGAGCTGGAGGACACT 0.583

OarSEJ10 F: CCTAATTCCATGGCCAAGTC 250 252 - 283 7 (TG)8(GA)22 63 4 468 0.677 DU331547.1 26.469

R: *TGGCATGTTATTCCATCATCA 0.701

OarSEJ11 F: TGAAAATGATCCTGGCTTCC 225 202 - 223 7 (CA)24 60 2.5 496 0.593 DU461880.1 26.782

R: GATGACCTGGGTGAGCAACT 0.591

OarSEJ12 F: CGCTGGACATTTCACTTTCA 257 251 - 255 2 (AC)21 64 2.5 495 0.255 DU313152.1 31.545

R: TTTTCCTTCTGATCGGTTGC 0.249

OarSEJ13 F: TGGAAAATTTCTTGGGTGCT 173 156 - 228 7 (AC)18 61 3 423 0.747 DU390991.1 28.577

R: GTTGCAAAGACGCAAGTTCA 0.797

OarSEJ15 F: TCACTGCAGAAACATCCTGG 291 282 - 297 6 (AC)19 59 3 478 0.548 DU451924.1 44.497

R: CAGGCAGGGAGGTATTTTTG 0.554

OarSEJ16 F: TAGATGTTGCTCCCGACACA 300 296 - 327 7 (TA)19 59 4 458 0.692 DU403366.1 45.739

R: *CAGGCTTATGTGTAAACACGTACATA 0.69

OarSEJ17 F: TGCAGATAGCAGTTCATGCC 245 233 - 262 6 (CA)15 61 2.5 493 0.517 DU352574.1 46.608

R: GCTGGAGTTATACTTGAGCATAGG 0.516

OarSEJ19 F: TGGTAGTGGCACCATCTTTG 281 265 - 278 5 (CA)22 64 2.5 357 0.465 DU190526.1 47.412

R: CAAGGGAGCAAGCAGAGTTC 0.467

Characteristics of 13 microsatellite loci obtained through targeted marker development using domestic sheep sequences in Genbank. N is the 

number of individuals genotyped; HO and HE are the observed and expected heterozygosities respectively. Position on Btau4 indicates the 

predicted positions of the markers on cattle chromosome 12 (version 4) in megabases.
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Appendix 2.2. Horn length and circumference QTL models adjusted for 

body weight 

 

In Chapter 2, we present QTL models for horn measurements without adjusting for body 

weight. We chose to do so because some animals had horn measurements, but body 

weight was unknown. Therefore, fitting body weight in our models would have resulted in 

a smaller dataset. Below we outline why the QTL for horn traits located at Ho is not a QTL 

for overall body size, but is instead is a horn-specific locus. This appendix presents results 

using the same methods in the main text of Chapter 2.2, including body weight as a 

covariate. Only records where horn length, base circumference and body weight were 

measured simultaneously have been considered. These constituted 696 records in 291 

normal horned male sheep, of which 209 were genotyped. Body weight is mainly recorded 

during the annual August catch, with occasional measurements made during the rut 

(November) or after death (usually winter). 

 

Significance of body weight as a fixed effect: Weight had a significant contribution to 

variation in horn length (Wald test, F = 147.39, d.f. = 1, P < 0.001) and base circumference 

(Wald test, F = 107.04, d.f. = 1, P < 0.001) when fitted as a covariate in a generalized linear 

model. The significance of body weight was also tested when fitting the animal model in 

ASReml v.2 (Gilmour et al. 2002) by using the !DDF qualifier to calculate the approximate 

denominator degrees of freedom in an analysis of variance. Again, weight had a significant 

contribution to horn length (ANOVA, F1,568.8 = 38.52, P < 0.001) and horn base 

circumference (ANOVA, F1,579.9 = 47.27, P < 0.001). 

 

Variance component estimation and QTL mapping: Fitting body weight as a covariate led to 

slightly higher estimates of heritability of horn length/base circumference and QTL effects 

(on horns), and a decrease in the proportion of variance explained by permanent 

environment effects (Table A2.1). This is consistent with the correlation between body 

weight and horns measurements being non-genetic. It is more likely that the covariance 

between body weight and horns is driven by permanent environmental effects.  

 

Could some of the additive genetic variation in horn morphology be explained by body 

weight?: Although there was a phenotypic correlation between body size measurements 

and horn morphology (horn length: rP = 0.410, S.E. = 0.047; horn base circumference: rP = 
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0.349, S.E. = 0.048), the heritability of body weight within the normal horned males was 

negligible (h2 < 0.001), with variation in body weight mainly due to the permanent 

environment effect (c2 = 0.321, S.E. = 0.045) and the residual effect (ε2 = 0.547, S.E. = 

0.047). 

 

Could there be a body size QTL on at the position of Horns?: If the horn length and base 

circumference variation at Ho was due to a QTL for overall body size (rather than specific to 

horns), then the horn morphology QTL should not be significant when body weight is fitted 

as a covariate. However, QTL were still detected at Horns (LOD = 2.60 and 1.43 for horn 

length and base circumference respectively), which is consistent with the horn morphology 

QTL being independent of body size QTL. Furthermore, a previous mapping experiment 

failed to identify QTL for body weight or leg length on chromosome 10 (Beraldi et al. 2007) 

and conducting a scan of the Ho confidence interval in the current study found no evidence 

of a body weight QTL within normal-horned males (LRT < 0.02, d.f. = 1).  
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Table A2.1 Estimated variance components for the study traits for the polygenic and QTL model, 
with and without body weight as a fixed effect in an animal model. 

 

Trait Model 
Mean 
(SD) 

VOBS VP 

Additive 
Genetic 

(Heritability) 
QTL 

Permanent 
Environment 

Year of 
Birth 

Year of 
Capture 

Residual 

h
2
 q

2
 c

2
 b

2
 y

2
 ε

2
 

H
O

R
N

 L
EN

G
TH

 

Polygenic 
319.07 20766 3011 0.334 NF 0.251 0.027 0.171 0.218 

(144.1)   (309.1) (0.118) NF (0.109) (0.015) (0.067) (0.027) 

Polygenic 
(inc. Weight) 

  
2644 0.36 NF 0.226 0.027 0.14 0.248 

  
(255) (0.119) NF (0.109) (0.016) (0.06) (0.029) 

QTL 
    377 0 0.331 0.246 0.027 0.183 0.213 

    (330.4) (0) (0.083) (0.073) (0.015) (0.07) (0.027) 

QTL 
(inc. Weight) 

  
2705 0 0.377 0.202 0.026 0.152 0.243 

  
(274.5) (0) (0.081) (0.069) (0.016) (0.062) (0.03) 

H
O

R
N

 B
A

SE
 C

IR
C

U
M

FE
R

EN
C

E Polygenic 
150.75 762.78 324 0.404 NF 0.226 0.036 0.076 0.259 

(27.62)   (28.17) (0.124) NF (0.114) (0.018) (0.044) (0.028) 

Polygenic 
(inc. Weight) 

  
289.8 0.479 NF 0.148 0.04 0.049 0.285 

  
(24.62) (0.12) NF (0.108) (0.021) (0.034) (0.031) 

QTL 
    321.1 0.107 0.233 0.278 0.035 0.085 0.262 

    (28.31) (0.175) (0.121) (0.116) (0.018) (0.047) (0.029) 

QTL 
 (inc. 

Weight) 

  
286.2 0.111 0.3 0.202 0.039 0.059 0.291 

    (24.71) (0.177) (0.127) (0.11) (0.02) (0.037) (0.032) 

 
VOBS is the observed phenotypic variance and VP is the phenotypic variance defined as the sum of the 
variance components. Each random effect is reported as the effect size (i

2
), as described in the 

Materials and Methods. Numbers in parenthesis are the standard error unless otherwise stated. NF 
= random effect not fitted. 
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Appendix 3.1. SNP-SCALE genotyping of SNP markers in and around 

RXFP2 

 

Table A3.1: Primer sequences used for the SNP-SCALE genotyping of the most highly 
associated SNPs at RXFP2.  
 

Primer 

Type 
Locus Allele 

Primer PCR 

Reaction 

Concentration 

(µM) 

Sequence (5' to 3') 

UFO 
Tail 1 - 0.1 [5HEX]CAGGGTTTTCCCAGTCACGAC 

Tail 2 - 0.1 [6-FAM]AGCGGATAACAATTTCACACAGGA 

ASO 

SNP10 C 0.002 Tail1 + GCTTTCCTTGCTTTTCCAG 

SNP10 T 0.02 Tail2 + GCTTTCCTTGCTTTTCCAA 

SNP11 C 0.007 Tail1 + TCAAAATCTTCTGTTATCAATTCAAATC 

SNP11 T 0.027 Tail2 + TCAAAATCTTCTGTTATCAATTCAAATC 

SNP27 A 0.027 Tail1 + ATTTACACAAGATTTACACAAAATTTACATCT 

SNP27 T 0.027 Tail2 + ATTTACACAAGATTTACACAAAATTTACATCA 

CRO 

SNP10 - 0.2 GTTTCTTCCAGGTAGTCAGCACGCCTCTC 

SNP11 - 0.2 GTTTCTTTGAGATCAAGCTACAGAGCCAATTTC 

SNP27 - 0.2 GTTTCTTGGATGGATGCATGTGAATGAAGC 

 

All primers were included together in a multiplex reaction to type SNP10, SNP11 and 
SNP27. ASO = tailed allele specific oligonucleotides, CRO = common reverse 
oligonucleotides, UFO = universal fluorescent oligonucleotides. In ASO primers, the Tail 
sequence indicated is identical to that of the UFO. 
  



Appendix 3.2. GWAS results: SNP markers showing significant association with horn phenotype.
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Notable Genes in Region
Within or near 

gene?
Function as a possible candidate?

NCBI Entrez 

Gene ID 

OAR1_40463470.1 1 40463470 445 5.94E-03 **
ROR1 - Tyrosine-protein kinase 

transmembrane receptor precursor
Within

Mutations associated with skeletal 

deformities in fingers & face in humans.
8911

OAR1_41430163.1 1 41430163 441 1.32E-02 * JAK1 - Janus kinase 1 Within 3716

OAR1_62133622.1 1 62133622 445 5.41E-03 **

s39625.1 1 87282730 445 2.91E-04 ***

OAR1_131827158.1 1 131827158 444 2.13E-02 * TRIM33 -  tripartite motif-containing 33 Within 51592

s39007.1 1 295697235 441 1.18E-03 **

s18354.1 2 873239 445 4.80E-02 * GSN - Gelsolin Within 2934

OAR2_1189108.1 2 1189108 445 7.72E-05 *** C5 - Complement Component 5 Nearby
G-protein coupled receptor protein 

signaling pathway
727

s51245.1 2 1317557 444 1.19E-04 *** TRAF1 - TNF receptor-associated factor 1 Within
7185

s17892.1 2 1370176 444 5.04E-05 *** PHF19 - PHD finger protein 19 Nearby 26147

s75211.1 2 1497201 444 7.04E-05 ***
FBXW2 - F-box and WD repeat domain 

containing 2 
Within

26190

s06398.1 2 1709165 444 8.79E-05 ***
CDK5RAP2 - CDK5 regulatory subunit 

associated protein 2 
Within

55755

OAR2_21310661.1 2 21310661 444 4.96E-02 *

OAR2_49295397.1 2 49295397 444 2.26E-02 * Olfr600 - olfactory receptor 600 Nearby
G-protein coupled receptor protein 

signaling pathway
259048
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NCBI Entrez 

Gene ID 

OAR2_69990519.1 2 69990519 445 7.89E-03 ** Within

s64704.1 2 70162852 444 3.54E-02 * Nearby

OAR2_117156831.1 2 117156831 445 2.81E-02 *

OAR2_117243469.1 2 117243469 445 2.81E-02 *

s64297.1 2 117481283 444 2.50E-02 *

OAR2_117519358.1 2 117519358 443 2.92E-02 *

OAR2_117867801.1 2 117867801 445 2.07E-02 *

OAR2_118053197.1 2 118053197 445 2.06E-02 *

DU300339_104.1 2 118245391 445 2.81E-02 *

s56899.1 2 118378824 443 1.45E-02 *

OAR2_118458759.1 2 118458759 445 2.81E-02 *

OAR2_118492152.1 2 118492152 441 3.24E-02 *

OAR2_118883007.1 2 118883007 444 1.94E-02 *

s67620.1 2 120896075 445 5.26E-09 ***

OAR2_121011885.1 2 121011885 444 4.70E-09 ***

OAR2_121536056.1 2 121536056 445 6.11E-09 ***

OAR2_121575733.1 2 121575733 445 6.11E-09 ***

OAR2_121679731.1 2 121679731 445 6.11E-09 ***

OAR2_122761939.1 2 122761939 445 2.06E-02 *

OAR2_122878732.1 2 122878732 442 3.23E-02 *

OAR2_122948722.1 2 122948722 445 2.06E-02 *

s32892.1 2 123045985 445 2.06E-02 *

s53731.1 2 123492983 445 2.06E-02 *

TRPM3 - transient receptor potential 

cation channel, subfamily M, member 3

Calcium ion transport, calcium channel 

activity.
80036

Region with high LD - site of a historical 

fusion of two chromosomes; noteable 

genes include :

1) PTPN18 - protein tyrosine phosphatase, 

non-receptor type 18

2) MFAP3L - microfibrillar-associated 

protein 3-like

3) PALLD - palladin, cytoskeletal associated 

protein

4) ANXA10 - annexin A10

Within region of 

high LD

1) 'Tyrosine-protein'

2) Highly expressed in 

testes/spermatogenesis

3) Highly expressed in prostate & ovary

4) Ca ion binding

26469

9848

23022

11199
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gene?
Function as a possible candidate?

NCBI Entrez 

Gene ID 

s44102.1 2 123690717 444 2.07E-02 *

s41445.1 2 123728371 445 2.06E-02 *

OAR3_124569037.1 3 124569037 440 4.56E-03 **

s69353.1 3 232782734 444 6.07E-04 ***
CACNA1I - calcium channel, voltage-

dependent, T type, alpha 1I subunit 
Nearby Calcium Ion Transport 8911

s74690.1 5 2121461 431 1.11E-04 ***
GRM6 - glutamate receptor, metabotropic 

6
Nearby

G-protein coupled receptor protein 

signaling pathway
2916

OAR5_62873338.1 5 62873338 443 2.98E-03 **
HTR4 - 5-hydroxytryptamine (serotonin) 

receptor 4
Nearby

G-protein coupled receptor protein 

signaling pathway
3360

s48829.1 6 15657768 445 3.95E-10 ***

OAR9_26395989.1 9 26395989 444 1.26E-02 *
MYC - v-myc myelocytomatosis viral 

oncogene
Nearby Skeletal morphogenesis 4609

s45852.1 10 25645496 442 1.52E-08 *** DCLK1 - doublecortin-like kinase 1 Within 9201

OAR10_26177304.1 10 26177304 442 1.89E-06 ***

OAR10_26251705.1 10 26251705 445 1.69E-06 ***

OAR10_26652355.1 10 26652355 444 2.41E-02 *

OAR10_26672645.1 10 26672645 442 1.89E-06 ***

s12688.1 10 26781655 445 1.69E-06 ***

OAR10_26845722.1 10 26845722 445 3.36E-07 ***

OAR10_26872363.1 10 26872363 444 1.47E-03 **

s63534.1 10 26913037 445 4.05E-04 ***

OAR10_26975900.1 10 26975900 445 4.05E-04 ***

s35402.1 10 27274295 444 1.13E-05 ***

s34980.1 10 27365372 444 4.72E-10 *** RCF3 - DNA replication factor C Nearby 4839271

NBEA - neurobeachin Within 26960

Region with high LD - site of a historical 

fusion of two chromosomes; noteable 

genes include :

1) PTPN18 - protein tyrosine phosphatase, 

non-receptor type 18

2) MFAP3L - microfibrillar-associated 

protein 3-like

3) PALLD - palladin, cytoskeletal associated 

protein

4) ANXA10 - annexin A10

Within region of 

high LD

1) 'Tyrosine-protein'

2) Highly expressed in 

testes/spermatogenesis

3) Highly expressed in prostate & ovary

4) Ca ion binding

26469

9848

23022

11199
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Function as a possible candidate?
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Gene ID 

OAR10_27878618.1 10 27878618 444 7.10E-10 ***

OAR10_28029657.1 10 28029657 441 4.73E-05 ***

OAR10_28385909.1 10 28385909 441 1.03E-12 *** KL - klotho Nearby

Fibroblast growth factor receptor 

signaling pathway;  osteophyte 

formation; bone densisty; variants may 

influence skeletal aging

9365

OAR10_29159858.1 10 29159858 444 2.02E-09 ***

OAR10_29223007.1 10 29223007 445 4.60E-08 ***

OAR10_29312907_X.1 10 29312908 441 1.81E-05 ***

OAR10_29381795.1 10 29381795 445 1.37E-10 ***

OAR10_29389966_X.1 10 29389967 443 1.11E-06 ***

OAR10_29448537.1 10 29448537 443 5.52E-33 ***

OAR10_29469450.1 10 29469450 441 9.65E-08 ***

OAR10_29511510.1 10 29511510 439 3.58E-21 *** Within

OAR10_29538398.1 10 29538398 441 5.91E-22 *** Nearby

OAR10_29722772.1 10 29722772 445 5.12E-03 **

OAR10_29737372.1 10 29737372 445 5.12E-03 **

OAR10_29793750.1 10 29793750 443 3.06E-04 ***

s26428.1 10 30364008 442 2.50E-03 **

s57500.1 10 30446995 444 6.01E-03 **  USPL1 - ubiquitin specific peptidase like 1 Nearby

OAR10_30790959.1 10 30790959 444 1.57E-02 * KATNAL1 - katanin p60 subunit A-like 1 Nearby

FRY - furry homolog Within 10130

RXFP2 - relaxin/insulin-like family peptide 

receptor 2

Determination of a primary sex character 

(testicular descent)
122042

Nearby
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OAR10_33307197.1 10 33307197 444 1.52E-03 **
GPR12 - Probable G-protein coupled 

receptor 12
Nearby

G-protein coupled receptor protein 

signalling pathway; cellular calcium ion 

homeostasis

2835

OAR10_51913002.1 10 51913002 445 3.97E-03 ** TBC1D4 - TBC1 domain family, member 4 Within Expression in skeletal muscle 9882

s21696.1 13 68949886 445 3.83E-02 *

OAR13_68959441.1 13 68959441 444 3.86E-02 *

s66323.1 13 70040321 442 2.34E-02 *

OAR15_20091556.1 15 20091556 444 2.60E-03 **

s52387.1 15 20146780 442 3.33E-03 **

s25982.1 15 21339993 444 3.16E-05 ***

s33799.1 15 22041599 444 4.71E-03 **

OAR15_29952723.1 15 29952723 444 2.60E-02 *

TRPC4AP - transient receptor potential 

cation channel, subfamily C, member 4 

associated protein

EDEM2 - ER degradation enhancer, 

mannosidase alpha-like 2

Within

Nearby
EDEM2 involved in CA ion binding

26133

55741
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NCBI Entrez 

Gene ID 

OAR15_29984424.1 15 29984424 443 3.21E-02 *

MLL - Homo sapien myeloid/lymphoid or 

mixed-lineage leukemia

ALL-1 - Bos taurus similar to Zinc finger 

protein HRX

Within
4297

517176

OAR15_30061579.1 15 30061579 431 2.95E-02 * ARCN1 - archain 1, transcript variant 1 Within 533078

s36214.1 15 70092255 445 2.11E-02 *

OAR15_70594883.1 15 70594883 445 3.40E-02 *

s17743.1 15 71522624 445 3.86E-02 *

DU240909_563.1 16 56197968 444 2.34E-03 ** CDH12 - cadherin 12, type 2 (N-cadherin 2) Nearby Ca ion binding 1010

OAR17_36573320.1 17 36573320 445 1.17E-05 ***
SPRY1 - sprouty homolog 1, antagonist of 

FGF signaling
Nearby

Possible antagonist of fibroblast growth 

factor (FGF) pathways
10252

OAR17_38448146.1 17 38448146 444 2.89E-03 **
1) FGF2 - fibroblast growth factor 2

2) SPATA5 - spermatogenesis associated 5
Nearby

1) Fibroblast growth factor

2) Role in spermatogenesis

2247

166378

s63862.1 22 21939543 439 3.04E-02 * AVPI1 - arginine vasopressin-induced 1 Within 60370

s02813.1 23 50559942 444 4.30E-02 * SMAD2 - SMAD family member 2 Nearby
Cell differentiation in bone, rate of gene 

transcription, fibroblast growth factor

s69303.1 26 15252098 445 5.73E-03 ** ODZ3 - odz, odd Oz/ten-m homolog 3 Within 55714
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OAR2_49295397.1 2 49295397 273 4.30E-02 * Olfr600 - olfactory receptor 600 Nearby
G-protein coupled receptor protein 

signaling pathway
259048

OAR10_26177304.1 10 26177304 272 5.80E-07 ***

OAR10_26251705.1 10 26251705 273 5.77E-07 ***

OAR10_26652355.1 10 26652355 273 3.53E-03 **

OAR10_26672645.1 10 26672645 272 5.80E-07 ***

s12688.1 10 26781655 273 5.77E-07 ***

OAR10_26845722.1 10 26845722 273 1.10E-07 ***

OAR10_26872363.1 10 26872363 272 3.35E-04 ***

s63534.1 10 26913037 273 1.19E-02 *

OAR10_26975900.1 10 26975900 273 1.19E-02 *

s35402.1 10 27274295 273 3.62E-06 ***

s34980.1 10 27365372 272 2.93E-03 ** RCF3 - DNA replication factor C Nearby 4839271

OAR10_27878618.1 10 27878618 272 1.89E-09 ***

OAR10_28029657.1 10 28029657 270 3.52E-06 ***

OAR10_28385909.1 10 28385909 272 4.60E-13 ***

OAR10_28451807_X.1 10 28451808 271 2.45E-02 *

s24045.1 10 29035611 271 2.46E-02 *

OAR10_29065568.1 10 29065568 273 1.65E-02 *

OAR10_29159858.1 10 29159858 272 3.20E-08 ***

OAR10_29223007.1 10 29223007 273 1.42E-04 ***

OAR10_29312907_X.1 10 29312908 270 3.46E-07 ***

NBEA - neurobeachin Within 26960

KL - klotho Nearby

Fibroblast growth factor receptor 

signaling pathway;  osteophyte 

formation; bone densisty; variants may 

influence skeletal aging

9365

FRY - furry homolog Within

10129
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ID 

OAR10_29341212.1 10 29341212 271 2.23E-02 *

OAR10_29381795.1 10 29381795 273 8.78E-10 ***

OAR10_29389966_X.1 10 29389967 272 1.41E-02 *

OAR10_29448537.1 10 29448537 271 8.01E-34 ***

OAR10_29469450.1 10 29469450 271 2.51E-08 ***

OAR10_29511510.1 10 29511510 269 3.19E-21 *** Within

OAR10_29538398.1 10 29538398 270 5.55E-22 *** Nearby

OAR10_29793750.1 10 29793750 273 2.16E-05 ***

s18834.1 10 29826746 271 1.66E-02 *

OAR10_33307197.1 10 33307197 273 2.31E-05 ***

OAR10_33338187.1 10 33338187 273 2.29E-02 *

GPR12 - Probable G-protein coupled 

receptor 12

RXFP2 - relaxin/insulin-like family 

peptide receptor 2

Nearby
Determination of a primary sex character 

(testicular descent)
122042

2835

G-protein coupled receptor protein 

signalling pathway; cellular calcium ion 

homeostasis

Nearby
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LENGTH 10 OAR10_29448537.1 29448537 3.19E-04 *** Nearby
LENGTH 10 OAR10_29511510.1 29511510 2.99E-02 *** Within
LENGTH 10 OAR10_29538398.1 29538398 4.92E-02 *** Nearby

BASE CIRCUMFERENCE 10 OAR10_26652355.1 26652355 2.98E-03 ***
BASE CIRCUMFERENCE 10 OAR10_26845722.1 26845722 1.35E-02 ***
BASE CIRCUMFERENCE 10 OAR10_26872363.1 26872363 1.49E-02 ***
BASE CIRCUMFERENCE 10 OAR10_29448537.1 29448537 1.22E-05 ***
BASE CIRCUMFERENCE 10 OAR10_29469450.1 29469450 1.90E-02 ***
BASE CIRCUMFERENCE 10 OAR10_29511510.1 29511510 7.46E-04 *** Within
BASE CIRCUMFERENCE 10 OAR10_29538398.1 29538398 1.12E-03 *** Nearby
BASE CIRCUMFERENCE 22 OAR22_9161453.1 9161453 3.01E-02 *** PRKG1 - Protein Kinase Within 5592

122042

122042
Determination of a primary sex 

character (testicular descent)

Determination of a primary sex 

character (testicular descent)

RXFP2 - relaxin/insulin-like 

family peptide receptor 2

Nearby

RXFP2 - relaxin/insulin-like 

family peptide receptor 2
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Appendix 3.3. GWAS study of horn size in normal-horned male using 

best unbiased linear prediction (BLUP) and raw phenotypic values 

 

In the Discussion of Chapter 3, we examine our use of estimated breeding values (EBVs) to 

conduct a genome-wide association study for quantitative variation in horn size in normal-

horned males. In this supplementary information, we show that we obtain the similar 

results using BLUP, as well as raw phenotypic measurements in lambs (age ~4 months) and 

in yearlings (age ~16 months). 

 

The BLUP for each individual sheep was estimated for each individual from the same model 

as in the main paper, but with the additive genetic effect removed; therefore the 

prediction is for animal identity only and is independent of its relatives. BLUPs were only 

retained for normal-horned males where at least one horn measurement was made during 

its lifetime. For the analysis of raw phenotypic values, we used measurements of horn 

length and base circumference for sheep captured during the August catch in their year of 

birth (lambs) or in the year following birth (yearlings). In cases where two or more 

measurements were made in the same sheep during the same capture period, and average 

measurement was used. As horn type was only categorised after 6 months of age in male 

lambs, measurements were only included if the lamb survived until at least 6 months of 

age. There was no correlation between age in days in lambs and horn size during these 

periods, therefore so no age correction was used. 

 

Associations between the horn size measurements and SNP genotypes were calculated 

using the software EMMAX (version 07Mar2010 Beta; Kang et al. 2010), and Manhattan 

plots of all association analyses are displayed in Figure A3.1. For the horn size BLUPs, 

OAR10_29448537.1 on chromosome 10 was the only SNP associated with quantitative 

variation in horn length (P = 0.014, N = 160); this SNP was the most highly associated SNP 

with horn size EBVs in the main paper. The same SNP was also the most highly associated 

SNP with the BLUPs for horn base circumference (P = 4.01×10-4, N = 160), with seven 

additional SNPs showing a significant association, all of which also showed association with 

EBVs for horn base circumference. For raw phenotypic measures of horn size, two markers 

on chromosome 10, OAR10_29511510.1 (falling within RXFP2) and OAR10_29538398.1 (P = 

0.028 and 0.041 respectively, N = 100) were associated with horn length in lambs; these 

markers were the second and third most highly associated SNPs with horn size EBVs in the 
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main paper. OAR10_29511510.1 was the only marker associated with horn base 

circumference in lambs (P = 0.044, N = 91). In yearlings, there were no SNPs associated with 

horn length in yearlings (N = 105) and two SNPs, s03333.1 and OAR3_21223010.1 on 

chromosome 3, were associated with base circumference (P = 0.01 for both markers) and 

occur near to and within the gene NOL10 (nucleolar protein 10).  

 

These results show that the genomic region in and around RXFP2 is associated with 

quantitative variation in horn size for both the BLUP values and for raw phenotypic values 

in lambs. In yearlings, the same region was not significantly associated, but markers in 

these regions were still within the top ten most highly associated markers throughout the 

genome (Figure A3.1).  
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Figure A3.1. Genome-wide association results for quantitative variation in horn size in 
normal-horned males. Results are based on association with SNPs and best linear unbiased 
prediction (BLUP), lamb horn (aged ~4 months) and yearling horn (aged ~16 months) 
measurements for horn length and horn base circumference in normal horned males. 
Points are colour coded by chromosome. P-values were estimated using a χ2 statistic and 
dotted lines indicate a P-value threshold of P = 0.05 after correction for multiple testing. 
Each point is plotted at its position on the Virtual Sheep Genome Assembly v1.0. 
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Appendix 5.1: MCMC approach to modelling fitness 

 

The main analysis in Chapter 5 uses the animal model to examine the relationship between 

the Horns genotype and fitness in the Soay sheep population. However, as the data has an 

unusual, non-Gaussian distribution (Figures 5.1 and 5.2), we used an additional, Bayesian 

method to obtain estimates of fixed and random effects in each fitness measure.  

 

METHODS  

In order to investigate the effects of SNP markers on components of fitness, this variation 

was modelled as a combination of fixed and random effects using Bayesian generalized 

linear mixed models (GLMMs) implemented in the package MCMCglmm (Hadfield 2010) in 

R v2.11.1. This package uses Bayesian inference and Markov Chain Monte Carlo sampling to 

estimate effect sizes, and requires the posterior specification of prior distributions for the 

random effect structures in each model.  

 

Model structure: In the annual models, fixed effects were Horns genotype, August body 

weight, and age as a quadratic term; random effects were a permanent environment effect 

(obtained by fitting repeated measures from each individual), year of birth and year of 

growth effects. In the lifetime models, fixed effects were Horns genotype, birth weight and 

birth population density, and random effects were year of birth and year of death. An 

additive genetic effect was omitted as consistent estimates of the heritability could not be 

obtained; this is unlikely to impact the main findings of this study as the heritability 

estimated by an animal model approach was either very low or non-significant for all 

fitness measures (see Chapter 5). A Gaussian error structure was fitted for all models. All 

models were run for 2,000,000 iterations, with a burnin period of 800,000 iterations and a 

thinning period of 2,000 iterations. Models were accepted if the independence of the 

samples in the posterior distribution (i.e. the autocorrelation) was < 0.1. A flat, non-

informative prior was specified for each structure, and models were repeated using 

different prior specifications for each random effect in order to confirm that similar 

estimates of fixed and random effects would be obtained. Effect sizes and the 95% credible 

intervals (P = 0.05) were estimated from the posterior mode of the sampled iterations; 

fixed effects were deemed significant if the credible interval did not overlap zero. 
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RESULTS 

Annual Fitness: In males, Ho+/HoP individuals had a significantly higher pt(i) than Ho+/Ho+ 

and HoP/HoP individuals (P < 0.05 and 0.01 respectively, Figure A5.1; Table A5.1). Ho+/HoP 

had significantly higher rt(i) than HoP/HoP males (P < 0.05) and significantly higher st(i) than 

Ho+/Ho+ males (P < 0.01). Therefore Ho+/HoP males have the highest overall annual fitness 

in the Village Bay population, through relatively high survival and recruitment; leading to a 

significantly higher contribution to population growth in comparison to Ho+/Ho+ and 

HoP/HoP males. In females, there was no difference between any annual fitness measure 

and Horns genotype (Figure A5.1; Table A5.1). The estimated variance components for 

models of annual fitness in both males and females are provided in Table A5.2. 

 

Lifetime fitness: In males, Ho+/HoP and Ho+/Ho+ individuals had a significantly higher pt(i) 

than HoP/HoP individuals (P < 0.01 and 0.05 respectively; Figure A5.2; Table A5.3). Ho+/HoP 

and Ho+/Ho+ individuals also had a significantly higher rt(i) than HoP/HoP individuals (P < 

0.05). There was no difference in st(i) between all three Horns genotypes (Figure A5.2; Table 

A5.3). Therefore, HoP/HoP males have a reduced lifetime contribution to population growth 

compared to Ho+/Ho+ and Ho+/HoP males, which is driven by significantly lower recruitment 

to the population. In females, Ho+/HoP females had significantly higher pt(i) than Ho+/Ho+ 

and HoP/HoP individuals (P < 0.01, Figure A5.2; Table A5.3) and also had higher rt(i) than 

Ho+/Ho+ and HoP/HoP individuals (P < 0.01). There was no difference in st(i) between all 

three Horns genotypes. Therefore, Ho+/HoP females have the highest lifetime contribution 

to population growth compared to Ho+/Ho+ and HoP/HoP females, which is driven by 

significantly higher recruitment to the population. The estimated variance components for 

models of lifetime fitness in both males and females are provided in Table A5.4. 

 

Equilibrium frequencies: The equilibrium frequency (q) of the HoP was calculated in all cases 

where there was a significant difference in fitness between Horns genotypes, where the 

Ho+/HoP genotype had the highest fitness value. For annual fitness in males, the equilibrium 

frequency of HoP based on pt(i) was q = 0.468. For lifetime pt(i) in males, the equilibrium 

frequency of HoP was much lower than that estimated in the main chapter at q = 0.011; for 

female lifetime fitness, the equilibrium frequency for pt(i) was q = 0.561. When the fitness 

measures were combined and weighted for each sex (including annual fitness in females), 

the equilibrium frequency of HoP was predicted to be q = 0.531 for annual fitness and q = 

0.460 for lifetime fitness measures. Therefore, these data predict that the frequency of HoP 
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should stabilise between q ≈ 0.46 and q ≈ 0.53. This is slightly lower than the values 

obtained in the main chapter (q ≈ 0.51 – 0.58), but indicates that the frequency of the 

alleles at Horns may be reaching equilibrium in the Soay sheep population. 
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Figure A5.1. Effect sizes estimated for annual de-lifed fitness measures pt(i), rt(i) and st(i) for each 
Horns genotype in males (left) and females (right). Effect sizes were estimated from the posterior 
mode of a Bayesian GLMM with additional fixed effects of body weight and age. Random effects in 
the model included a permanent environment effect, birth year and capture year. Effect sizes are 
given relative to the intercept at Ho

+
/Ho

+
. The vertical bars indicate the 95% credible interval.  

* indicates significant difference from the intercept at P < 0.05(** = P <0.01%) 
† indicates significant difference (at P < 0.05) from the other (non-intercept) factor level (†† = P <0.01%)  
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Table A5.1. Parameter estimates for fixed effects from animal models of annual fitness 

measures of pt(i), rt(i) and st(i) in male and female Soay sheep. 

  MALES  FEMALES 

pt(i) 

EFFECT ESTIMATE 
Lower 
95% CI 

Upper 
95% CI 

SIG  ESTIMATE 
Lower 
95% CI 

Upper 
95% CI 

SIG 

Intercept -2.0017 -3.5274 0.0353   -2.1263 -2.4972 -1.8910  

Ho
+
/Ho

P
 0.3180 0.0466 0.4942 *  0.0936 -0.0571 0.1810  

Ho
P
/Ho

P
 -0.0436 -0.2375 0.2663   0.0585 -0.0796 0.2055  

Body Weight 0.0552 0.0349 0.0904 ***  0.1058 0.0915 0.1317 *** 

Age 0.5202 0.0723 0.8366 *  0.3340 0.1478 0.4178 *** 

Age
2
 -0.0105 -0.0549 0.0238   -0.0394 -0.0521 -0.0260 *** 

Ho
+
/Ho

P
 v Ho

P
/Ho

P
 -0.3168 -0.4841 -0.0425 ††  0.0419 -0.1361 0.1310  

           

rt(i) 

EFFECT ESTIMATE 
Lower 
95% CI 

Upper 
95% CI 

SIG  ESTIMATE 
Lower 
95% CI 

Upper 
95% CI 

SIG 

Intercept -0.9603 -2.5003 1.1641   -1.1108 -1.2751 -0.9236  

Ho
+
/Ho

P
 0.1010 -0.0429 0.3111   0.0527 -0.0189 0.1335  

Ho
P
/Ho

P
 -0.1195 -0.2853 0.1494   0.0514 -0.0565 0.1315  

Body Weight 0.0298 -0.0004 0.0494   0.0348 0.0209 0.0487 *** 

Age 0.4346 0.0971 0.7898 *  0.3139 0.2153 0.3930 *** 

Age
2
 -0.0007 -0.0266 0.0386   -0.0316 -0.0391 -0.0221 ** 

Ho
+
/Ho

P
 v Ho

P
/Ho

P
 -0.2133 -0.4097 -0.0066 †  -0.0223 -0.0996 0.0784  

           

st(i) 

EFFECT ESTIMATE 
Lower 
95% CI 

Upper 
95% CI 

SIG  ESTIMATE 
Lower 
95% CI 

Upper 
95% CI 

SIG 

Intercept -1.1204 -1.2797 -0.7266   -1.0225 -1.2583 -0.7587  

Ho
+
/Ho

P
 0.1534 0.0583 0.3130 **  0.0107 -0.0835 0.0919  

Ho
P
/Ho

P
 0.1501 -0.0160 0.2839   0.0448 -0.0951 0.1380  

Body Weight 0.0356 0.0213 0.0534 ***  0.0737 0.0596 0.0892 *** 

Age -0.0732 -0.2479 0.1454   -0.0639 -0.1674 0.0337  

Age
2
 -0.0184 -0.0332 0.0067   -0.0054 -0.0115 0.0081  

Ho
+
/Ho

P
 v Ho

P
/Ho

P
 -0.0667 -0.2066 0.0637   0.0234 -0.0865 0.1117  

 

Effect sizes are given relative to individuals with the Horns genotype Ho
+
/Ho

+ 
(the intercept) and are 

the posterior mode of the sampled iterations of the GLMM. The term is deemed significantly 
different from the intercept if the lower and upper credible intervals (CI) do no overlap zero. The 
contrast between fitness measures the Ho

+
/Ho

P
 and Ho

P
/Ho

P
 genotypes is given underneath each 

table. Fixed effects were estimated from 901 records in 569 males and 1912 records in 726 females. 
* indicates significant difference from the intercept at P < 0.05(** = P <0.01, *** = P <0.001) 
† indicates significant difference (at P < 0.05) from the other (non-intercept) factor level (†† = P <0.01, ††† = P <0.001)  
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Table A5.2. Estimated random effect sizes for annual fitness traits in males and females. 

 Trait 
Mean 
(SD) 

VOBS VP 

Permanent 
Environment 

Year of Birth Year of Growth Residual 

c2 b2 y2 ε2 
M

A
LE

 

pt(i) 
-0.234 3.554 16.968 0.008 0.407 0.391 0.072 

(1.885)   (0.005 - 0.018) (0.255 - 0.664) (0.245 - 0.635) (0.046 - 0.129) 

rt(i) 
-0.084 2.467 17.715 0.008 0.359 0.501 0.050 

(1.571)   (0.003 - 0.012) (0.24 - 0.649) (0.293 - 0.7) (0.031 - 0.077) 

st(i) 
-0.149 0.768 0.696 0.214 0.153 0.063 0.505 

(0.876)   (0.102 - 0.336) (0.077 - 0.326) (0.026 - 0.177) (0.345 - 0.626) 

FE
M

A
LE

 

pt(i) 
0.186 1.563 1.093 0.133 0.088 0.056 0.678 

(1.250)   (0.09 - 0.184) (0.043 - 0.171) (0.028 - 0.144) (0.588 - 0.772) 

rt(i) 
0.071 0.519 0.438 0.126 0.077 0.036 0.754 

(0.721)   (0.089 - 0.169) (0.035 - 0.178) (0.015 - 0.07) (0.653 - 0.788) 

st(i) 
0.115 0.637 0.597 0.244 0.105 0.160 0.470 

(0.798)   (0.13 - 0.29) (0.053 - 0.188) (0.075 - 0.326) (0.337 - 0.594) 

 

Variance components, effects and credible intervals were estimated using MCMCglmm package 
(Hadfield 2010) implemented in R v.2.10.1. Each random effect is reported as effect size (i

2
) for the 

permanent environment, birth year, capture year and residual effects respectively. VOBS is the 
observed phenotypic variance and VP is the phenotypic variance defined as the sum of the variance 
components in the animal model. The values in parentheses are the 95% credible interval unless 
otherwise stated. Variance components were calculated from 901 records in 569 males and 1912 
records in 726 females. 
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Figure A5.2. Effect sizes estimated for lifetime de-lifed fitness measures pt(i), rt(i) and st(i) for each 
Horns genotype in males (left) and females (right). Effect sizes were estimated from the posterior 
mode of a Bayesian GLMM with additional fixed effects of body weight and age. Random effects in 
the model included birth year and death year. Effect sizes are given relative to the intercept at 
Ho

+
/Ho

+
. The vertical bars indicate the 95% credible interval.  

* indicates significant difference from the intercept at P < 0.05(** = P <0.01%) 
† indicates significant difference (at P < 0.05) from the other (non-intercept) factor level (†† = P <0.01%) 
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Table A5.3 Parameter estimates for fixed effects from animal models of lifetime fitness 

measures of pt(i), rt(i) and st(i) in male and female Soay sheep. 

  MALES  FEMALES 

pt(i) 

EFFECT ESTIMATE 
Lower 
95% CI 

Upper 
95% CI 

SIG  ESTIMATE 
Lower 
95% CI 

Upper 
95% CI 

SIG 

(Intercept) 15.0734 0.5830 29.181    8.3329 -0.6428 
16.252

5 
  

Ho
+
/Ho

P
 0.0064 -0.3570 0.4684    0.4269 0.1016 0.6962 ** 

Ho
P
/Ho

P
 -0.5812 -1.0107 -0.0466 *  0.0927 -0.3260 0.4246   

Birth Weight 0.4477 0.0245 0.6614 *  0.1614 -0.0141 0.4294   

Birth Pop. Density -0.0412 -0.0660 -0.0015 *  -0.0246 -0.0437 -0.0053 * 

Ho
+
/Ho

P
 v Ho

P
/Ho

P
 -0.7196 -1.0104 -0.1545 ††  -0.3769 -0.7251 -0.0427 †† 

           

rt(i) 

EFFECT ESTIMATE 
Lower 
95% CI 

Upper 
95% CI 

SIG  ESTIMATE 
Lower 
95% CI 

Upper 
95% CI 

SIG 

(Intercept) 11.3212 0.2342 17.285    2.8724 -0.4871 6.6618   

Ho
+
/Ho

P
 -0.0070 -0.4262 0.4319    0.2995 0.1049 0.6832 ** 

Ho
P
/Ho

P
 -0.4892 -1.0741 -0.0200 *  0.1038 -0.2641 0.3890   

Birth Weight 0.5065 0.0502 0.6855 *  0.3479 0.0675 0.5151 * 

Birth Pop. Density -0.0211 -0.0423 -0.0035 *  -0.0076 -0.0163 -0.0005 * 

Ho
+
/Ho

P
 v Ho

P
/Ho

P
 -0.7106 -1.0663 -0.1174 †  -0.2938 -0.7137 -0.0435 †† 

           

st(i) 

EFFECT ESTIMATE 
Lower 
95% CI 

Upper 
95% CI 

SIG  ESTIMATE 
Lower 
95% CI 

Upper 
95% CI 

SIG 

(Intercept) 4.3545 -0.9608 9.5652    2.7427 -0.0945 9.6995   

Ho
+
/Ho

P
 0.0308 -0.0063 0.0628    0.0009 -0.0303 0.0530   

Ho
P
/Ho

P
 0.0227 -0.0183 0.0636    0.0010 -0.0612 0.0330   

Birth Weight 0.0017 -0.0300 0.0261    -0.0231 -0.0564 0.0093   

Birth Pop. Density -0.0105 -0.0238 0.0006    -0.0179 -0.0260 -0.0047 * 

Ho
+
/Ho

P
 v Ho

P
/Ho

P
 -0.0086 -0.0474 0.0292    -0.0297 -0.0600 0.0300   

 

Effect sizes are given relative to individuals with the Horns genotype Ho
+
/Ho

+ 
(the intercept) and are 

the posterior mode of the sampled iterations of the GLMM. The term is deemed significantly 
different from the intercept if the lower and upper credible intervals (CI) do no overlap zero. The 
contrast between fitness measures the Ho

+
/Ho

P
 and Ho

P
/Ho

P
 genotypes is given underneath each 

table. Fixed effects were estimated from the 614 males and 644 females for whom annual fitness 
measures were available for every year of life. 
* indicates significant difference from the intercept at P < 0.05(** = P <0.01, *** = P <0.001) 
† indicates significant difference (at P < 0.05) from the other (non-intercept) factor level (†† = P <0.01, ††† = P <0.001)  
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Table A5.4. Estimated random effect sizes for lifetime fitness traits in males and females. 
 

 Trait 
Mean 
(SD) 

VOBS VP 
Year of Birth Year of Death Residual 

b2 d2 ε2 

M
A

LE
 

pt(i) 
-1.221 8.54 130.7 0.407 0.391 0.072 

(2.922)  (32.57) (0.255 - 0.664) (0.245 - 0.635) (0.046 - 0.129) 

rt(i) 
-0.344 6.412 46.56 0.359 0.501 0.050 

(2.532)  (11.9) (0.24 - 0.649) (0.293 - 0.7) (0.031 - 0.077) 

st(i) 
-0.878 0.834 19.13 0.153 0.063 0.505 

(0.913)  (4.581) (0.077 - 0.326) (0.026 - 0.177) (0.345 - 0.626) 

FE
M

A
LE

 

pt(i) 
-0.03 12.025 71.7 0.088 0.056 0.678 

(3.468)  (15.89) (0.043 - 0.171) (0.028 - 0.144) (0.588 - 0.772) 

rt(i) 
0.186 4.098 12.91 0.077 0.036 0.754 

(2.024)  (2.61) (0.035 - 0.178) (0.015 - 0.07) (0.653 - 0.788) 

st(i) 
-0.216 3.424 23.9 0.105 0.160 0.470 

(1.85)  (5.372) (0.053 - 0.188) (0.075 - 0.326) (0.337 - 0.594) 

 

Variance components, effects and credible intervals were estimated using MCMCglmm package 
(Hadfield 2010) implemented in R v.2.10.1. Each random effect is reported as effect size (i

2
) for the 

permanent environment, birth year, capture year and residual effects respectively. VOBS is the 
observed phenotypic variance and VP is the phenotypic variance defined as the sum of the variance 
components in the animal model. The values in parentheses are the 95% credible interval unless 
otherwise stated. Variance components were calculated from 614 males and 644 females where 
annual fitness measures were available for each year of life. 

 

 


