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Don Quixote's disgrace is not his fantasy, but Sancho Panza. 

Franz Kajka 

Do not despair: one of the thieves was saved. Do not presume: one of the thieves was damned. 

Saint Augustine 

"One of the thieves was saved. Pause.) It's a reasonable percentage". 
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Abstract 

Traits under the pressure of natural selection are expected to lose their genetic 

variability since the negative genetic variants are counter-selected and replaced by the 

positive alleles. However, direct, empirical observations show that fitness related traits 

maintain, or even enhance, their genetic variability in the face of selection. Explaining the 

mechanisms of the maintenance of genetic variation is of fundamental importance in 

understanding the process of evolution in nature. One strategy by which the complexity 

of continuous characters can be dissected and the loci that contribute to trait variation 

identified is linkage mapping. Applied within the natural environment, linkage mapping 

can potentially shed light on the evolutionary mechanisms behind the selection and 

maintenance of genetic diversity in wild populations. Thanks to previous studies, the 

Soay sheep on St. Kilda, the free-living population which is the subject of this project, 

offer an unprecedented opportunity to dissect the architecture of fitness related traits. In 

this project, 588 animals belonging to a larger pedigree (882 animals) were genotyped to 

build a complete genetic map comprising 251 markers. Subsequently, a whole genome 

scan was carried out to detect qualitative and quantitative trait loci. Different 

morphological and physiological traits were chosen on the basis of their relationship to 

fitness. The loci affecting the Mendelian polymorphisms of horn type and two aspects of 

coat colour were mapped with good reliability (Horn type mapped to chromosome 10, 

Coat colour to chromosome 2, Coat pattern to chromosome 13; LOD scores >3). Several 

quantitative traits were analyzed and one genomic region showed significant linkage with 

the variation in jaw length (chromosome 11, LOD 3.59). In addition, suggestive 

linkages were detected for bind leg length (chromosome 15, LOD 2.89), birth weight 

(chromosome 8, LOD 2.54), and timing of birth (chromosome 2, LOD 2.70). Finally, 

two suggestive linkages were scored for resistance to the gastrointestinal parasite coccidia 
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(chromosome 3 and X, LOD 2.68 and 2.21, respectively). As the quantitative trait loci 

mapping was performed by variance component analysis, the parameters describing 

variation in the study traits were also estimated. This project is one of the first attempts 

to dissect the genetic architecture of complex traits in the wild through linkage mapping. 

The results reported here improve our understanding of the evolution and genetics of 

natural populations by allowing more realistic modelling of the study traits and by 

opening the way towards the molecular characterization of the genomic regions of 

interest. 
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Chapter 1. 

Introduction to QTL mapping in natural populations 

1.1. 	Background 

The paradox of genetic variation - The maintenance of genetic variation in traits 

under natural selection is one of the most important and challenging problems in 

evolutionary biology. Fisher's Fundamental Theorem of Natural Selection (Fisher, 1958) 

states that "the rate of increase in fitness of an organism at any time is equal to its genetic 

variance in fitness at that time". A predicted consequence is that additive genetic 

variation is depleted by selection, so that traits related to fitness tend to have low or null 

values of heritability since the alleles conferring higher fitness should reach fixation 

(Falconer, 1989). To test this principle, Mousseau and Roff (1987) reviewed a large 

dataset of estimates of heritability for traits under selection collected from wild 

populations. Their analysis showed that, on the one hand, life history traits under 

selective pressure had lower heritability than morphological traits, thus supporting 

Fisher's theorem, but, on the other hand, even genes for traits under strong selection 

were not fixed as was expected. Furthermore, when the additive genetic variance was 

standardized by the trait mean (giving the coefficient of variation) instead of by the total 

phenotypic variance (giving the heritability), traits affecting fitness had more additive 

genetic variation than the morphological ones (Houle, 1992). 

A number of different, although not mutually exclusive theories have been suggested 

to explain the maintenance of genetic variation under selection (Barton and Keightley, 
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2002). For example, the phenomenon of negative pleiotropy may prevent fixation as 

alleles selected for in one trait are also selected against in another trait (Zhang and Hill, 

2002). Epistasis, gene by environment mteractions, and balancing selection may also 

counteract fixation (Hill, 1982; Kondrashov and Turelli, 1992; Carlborg and Haley, 2004; 

Carlborg et al., 2006). Furthermore, natural populations can inhabit a spatially 

heterogeneous and changing environment which means that the fittest genetic 

combination is elusive (Olendorf et al., 2006). The relative prevalence and weight of 

these phenomena in explaining natural variation is still a matter of debate and few studies 

have been conducted to test the different hypotheses (notable exceptions are Kroymann 

and Mitchell-Olds, 2005; Olendorf et al., 2006). Ideally, a comprehensive quantitative 

genetics theory of evolution would allow the characterization of the forces maintaining 

and depleting variation. This issue is relevant not only from a purely evolutionary 

research point of view, but also for practical progress in medicine and agriculture (Risch, 

2000; Andersson, 2001) as many diseases and economic traits have a quantitative basis 

shaped by the laws of natural selection. 

Linkage mapping in experimental and natural populations - Linkage analysis 

investigates the correlation between phenotypic values and one or more genetic markers 

to find genomic regions that influence the phenotype. A genetic marker may be thought 

of as an evolutionary neutral DNA sequence which is variable across individuals in a 

population and whose position in the genome is known. A large correlation between 

phenotypic value and marker genotype suggests that the tested marker is close to a region 

affecting the trait. By genotypmg each member of a family or pedigree, one can trace the 

inheritance pattern at each marker locus. Mapping quantitative trait loci (QTL) is a 

strategy to dissect the complexity of continuous traits, such as size, fitness and disease 

susceptibility (Lynch and Walsh, 1998; Glazier et al., 2002), and so contributes to the 
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formulation of better models to describe the nature of quantitative variation (Erickson et 

al., 2004; Erickson, 2005; Slate, 2005). Moreover, coupled with linkage disequilibrium 

mapping and comparative analysis, linkage mapping may also open the way to isolating 

and characterizing the genes underlying variation at the molecular level (Fraiy et al., 2000; 

Van Laere et al., 2003). 

QTL mapping projects are now routinely carried out in model organisms (Mackay, 

2001) or in plant and animal species of agricultural relevance (Evans et al., 2003; Khatkar 

et al., 2004; Mackay, 2004). These studies can rely on experimental crossings and 

environments to maximize the power of statistical analysis by reducing the sources of 

variation other than the genetic one. The results obtained therefore have good 

confidence and accuracy but they cannot be readily transferred to natural populations 

since differences between natural and artificial frameworks exist both in the environment 

and in the population itself. Experimental populations are often highly or completely 

inbred so that the offspring derived from crossing divergent lines have complete linkage 

disequilibrium in the first generation (F') and consequently the following F, or BC, 

progenies become informative (i.e. segregating) at all markers and genes differing 

between parental lines. Further, to increase the number of polymorphic loci and the 

contrast in trait means, the study populations are sometimes derived from individuals 

belonging to different species. QTLs detected m this way represent differences between 

parental lines and therefore the findings obtained do not contribute directly to the 

understanding of the variability within populations. QTL mapping in outbred livestock 

investigates variation within populations and are therefore closer to natural populations. 

Although the findings discovered with outbred crosses are expected to have more 

general validity, outbred populations are inherently less powerful than inbred lines to 

map QTL. Compared to inbred lines, crosses between outbred individuals have fewer 
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informative meioses since not all the families segregate at the marker loci and QTLs. This 

is due to the fact that the parents employed in outbred crosses are genetically variable, 

whereas in inbred line crosses parents are genetically uniform. Also, the marker and QTL 

linkage phase may not be conserved across families thus requiring appropriate statistical 

solutions (Lynch and Walsh 1998). QTL effects are expressed as means with inbred lines 

but as variances with outbred lines, thus resulting in a less accurate QTL effect estimate 

from outbred populations (Lynch and Walsh 1998). Despite the fact that outbred crosses 

are closer to natural populations than inbred ones, they often undergo genetic drift and 

selection within the laboratory or farm, which simplifies and reduces the population 

structure and variability. As a result, outbred crosses may lose pleiotropic and epistatic 

effects that can play an important role in natural environments (Carlborg and Haley, 

2004; Kroymann and Mitchell-Olds, 2005). For these reasons the genetics of outbred 

populations may not be representative of unmanaged pedigrees or families collected 

directly from the wild to study natural variation. 

The environment plays a fundamental role in determining the phenotype as the 

genetic make-up of an organism represents on/y the potential for a trait to develop in 

response to a given environment. In terms of environment, the natural environment is 

not constant and predictable across time and space in contrast to the experimental 

setting. This heterogeneity can explain, at least in part, the maintenance of genetic 

variation. In some cases, m fact, different genotypes respond in nonparallel ways to 

different environments (genotype by environment interaction). The genotype by 

environment interaction leads to the development of locally adapted strains and therefore 

it can be regarded as a key component of specianon and evolution, apart from also 

having important consequences in breeding and genetic improvement. Laboratory or 

agricultural experiments are often designed to enhance the properties of the trait under 
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study by minimizing the sources of environmental variance so that the genes segregating 

in the wild may be not the same of those identified in captivity and the estimates of 

heritability may become inflated (Houle, 1992). Despite the interest in closing the gap 

between natural and experimental studies, few projects have been undertaken so far to 

map QTL in the wild (Slate et al., 2002; Erickson et al., 2004; Erickson, 2005; Slate, 

2005). An exception could be in humans where, however, cultural and ethic factors make 

extension of findings to animal populations inappropriate, and it could be questionable 

whether selection in the human population is natural and applicable to animal 

populations. The paucity of studies of the genetic architecture of complex traits in the 

wild is due to either the lack of suitable populations, especially in terms of 

comprehensive phenotypic datasets and pedigrees, or to the difficulties in statistical 

analysis behind such studies (Hoeschele et al., 1997; Flint and Mott, 2001). 

A recently developed statistical tool, namely variance component analysis, is 

particularly suitable for the analysis of wild populations. Variance component estimation 

by restricted maximum likelihood (REML) exploits the information derived from any 

pair of individuals in the data-file thus making optimal use of the information contained 

in large, extended pedigrees (Hoeschele et al., 1997; Visscher et al., 1999). Coupled with 

Markov chain Monte Carlo algorithms, variance component QTL analysis has the power 

to accommodate pedigrees of any size and complexity. In addition, deviations from the 

assumption of normality of the distribution of data and unbalanced or missing data 

generally do not dramatically bias the parameter estimation (Allison et al., 1999; Kruuk, 

2004). Finally, provided that the dataset is large enough, gene by gene (epistatic) or 

genotype by environment interactions can be modelled and estimated. This method has 

been largely adopted and developed by human geneticists Almasy and Blangero 1998) 

and recently applied to animal breeding and wild populations as an extension of the 
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animal model (George et al., 2000; Slate et al., 2002). The principle (Lynch and Walsh, 

1998) is to use marker information to infer,  for any genomic region of interest, the 

genetic fraction that is identical by descent between two individuals. One reason for 

considering the number of alleles identical by descent instead of by state is that the 

distribution of the former only depends on the relative type, whereas the latter also 

depends on the allele frequencies. A maximum likelihood function associated with a 

putative QTL is then modelled only on a target region without the need for modelling all 

the underlying genetic details. In general, the phenotypic value, assumed to follow a 

multivariate normal distribution, is partitioned into a random effect due to a major gene 

(QTL), a polygenic effect, and an error. Additional random effects such as maternal and 

permanent environmental effect can be accounted for. The covariance between the trait 

values of two individuals is then a function of the chromosomal region identical by 

descent, which accounts for the additive genetic variance explained by a putative major 

gene, and the coefficient of coancestry, which accounts for genetic variance not 

explained by the QTL. The presence of a QTL in a given region is tested by a likelihood-

ratio test comparing a model where the additive genetic variance of the QTL is set to 

zero against a model where this variance is greater than zero. 

1.2. The St. Kilda islands and the Soay sheep 

The most important  reason why few QTL mapping projects have been carried out in 

the wild so far is, probably, the lack of free-living populations where phenotypic and 

genetic data have been collected. In this respect, the free-living Soay sheep population on 

St. Kilda stands out as an exception since they are unmanaged but well studied animals. A 

comprehensive description of the Soay sheep as a study population for genetics and 

evolution can be found in Clutton-Brock and Pemberton (2004) and references therein. 
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The St. Kilda archipelago - Lying about 160 km west of mainland Scotland, St. 

Kilda is one of the most remote British islands (Figure 1.1). The erosion of an ancient 

volcano gave rise to St. Kilda, an archipelago of four main islands and several stacks. The 

largest and also most accessible island is Hirta, 637 ha, while Soay to the north-west and 

Dun to the south comprise 99 and 32 ha respectively. Seven km to the north west of 

Hirta is Boreray (77 ha) together with two large stacks. 
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Figure 1.1. - The St. Kilda archipelago: geographical position (image from Ian 
Stevenson's PhD thesis, 1994) and panoramic view. 

St. Kilda is an excellent site for wildlife. Among other species it is home to a 

remarkable colony of sea birds and an endemic sub-species of field mouse (Apodeirnis 

sy1vaticus), this latter was probably introduced with human occupation and evolved into a 

form of unique natural interest. The naturalistic importance of St. Kilda was 
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acknowledged in 1957 when it became a National Nature Reserve property of the 

National Trust for Scotland (Boyd et al., 1964) and in 1986 when UNESCO designated 

St. Kilda World Heritage Site. 

Bronze Age remains and other archaeological evidence show that the islands of St. 

Kilda have been inhabited more or less continuously for 2000 years. However, in 1930, 

after a period of population decline begun in the 8 century, the 36 remaining St. 

Kildans were evacuated due to their inability to collect enough food (Steel, 1988). The 

human impact was largely limited to the construction of cleits (dry stone food storage 

buildings) and other structures and the cutting of turf for fuel (long since ceased) 

together with the exploitation of the seabirds for food. Notably, despite such a long 

history of human occupation, there have been few alien species introductions, mostly a 

few plants within a confined location. 

The Soay sheep population - The Soay sheep (Figure 1.2) owes its name to the 

island of Soay where it is thought that the Vikings introduced these animals during the 9th 

or 10' century. The Soay sheep can be regarded as the most primitive breed in Europe, 

resembling in different features their wild ancestors, the mouflon, and the archaeological 

remains of the early Neolithic age (Campbell, 1974; Doney et al., 1974). During their 

isolation, Soay sheep remained mostly unchanged although the possibility cannot be 

excluded that the inhabitants of Hirta attempted to improve the Soay flock by means of 

mating with domestic sheep (Boyd et al., 1964). After the evacuation of the St. Kildans 

from Hirta, the domestic animals that were not caught were shot and in order to manage 

the vegetation, 107 sheep from Soay were transferred to Hirta. Nowadays, the sheep 

population on Hirta numbers between 600 and 2000 individuals. This figure is highly 

variable since the Soay sheep experience population fluctuations consisting of winter 

crashes when up to 70% of the animals  die (Coulson et al., 2001; Clutton-Brock et al., 
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2004a). Summers are characterized by high levels of food and fecundity which after 2-3 

years bring the population to a level higher than the island can support over winter so 

that a following rainy and windy winter causes the population to crash. 

Despite the small size of the island and the absence of restrictions to the movement 

of the sheep, the animals living in the Village Bay area do not constitute a single 

randomly mated population. Demographic studies revealed three sub-populations that 

are characterized by different survival, recruitment and dispersal rates (Coulson et al., 

1999). These three groups are also genetically distinct as shown by the analysis of the FST 

and FIs  through microsatellite polymorphism (Coltman et al., 2003). This population 

structure is driven by the incomplete postnatal dispersal of females which, in contrast to 

males, tend to share the same location as their mothers. 

Figure 1.2 - Party of three Soay rams (photograph by Andrew MacColl) 

Research expeditions - Thanks to the isolation on St. Kilda, absence of natural 

predators, and characteristic population dynamics, the Soay sheep lend themselves to 

evolutionary and ecological studies in a wild but relatively simple framework. For this 

reason extensive efforts have been made to collect data about them. Since 1985, regular 

expeditions have been sent to St. Kilda to record and monitor the population dynamics. 
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All sheep living in Village Bay area (175 ha), where about one third of the Hirta 

population lives, are tagged as far as possible. Regular censuses are performed 

throughout the Village Bay study area in order to identify each sheep and to record where 

it is and which other sheep it is with. The first expedition of the year occurs in April and 

early May when new born lambs are ear tagged and weighed, and a tissue sample is taken 

for later genetic analysis. At this stage it is also possible to assign the maternity and date 

of birth of each individual. The summer expedition is aimed at catching as many 

individuals as possible; usually, 65% of the animals within Village Bay are caught and 

information of interest collected. The traits that are recorded for each animal are: body 

weight to the nearest 0.1 kg, hind length leg to the nearest millimetre, horn type and 

length, testicular circumference. In addition, a faecal sample is taken to estimate the 

degree of parasite infection, and a blood sample is collected for subsequent genetic 

analyses. Some individuals (56% of females and 25% of males) have been caught more 

than once thus providing repeated measures for the same animal. Finally, a third 

expedition from mid-October to the end of November is carried out to study the rut, 

and to capture males that immigrate to the study area to mate. The main repository for 

the information so gathered is the Soaj Sheep Database, a Microsoft Access file 

implemented by Sunadal Data Solutions (Edinburgh) and maintained by the Soay Sheep 

Project members. Currently, phenotypic data for more 6000 sheep is stored in the 

database. 

Parentage assignment - Maternal relationships are assigned by field observation 

and confirmed by molecular analysis so that the degree of accuracy is high. Paternal 

inference instead relies mainly on molecular analysis since during the rutting season dams 

may mate with multiple candidate sires and therefore field observations of mating are not 

reliable (Coltman, 2005). All sampled individuals are genotyped at up to twenty unlinked 
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microsatellite or allozyme loci (Overall et al., 2005). The genotype so derived are analyzed 

by CER\TUS (Marshall et al., 1998), a likelihood-based program specifically designed for 

parentage assignment in natural populations. CERVUS employs a likelihood procedure to 

identify the most likely fathers for a given offspring. The final assignment is then 

resolved by a simulation algorithm to discriminate between the most likely and the next 

most-likely father. CERVUS takes into account the possibility that genotyping error may 

occur with a certain frequency, that only a proportion of the candidate fathers is sampled, 

and that not all the individuals are typed at all the loci. These shortcomings are relatively 

common in large scale studies of wild populations. At the moment, the Soay sheep 

pedigree numbers more 3000 sheep. 

1.3. Aim and overview of the project 

As an attempt to gain insights into the genetic architecture of complex traits in the 

wild, this project aims to map qualitative and quantitative trait loci affecting 

morphological and parasite resistance traits related to fitness in Soay sheep by taking 

advantage of the wealth of information gathered so far on this unmanaged population. 

Provided that the target traits are heritable and major genes exist, the Soay sheep have 

the pre-requisites to allow linkage mapping: as described above, pedigree and phenotypic 

data are available and many molecular markers microsate1tites) have been identified in 

domestic sheep (Maddox et al., 2001). 

In order to carry out a genome scan it is necessary to make use of a number of 

related individuals which have the relevant phenotypic data known. In addition, the 

selected individuals need to be genotyped at several marker loci in order to build a 

linkage map covering, ideally, the whole genome. This material and information will then 

be combined in a statistical framework to find an association between a trait value and 
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specific genetic region. To this end, chapter 2 describes the selection of a mapping panel 

(i.e. the related individuals to be genotyped) and the construction of the Soay sheep 

linkage map. The map comprised 247 microsateUite and four allozyme markers and 

covers approximately 3350 cM (90%  of the sheep genome) with 15 cM inter-marker 

interval. The linkage mapping of three discrete traits of evolutionary interest (coat colour, 

coat pattern, and horn type) is also described. The ('oat colour locus maps to chromosome 

2 where a strong candidate gene, tyrosinase-related protein I TYRP1), has also been 

mapped. Coal pattern maps to chromosome 13, close to the candidate locus Aouti. Horn 

type maps to chromosome 10, a location similar to that previously identified in domestic 

sheep (Montgomery et al., 1996). These findings represent an advance in the dissection 

of genetic diversity in the wild and provide the foundation for the subsequent QTL 

analyses. 

In chapter 3, the linkage map and mapping panel are used to detect QTL 

responsible of a variety of morphometric and early developmental traits related to the 

individual fitness. In this chapter, the use of variance component analysis for QTL 

mapping in a free-living population is also described. The study traits include birth date 

and weight, considered both as maternal and offspring traits, fore and hind leg length, 

body weight, jaw length, and metacarpal length. Genetic and environmental components 

of phenotypic variance were estimated for each trait and, for those traits showing non- 

zero heritability, a QTL search was conducted by variance component analysis. Support 

for a QTL at genome-wide significance was found on chromosome 11 for jaw length; 

suggestive QTL were found on chromosomes 2 (for birth date as a trait of the lamb), 8 

(birth weight as a trait of the lamb) and 15 (adult hindleg length). Here are also discussed 

the prospects for refining estimates of QTL position and effect size in the study 

population, and for QTL searches in free-living pedigrees in general. 

21 



In a fashion similar to chapter 3, chapter 4 reports the use of variance component 

analysis to detect QTL affecting resistance to gastrointestinal parasites and ectoparasitic 

keds Meiophagus ovinus. The traits here investigated were the strongyle faecal egg count, 

the coccidia oocvst count, and the count of keds. Two genomic regions reached the level 

of suggestive linkage for coccidia oocyst count in lambs (LOD 2.68 and 2.21 on 

chromosome 3 and X, respectively). This is the first study to report a QTL search for 

parasite resistance in a free-living animal population and therefore may represent a useful 

reference for similar studies aimed at understanding the genetics of host-parasite co-

evolution in the wild. 

Finally, the potential future directions of the present work are discussed with respect 

to the improvement of the current results in terms of accuracy and reliability and with 

respect to the possible use of the results for follow-up studies. To this end, the map 

developed here has facilitated the fine mapping of the ('oat colour locus (Gratten et al. In 

press), the comparison with other sheep maps McRae and Beraldi, 2006), and the 

evaluation of relatedness estimator precision in natural populations (Csilléry et al., 2006). 

Chapters 2, 3 and 4 are presented in form of stand-alone manuscripts as they have 

been, or they are about to be, submitted as research articles to appropriate scientific 

journals (see List of publications on page 6). 
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2.1. 	Abstract 

An understanding of the determinants of trait variation and the selective forces 

acting on it in natural populations would give insights to the process of evolution. The 

combination of long term studies of individuals living in the wild and better genomic 

resources for non-model organisms makes achieving this goal feasible. This manuscript 

reports the development of a complete linkage map in a pedigree of free-living Soay 

sheep on St. Kilda, and its application to map the loci responsible for three 

morphological polymorphisms for which the maintenance of variation demands 

explanation. The map was derived from 247 microsatellite and four allozyme markers 

and covers 3350 cM (approximately 90% of the sheep genome) at approximately 15 cM 

intervals. Marker order was consistent with the published sheep map with the exception 

of one region on chromosome I and one on chromosome 12. (oat colour maps to 

chromosome 2 where a strong candidate gene, Tyrosinase Related Protein I (TYRPI) has 

also been mapped. Coat pattern maps to chromosome 13, close to the candidate locus 

Agouti. Horn (ype maps to chromosome 10, a similar location to that previously identified 

in domestic sheep. These findings represent an advancein the dissection of the genetic 

diversity in the wild, and provide the foundation for QTL analyses in the study 

population. 

Keywords: linkage mapping, wild population, coat colour, horn type, genetic map, Soay 

sheep 
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2.2. 	Introduction 

An area of fundamental research in evolutionary genetics concerns the closely 

related issues of understanding the determinants of trait variation in natural populations 

and understanding how genetic variation for traits is maintained in the face of natural 

selection. The first of these problems is often summarised as the 'genetic architecture' 

question: in general we would like to know whether genes of large effect commonly 

segregate in natural populations, or whether the infinitesimal model, i.e. that most traits 

are controlled by many genes of small effect, is appropriate - or perhaps more likely, 

some distribution in between (Barton and Keighdey, 2002; Brem and Kruglyak, 2005). 

Similarly, we would like to know to what extent genetic interactions such as dominance, 

pleiotropy and epistasis contribute to the evolutionary dynamics of a population. The 

second problem was long ago identified by Fisher (Fisher, 1958): how is it that genetic 

variation for traits persists when selection is so often directional? The answer to this 

question must he not only in the genetic architecture question, but also in the modes of 

selection and their temporal and spatial stability. 

In principle, the arrival of abundant molecular markers, genetic maps and whole 

genome sequences allows us to address both genetic architecture and selection in much 

greater depth than ever before, since the role of variation at individual loci can be 

assessed. Mapping trait loci is a starting point to providing information on the genetic 

architecture of a trait in terms of the number of genes involved, relative effect, and mode 

of expression (Erickson et al., 2004; Slate, 2005). In turn, this allows study of the 

relationship between phenotype and genotype, and inference of the selective forces 

acting on the critical locus. Furthermore, by mapping genes, it is possible to test for the 

presence of gene-by-gene (epistatic) and gene-by-environment interactions, which are 

thought to contribute to phenotypic variation in natural and controlled settings (Carlborg 
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and Haley, 2004; Erickson, 2005). In addition, the discovery of the map location of genes 

that influence phenotypic variation means that patterns of linkage disequilibrium (LD) 

and haplotype structure can be examined, which may provide insights about population 

history and selection Unfortunately, some of the characteristics that make experimental 

populations so practical for linkage mapping also restrict the degree to which findings 

can be extrapolated to natural populations. Usually, geneticists generate segregating 

populations derived from one or a few pair of parents which are often inbred and 

selected for the extreme phenotypes. In addition, the population is raised in a uniform 

and controlled environment (e.g. a greenhouse) where non-genetic sources of phenotypic 

variation are minimised. On the one hand, this strategy maximizes the power of analysis, 

i.e. it increases the probability of finding a statistical association between marker 

genotype and phenotypic trait, but on the other hand, as the aim of genetic research 

becomes the understanding of how selection shapes genomes, the findings in 

experimental crosses are of limited applicability (Roff and Simons, 1997; Conner, 2002). 

In the wild, individuals are exposed to environmental and genetic forces (e.g. genotype-

by-environment interaction, pleiotropy, epistasis, maternal effects) some of which are 

unwittingly or deliberately diminished in experimental settings, and may conceal 

important effects in the wild (Kroymann and Mitchell-Olds, 2005; Wilson et al., 2005a; 

Wilson et al., 2005b). Although these forces are particularly difficult to detect in the wild, 

their possible absence from an experimental design may lead to biased conclusions. 

A refined understanding of the process of evolution can be expected if the precise 

loci underlying trait variation can be identified and their behaviour studied in free-living 

populations. Hence, a recent development is the application of genomic analyses to 

studies of free-living populations. Techniques for generating large numbers of genetic 

markers (e.g. AFLPs and niicrosateffites), and the availability of markers from related 
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model species means that genetic maps and Quantitative Trait Locus (QTL) searches in 

organisms originally studied in the wild are becoming more common (Erickson et al., 

2004; Slate, 2005). To date, most of these studies have involved wild plants or animals 

brought into and bred in the laboratory. Although in some cases the experimental design 

makes use of pedigrees generated from several lines (Zhang et al., 2005) and investigate 

fitness related traits (Laurie et al., 2004), such studies do not directly address the action of 

natural selection as the study organisms are the product of breeding programs. Other 

projects have been designed to answer specific ecological or evolutionary questions, and 

to this end have employed individuals drawn from the wild and crossed under controlled 

conditions (Hawthorne and Via, 2001; Lexer et al., 2003). The artificial development of 

the mapping populations, however, may generate genetic variation which may not occur 

in the wild (Erickson et al., 2004; Slate, 2005). Given the existence of several studies of 

individually-monitored, pedigreed individuals living in the wild, an obvious extension of 

these studies is to generate genetic maps and attempt to map genes underlying trait 

variation in nature. To date, however, we know of only two such studies pursuing this 

line, (excluding studies of humans, where cultural factors make extension of findings to 

animal populations difficult). In red deer (Cervus elaphus) living on the island of Rum 

SLATE et al. (2002) obtained a partial map ('-62% genome coverage) using microsatellite 

marker genotypes, and then searched for QTL for a phenotypic trait, birth weight, 

finding three candidate regions for further investigation. Second, H\NSSON et al. (2005) 

have recently generated a preliminary genetic map (-25% genome coverage) for the great 

reed warbler (/1 crocep ha/us arundinaceus) population at Lake Kvismaren, Sweden, again 

using nucrosatellites. 

In this paper, we describe the construction of a relatively much more complete 

genetic map for a free-living population, the Soay sheep (Ouis aries) living on St. Kilda, 



taking advantage of existing genomic resources available for domestic sheep. This 

population is the subject of a long-term, individual-based  multidisciplinary study which 

includes the collection of extensive phenotypic, ecological and genetic information 

(Clutton-Brock and Pemberton, 2004). Soay sheep are highly variable in appearance, with 

two independent polvmorphisms of coat pigmentation (coat colour and coat pattern) and 

polymorphic horns (normal, deformed ("scurred") or polled horns). Selection acting on 

two of these polymorphisms, coat colour and horn type, has been previously 

documented (Milner et al., 2004). We demonstrate the utility of the genetic map by 

mapping the genes underlying these three polymorphic traits, setting the scene for better 

understanding of selection on these traits and for future QTL searches in the study 

population. 

2.3. Materials and methods 

Mapping population - The Soay sheep on the islands of Soay and Hirta (St. Kilda 

archipelago, North West Scotland, UK, 5749' N, 0834W) are feral populations of a 

breed regarded as the most primitive in Europe (Campbell, 1974; Doney et al., 1974); 

nowadays, the sheep population of Hirta  varies between 600 and 2000 individuals. Since 

1985 regular expeditions have been sent to St. Kilda to monitor the population dynamics 

and to record the entire history of individuals living in Village Bay, Hirta (Clutton-Brock 

et al., 2004a). No predators are present on St. Kilda. 

The mapping population analyzed in this study was selected from a larger Soay 

sheep dataset comprising more than 3300 individuals with phenotypic records. In this 

population maternity is determined by observation, and paternity is inferred through 

molecular analysis (Overall et al., 2005). The mating system is polygynous and 



promiscuous, such that very few full-sibs occur in the population. To trade off between 

power of linkage mapping and amount of genotyping work, we selected and genotyped 

half-sibships with twelve or more well-phenotyped individuals and their common parent, 

plus half-sibsbips with at least ten animals that were related to previously selected 

animals. In addition, we included in the mapping pedigree file, but did not genotype, the 

non-common parents and the ancestors of the half-sib families. Although not genotyped 

and in some cases phenotypically less well characterized, these additional individuals link 

different sibships which would appear otherwise as unrelated. This strategy increases the 

number of informative rneioses as missing genotypes and marker phases can be, in some 

cases, inferred from the knowledge that different individuals share the same ancestors. In 

total, the mapping pedigree numbers 882 animals  with 571 paternal links and 663 

maternal links, of which 588 animals were genotyped (Figure 2.1). 
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Figure 2.1 - Graphical representation of the mapping pedigree. 128 of the 588 
genotyped members are displayed. 25 dams and 20 sires shown here have >— 10 offspring; 
the remaining individuals are additional dams and sires and individuals that link sibships. 
Blue lines: links from sires; red lines: links from dams. Numbers are the individual sheep 
ID numbers. 

Polymorphic traits - In Soay sheep the colour of the pelage is determined by two 

independently segregating polymorphisms, one affecting the colour of the coat (hereafter 

referred to as coat colour, locus Coat colour, Figure 2.2A), the other determining the 

contrast in colour between belly and coat (hereafter referred to as coat pattern, locus Coat 

pattern, Figure 2.213). Coat colour can be classified into two distinct phenotypes, dark and 

light which occur in a ratio of 3:1. Segregation analyses in mainland Soays (Doney et at, 

1974) and in resolved pedigrees on St. Kilda (Coltman and Pemberton, 2004) suggest that 

a single bi-allelic locus, in which dark is completely dominant to light, determines the two 
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classes (see Table 2.1). With respect to coat pattern, Soay sheep with the 'wild-type' 

morph have a paler belly and rump than the rest of the coat while the 'self morph is 

characterised by a uniform and more intense coat colour. The wild and self morphs occur 

in a ratio of 20:1. This variation is also determined  by a single, bi-allelic locus with wild- 

type 	dominant to self (Coltman and Pemberton, 2004). Wild-type sheep have 

hairs in which the dark colour is alternated by pale bands, a pattern commonly found in 

wild mammals and usually due to the /igouti locus (Bennett and Lamoreux, 2003). 

Conversely, in self sheep the hairs have no banding pattern (Clutton-Brock et al., 2004b). 

With respect to horn type (locus Horn /ypc, Soay sheep are polymorphic for horns 

in both sexes. Females are classified into three horn types: normal (33%), scurred 

(vestigial and deformed, 28%) and polled (hornless, 39%); whereas in males only the 

normal (87%) and scurred (13%) phenotypes occur (Figure 2.2C, Table 2.1). Although 

the inheritance of the horn phenotype is not completely understood, pedigree data on St. 

Kilda is consistent with a single locus with three alleles (normal-horned, sex-limited 

horned and polled) showing sex-specific expression and dominance (Coltman and 

Pemberton, 2004), a model originally proposed for Merino sheep (Doffing, 1961). 
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Figure 2.2 - Soay sheep showing the three traits subjected to linkage mapping. A - 
Coat colour polymorphism: dark (left) and light (right) lambs; B - Coat pattern 
polymorphism: self (left) and wild-type (right) lambs; note lack of contrast in colour 
between belly and rest of the body and the intensified coat colour in the self individual; C 
- Horn type morphs in adult males: normal (left) and extreme scurred (right). 
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Table 2.1. Phenotypic distributions and underlying genotypes of the study traits in the 
genotyped members of the Soay mapping pedigree (maximum n= 588). 

Trait (n) Phenotype Genotype Frequency 

Coat colour (560) Dark Dark!- 0.74 

Light Lzght/Lsght 0.26 

Coat pattern (560) Wild lVi/d/- 0.94 

Self SeiJ/Se/f 0.06 

Horn type - females (286) Normal Ho/Ho 0.38 

Ho/ Ho' 

Scurred Ho!/Ff oL 0.24 
+ I r I

O 
 P Ho1-j

I 	fl / 

Polled Ho'71-1o" 0.38 

Ho"/ Ho' 

Horn type - males (270) Normal Ho/- 0.90 

FIo'i - 

Scurred Ho"/Ho" 0.10 

DNA extraction and microsatellite genotyping - Commercial kits were used to 

isolate DNA from blood samples (GFX Genomic Blood Purification Kit, Arnersham 

Biosciences) or ear punches (GenomicPrep Cells and Tissue DNA isolation Kit, 

Amersham Biosciences) following the manufacturer's instructions. When the amount of 

starting material was too small or degraded to allow the use of these methods, the DNA 

was extracted using Chelex resin beads (Chelex 100 Resin, Bio-Rad Laboratories). About 

1-5 mg of blood or tissue was incubated at 56CC overnight in 300 41 of a 5% Chelex and 

0.1 jtg/d proteinase K solution followed by 5 min at 95CC. Before PCR amplification, 

the DNA solution extracted with either method was diluted 1:4 with ddH70 and 2 ti was 

air-dried in 96 well PCR plates. 
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In order to construct a map with markers evenly distributed throughout the 

genome, the Australian Sheep Gene Mapping Web Site (Maddox, 2003) was taken as a 

reference to select microsatel]ite markers on the basis of their location and information 

content. PCR amplifications were performed in 5 .d volume, MgCl, concentration was 

adjusted between 1.5 and 4.0 mM to achieve optimal quality of the reaction. Two touch-

down PCR programs were initially tested for each marker on a panel of 8 sheep: one in 

which the annealing temperature was progressively decreased during the first 10 of 29 

cycles from 60 to 50 C C, and the other in which the decrease was from 65 to 55CC. 

Fluorescent primers (6FAM, VIC, PET, or NED fluorescence) were synthesized by 

Applied Biosystems. Fragment lengths were analyzed on an AB13730 DNA Analyzer and 

genotypes were determined using GeneMapper v3.0 (Applied Biosystems). 

In order to estimate the genotyping error rate, 84 to 258 randomly chosen 

individuals were re-genotyped at 10 loci with average polymorphism. Genotyping error 

rate was also assessed on the basis of mother-offspring mismatches using CERVUS 2.0 

(Marshall et al., 1998). 

Linkage map and genome scan - Parent-offspring genotype inconsistencies 

arising from incorrect paternity assignment (32 incorrect links found) or typing errors 

were detected through the program PedCheck (O'Connell and Weeks, 1998) and either 

resolved by re-checking the parentage records and genotypes, or scored as untyped. 

Some cases of paternity mis-assignment were expected since in the original dataset 

paternity was assigned with only 80%  confidence (Overall et al., 2005). 

Linkage mapping was performed using CRT-MAP v2.4 (Green et al., 1990) to 

determine the marker order, inter-marker intervals, two-point LOD scores, and number 

of informative meioses. The complexity of the pedigree and the number of markers 

employed made impractical a systematic testing of all the possible map combinations. In 
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most cases the size of the pedigree did not allow the analysis of more than 7 or 8 markers 

at a time; therefore, sets of overlapping markers were tested sequentially until a whole 

chromosome was mapped. Markers expected to belong to the same chromosome were 

first input in CR1-MAP following the order reported in domestic sheep (Maddox, 2003). 

The loglO-likelihood of the initial marker order was then compared with that of 

alternative orders (tizbs2  or/lzts3 function) to detect more likely combinations (i.e. higher 

1og10-1ikeihood. An increase in loglO-hkelihood of three or more was considered as 

evidence of a significantly more probable map (Morton, 1955). In cases of inconsistency 

between Soay and domestic sheep, the most probable Soay order was retained after 

having ruled out possible human or technical mistakes. Markers mapping  to unexpected 

locations or supported by a weak LOD score (<1.8) were also tested for linkage (two-point 

function) against all the other markers in the database to detect whether better positions 

could be found. 

Coat colour and Coat pattern loci were mapped using CR1-MAP assuming each trait 

was encoded by a single locus with two alleles showing complete dominance: Dark allele 

dominant over Lzght and Wild dominant over Self (Coltman and Pemberton 2004, Table 

2.1). A test for linkage between the target locus and any of the mapped markers was 

performed by means of the two-point function of CR1-MAP. The best position of a 

candidate locus was searched for by means of thej4ps andfixed functions of CR1-MAP to 

test alternative map positions. Consistent with the criteria used in the map construction, 

an increase in the logi 0-likelihood of the map of three or more was taken as evidence of 

a significantly more likely position. In the case of Coat pattern, the low frequency of Self 

morphs resulted in a low number of informative meioses. To confirm or reject a 

suggestive linkage, further sheep in families segregating for Coat pattern were genotyped at 

markers in the relevant region (see Results). 
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The Horn type locus was first investigated using CR1-MAP under a simplified model 

to scan the whole genome, and then the LINKAGE package (Terwilliger and Ott, 1994) 

was employed to perform parametric multipoint analysis in target region(s) identified by 

the preliminary scan. In CRI-I\/LiP, Horn tjpe was coded as a single bi-allelic locus where 

the Normal ([-1o 4) allele was dominant and the Polled (Ho") allele was recessive in males 

(Ho allele conferring normal horns when heterozygote or homozygote and Ho" allele 

resulting in scurred horns when homozygote), whereas in females Ho and Ho 
1, 

alleles 

were expressed co-dominantly (normal, scurred or polled horns given by 1o/Ho, 

F[o/FIo", Ho"/Ho", respectively). This model was simplified in that the presumptive Sex-

limited allele (Ho') was not explicitly considered (see Table 2.1); modelling three alleles in 

CR1-MAP would have resulted in too many missing genotypes since this program does 

not allow a trait (or a marker) phenotype to be coded by more than one genotype. 

Although this simplification reduces the power of analysis, it does not bias the results. 

Computational constraints due to the size of the pedigree and the number of 

inbreeding loops prevented the processing of the entire pedigree by parametric 

multipoint linkage analysis. To circumvent this problem, the mapping panel was split into 

39 unlinked families. For the parametric multipoint analysis in LINKAGE (Terwilliger 

and Ott, 1994), each sheep was assigned to one of five liability classes on the basis of 

their horn phenotype and sex: three classes for females (normal if Ho7Ho  or  Ho7Ho', 

scurred if Ho/Ho'  or Ho7H', and polled if Ho'/Hop  or Ho7Ho"; Table 2.1) and two 

classes for males (scurred horns if Ho"/Ho", normal horns otherwise; males do not 

express the polled condition; Table 2.1), finally a sixth (fictitious) class was assigned to 

animals without phenotypic information; the underlying genotypes were assumed to have 

complete penetrance. 
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Horn allele frequencies were taken from Coltman and Pemberton (2004), as 0.441, 

0.170 and 0.389 for Hot , Ho'-  and Hop, respectively. Marker allele frequencies were 

estimated from the whole pedigree by 100,000 Markov chain Monte Carlo iterations 

implemented in Loki (Heath, 1997); this procedure is based on a stochastic process and 

as such does not provide an exact result, but allows the handling of very large and 

complex pedigrees. 

The LOD threshold of 3.3 to declare evidence of linkage corresponds to the value 

usually applied to human pedigrees (Lander and IKruglyak, 1995). This decision was taken 

on the basis that the size of the sheep and human linkage maps are comparable. 

2.4. 	Results 

Soay sheep linkage map - The Soay sheep linkage map was developed with 247 

microsatellite and 4 allozyme markers, giving a total of 124,000 genotypes which 

generated a map with approximately 15 cM inter-marker spacing across 3350 cM, 

equivalent to 3080 cM on the International Mapping Flock (IMF) map, and 

corresponding to 90%  of the sheep genome. Figure 2.3 compares the Soay sheep 

linkage map with the domestic sheep map (Maddox et al., 2001) and Table 2.2 in 

Appendix lists the mapped markers and their characteristics. The mean number of alleles 

per locus was 4.6 with a mean polymorphism information content (PlC) of 0.52 which 

are lower values than recorded on the Australian Sheep Gene Mapping Web Site for the 

same markers typed in the IMF (10 alleles and PIC0.75); this is perhaps unsurprising 

since the latter figures are for a pedigree derived from several sheep breeds. On average, 

each marker was typed in 510 sheep (86% of the 588 sheep selected for genotyping) and 

generated 310 informative meioses. Genome wide, the mean LOD score for linkage 
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between two adjacent markers was 14.6. Twenty-two marker intervals were linked with a 

LOD score of less than 2, but their marker positions were retained since they werein 

agreement with the domestic sheep map (Maddox et al., 2001). Marker order was 

checked by means of the flips function of CR1-MAP and was consistent between the Soay 

and domestic sheep map in all but two cases: one on chromosome 1 where there is 

evidence for varying gene order in different sheep breeds (McRae and Beraicli, 2006), and 

the other on chromosome 12, which we have not investigated further. 2.4% of the 1290 

duplicated genotypes showed inconsistency with the first screening. The error rate based 

on mother-offspring mismatching was 1.49%  as estimated by CERVUS (Marshall et al., 

1998). 
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Figure 2.3 - Soay sheep map compared with the domestic (IMF) sheep map v4.3 
(Maddox, 2003). In each pair, the Soay chromosome is on the left side, dotted lines 
connect markers shared by both maps. The ruler at the top left corner represents a 
centimorgan scale. 
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Linkage mapping of Coat colour, Coat pattern, and Horn type loci - The 

phenotypic distributions of Coat colour, Coat pattern, and Horn (jpe in the mapping panel are 

reported in Table 2.1; these proportions do not differ significantly from the whole Soay 

sheep dataset (x2  test p>O.I). 
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Figure 2.4 - Two-point LOD score profiles for linkage between study traits 
(reported on the right hand side of the graph) and markers (data points) in the Soay 
sheep map. The x axis represents the cumulative map distance of the genome (Morgan) 
with chromosome boundaries marked on top of the graph and by dotted vertical lines. Y 
axes report the LOD scale. The dotted lines denote the theoretical genome-wide 
significance threshold (LOD 3.3). The asterisk in the middle panel shows the LOD 
score after having typed additional animals at marker CTSBJ12 (see text). 
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Coat co/our: The highest LOD score for linkage was found with BMS678 (two-point 

L0D29.5 at 0 cM), a microsateiiite located on chromosome 2 (Figure 2.4). Other 

markers on chromosome 2 were significantly,  linked to the target locus, namely FCB 128 

LOD10.4, CSAPI6E (L0D5.1), and CSSM37 (LOD4.4, whereas none of the 

other markers in the Soay sheep map produced a significant result for linkage (LOD<2). 

Figure 2.5A shows in detail the best position for the (oat co/our locus in the map of 

chromosome 2, any other map order results m a significant decrease (>3) in the log10-

likelihood of the map. 

Coat pattern: The highest linkage score LOD2.1) was detected on chromosome 13 

(Figure 2.4). This LOD score fell short of genome-wide significance, but this is likely to 

be a consequence of the low frequency of the self morph (6%), which meant that the 

Coat pattern locus was segregating in only a few families and there were few informative 

meioses for mapping (N32). To confirm or reject this suggestive linkage, a further 78 

animals comprising 15 families segregating for coat pattern were genotyped for the two 

microsatellite markers encompassing the LOD score peak (CTSBJI2 and MMP9), and 

the association between marker CTSBJ12 and the Coat pattern locus rose to L0D3.9 

with no recombinants between these loci (Figures 2.4 and 2.5B). 

Horn type: Consistent with Montgomery et al. (1997), CR1-MAP detected linkage 

between Horn tjipe and AGLA226 on chromosome 10 LOD6.1, Figure 2.4), but no 

other marker on chromosome 10 or elsewhere in the genome showed any significant 

linkage. Once the best location for Horn jpe was established on the chromosome 10 map 

(by use of the fixed function), CR1-MAP positioned Horn 'ype distal to SRCRS25, the 

most telomeric marker on chromosome 10 (21.1 cM away from AGLA226). However, 

the likelihood of Horn 'ype at this position was not significantly  greater than in the interval 

between AGLA226 and SRCRS25 (log10-likelihood -150.16 versus -151.44), although 
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significantly better than in the interval AGLA226 - HH4I (loglO-likelihood -153.17). 

Therefore, at this stage we concluded that Horn 'ype is located on chromosome 10 distal 

to or in the vicinity of AGLA226 (Figure 2.5C), but an accurate map position could not 

be assigned. 

a) Chr 2 - Coat colour 

0.0cM mcm164 
mcml47 

fcb226 
IpIp2 

mcm5O5 
tglal 3 

cssm37 
fcb 128 

	

96.8 	bms678 
csapl 6e 

bmsl 591 
bm81124 

cp79 
iIsts30 
fcb2O 

rm356 
1s22 

bm6444 

	

278.8 	bm21 13 

Interval 	Two-point LOD 
[CM] 	with Coat co/our 

CSSM37 

9.5 4.4 

FCB128 

5.6 10.37 

Coat Colour 
0.0 29.50 

BMS678 

9.6 5.1 

CSAP16E 

b) Chr 13 - Coat pattern 

0.0 CM bmcl 222 
scyams 

mcml52 
huj6l6 
urbO58 

	

74.6 	ctsbjl2 	-- Coat pattern 

ada 4 LODCjSbJ12=3.9 
mmp9" 

	

103.0 	mafl8 

c)ChrlO - Horntype 

0.0 CM 	srcrs25 _.i 

	

21.1 	ag1a226 
hh4l 1....  Horn type 

csrd87 	LODagIa226=6.1 

ilsts56 —I 
vhl 17 
inra5 A 

bmsl 316 

	

123.2 	inra209_—J 

Figure 2.5 - Target regions identified by the genome scan for the three study 
traits. A - Chromosome 2 full map and detailed map of the region carrying the Coat colour 
locus; B - Suggestive region for the Coat pattern locus on chromosome 13; C - The Horn 
type location detected on chromosome 10 in the vicinity of AGLA226. 
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As described in the Methods, the CRT-MAP model of Horn type is simplified and 

does not account for the Horn tjvpe and marker allele frequencies. Therefore, the analysis 

was improved by performing multipoint parametric mapping to derive a more accurate 

estimate of the Horn type locus position. The Horn çype locus was tested for linkage against 

AGLA226 and its two flanking markers. The LOD profile found by the multipoint 

analysis (Figure 2.6) suggests that the 1-LOD support interval for the presence of the 

target locus spans about 16 cM. 
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Figure 2.6 - Parametric four-point mapping of the Horn type locus. GLA226 on 
chromosome 10, the marker showing the strongest two-point linkage in CR1-MAP, and 
two adjacent markers (SRCRS25 and HH4I) were simultaneously tested against Horn type. 
The location of the three markers is showed at the top. The Horn type position was tested 
every 5 cM (data-point). The dashed line denotes the theoretical genome-wide 
significance threshold (LOD 3.3). 

2.5. Discussion 

As a step towards the comprehension of the genetic dynamics of wild populations, 

this article reports the development of a genetic map in a free-living population, the Soay 

sheep on St. Kilda, and its use in a genorne scan to map the loci responsible for three 

morphological traits. To the best of our knowledge, this is one of the first 
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accomplishments of gene mapping in a free-living population. The Soay sheep on St. 

Kilda present interesting features from an evolutionary and genetic point of view: their 

number is naturally regulated by a combination of food availability, parasite burden, and 

winter weather (Coulson et al., 2001; Clutton-Brock et al., 2004a; Wilson et al., 2004), 

factors that, together, cause substantial fluctuations in population size (Coulson et al., 

2001; Clutton-Brock et al., 2004a). 

Development of the Soay sheep linkage map - The map presented here has 

been developed with the primary purpose of localizing genes of evolutionary interest. 

Especially when the phenotype conveys little information about the underlying genotype, 

as is the case for many quantitative characters, the monitoring of the target trait is 

improved and complemented by the genotype inferred through linked markers. 

Patterns of allelic association in terms of linkage disequilibrium and population 

structure provide insights into history and selection of a population (Abecasis et al., 

2005). To this end, a linkage map is a starting point to enrich regions of interest with 

markers in order to assess the extension of the association and to compare this latter with 

theoretical expectations (McRae et al., 2005). Genomic tools such as comparative 

mapping will facilitate the discovery of additional markers and candidate genes in target 

regions. 

Mapping of Coat colour, Coat pattern, Horn type - The attempt to map the 

locus responsible for coat colour variation successfully yielded a region on chromosome 

2 (Figure 2.4) defined by a window of approximately 15 cM (Figure 2.5A) in which the 

Coat colour locus co-segregates with BMS678. Gratten et al. (In press) following a 

candidate gene method have tested for association with different genes known to affect 
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coat colour in mammals, and they identified the responsible gene (TYRPI) and its causal 

mutation. 

The interest for coat colour in Soay sheep stems from the differential survival 

between dark and light animals  although no predators are present on St. Kilda and no 

obvious environmental conditions should favour one colour over the other. It has 

previously been found that dark coats are positively selected during some high mortality 

winters, but this is inconsistent and in other winters selection favours light coloured 

sheep or neither morph Moorcroft et al., 1996; Milner et al., 2004). Dark animals are 

significantly heavier than light ones, providing a possible mechanism for their better 

survival (Clutton-Brock et al., 1997). There is no difference in female fecundity between 

dark and light sheep (Clutton-Brock et al., 1997). At present, there is no explanation for 

why the light colour morph is maintained in the population; clearly, being able to 

distinguish the three genotypes may shed light on this puzzle. Hypotheses and future 

work to explain the difference in survival will take advantage of the map position and 

molecular characterization of the Coat colour gene. A comparison between LD in the 

FCBI28 - CSAP16E interval and background LD in the Soay sheep genome should also 

provide information about the origin and evolutionary consequences of coat colour 

variation. 

With respect to Coat pattern, the high frequency of the wild morph (94% of the 

sheep scored, Table 2.1) severely reduced the number of informative meioses (32) so that 

strong linkage to any marker was unlikely to be found. The power of linkage mapping is 

proportional to the fraction of parents heterozygous at both the target locus and at the 

linked markers. This combination generates the necessary marker-trait association in the 

progeny (Lynch and Walsh, 1998). It follows that if the target locus has a highly skewed 

allelic distribution, few heterozygous individuals are generated and more meioses need to 
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be scored (the information content, estimated as PlC, reaches the highest value when all 

the alleles have the same frequency). Accordingly, the highest LOD score for Coal pattern 

reached only 2.1 on chromosome 13 (Figure 2.4) after an initial scan. However, the 

extension of the sample size confirmed this suggestive linkage. Interestingly, 

chromosome 13 harbours the Agouti locus, a candidate for Coat pattern (Parsons et al., 

1999). Agouti encodes for an antagonist of the melanocortin receptor causing a switch 

from eumelanin to pheomelanin production in the pigment producing cells, which results 

in the characteristic banding pattern observed in Soay sheep hairs and other mammals 

(Bennett and Lamoreux, 2003). To date we have not detected selection acting on the ('oat 

pattern locus. 

Multipoint parametric linkage analysis was not performed for ('oat colour and Coat 

pattern because, in contrast to Horn type, the CR1-MAP model for ('oat colour and Coal 

pattern was already consistent with the most likely model, so that little or no improvement 

would have been gamed by multipoint parametric analysis. 

The mapping of Horn ope returned a telomeric region on chromosome 10 

previously detected by Montgomery et al. (1996, Figure 2.5C and 2.6). The present work 

opens the way for multiple strategies to fine map and isolate the Horn tjipe gene. These 

include: exploitation of bioinformatics tools to enrich the target region with SNPs and 

other microsatellites, and identification of positional candidates by comparison with the 

annotated genome assemblies of cattle and other species. Like coat colour, horn 

phenotype is under selection in Soay sheep and other wild populations. In ruminants, 

horns are typically used in intrasexual conflict, particularly among males where they reach 

much greater size. Previous analyses of Soay sheep have suggested that normal-horned 

males and scurred females have highest annual breeding success (Clutton-Brock et al., 

1997; Stevenson et al., 2004), but that in winters characterized by high mortality, the 
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scurred phenotype is generally favoured in both sexes (Moorcroft et al., 1996). Exactly 

how these forces maintain variation in the population is the subject of current research 

and would clearly be helped by being able to distinguish individuals by genotype rather 

than phenotype. Therefore, the Horn type region is an attractive target for molecular 

evolution studies. 

Future directions - The traits analyzed here are characterized by relatively simple 

inheritance patterns which, to some extent, may limit their applicability to the 

understanding of the process of evolution. However, this project opens the way to the 

more challenging task of detecting QTL affecting a variety of morphological and 

physiological traits. The Soay sheep has been the subject of a number of studies aimed at 

estimating quantitative genetic parameters for traits like birth weight and body size 

(Coltman et al., 1999; Milner et al., 2000; Milner et al., 2004). It has been found that the 

additive genetic variance of these traits is low but not null, despite the pressure of 

selection acting on them Milner et al., 2000). As these previous studies have been 

conducted under the infinitesimal model framework, the dissection of these traits 

through QTL mapping to determine eventual Mendelian factors would represent a major 

breakthrough towards the comprehension of the evolutionary processes in the wild. 

Acknowledgements 

We thank J.G. Pi]kington and many volunteers for collecting field data and genetic 

samples. We thank the National Trust for Scotland for granting permission to work on 

St. Kilda, and QinetiQ for logistical support. We thank two anonymous reviewers for 

their comments on the first version of this article. The long term data collection on St. 

Kilda has been supported by Natural Environment Research Council (NERC) and 

47 



Wellcome Trust grants to T.H. Clutton-Brock, B.T. Grenfell, L.E.B. Kruuk, M.J. Crawley 

and J.M. Pemberton. This study was funded by NERC through its Environmental 

Genomics thematic programme (grant number NER/T/S/2002/001 89). 



2.6. Appendix 

Table 2.2. Details of the markers included in the Soay sheep genetic map 

Ch, 	Marker 2ptLOD-' lnt& Pos' N5  bINd 5  No All' H(0)' 1-1(E)5  PIC° Est Err Rate" Pos' 

IMF Map° 

No All' 	PlC 

I 	05(52833 41143 11 II 533 496 5 ((.702 ((.743 ((7 (((0(53 14.2 9 ((.7 

ISI'CDV22 10.17 32 II 543 403 6 0.773 ((.743 0.707 () 20.4 7 NA 

I 	11513020 21.99 11613 481 440 6 ((.778 ((.785 0,75 0.11052 59.5 13 0.74 

I 	0993 (0.1(3 15.7 56.0 545 343 4 ((.018 0.593 ((.55 () 73.6 6 ((.58 

I 	0516465 42.6 8.2 72.3 522 405 6 0.707 0.737 ((.697 0.0107 87.7 8 NO 

I 	CSAI'3615 10.8 13.8 80,5 525 484 5 1073 ((.739 0.692 ((.0058 93.5 ((1 0.82 

I 	INIOA1 20.08 4.3 94.3 517 216 2 0.453 0.155 ((.352 II 102.8 5 ((.46 

I 	IGLA263 30.03 10 98.0 402 377 7 ((.810 0.787 ((.755 1) 55.0 NA NO 

I 	NIC5I58 20.1 13.8 108.0 550 464 7 ((.78 ((.746 (1.7(12 1) 11.1 14 ((.88 

I 	.01557 3.48 18.9 122.4 502 290 4 ((.552 0.534 0.474 ((.0545 120.7 9 0.76 

I 	13N[S-W2 12.81 13.0 141.3 528 281 4 ((.424 ((.157 ((.429 0.0707 132.3 II NA 

I 	INRAO 12.53 8.7 151.9 500 207 3 ((.582 ((.563 ((.408 () 142.7 8 0.52 

I 	((516430 9.71 12.9 103.0 526 302 4 ((.551 0.535 0.454 II 150.0 0 ((.77 

I 	l(MS574 4 28.0 176.5 434 238 4 ((.502 ((.581 0.518 ((.0161 157.5 12 11.75 

I 	NIC511\8 5.03 23.5 205.1 544 215 3 0.406 ((.435 0.394 0 181.3 II 0.65 

I 	CSSM04 17.51 2.9 228.6 528 236 3 0.492 00452 0.359 1) 200.9 0 NA 

I 	0MS4000 3.47 23.0 231.5 425 202 5 00595 0.569 0.496 II 204.1 15 ((.82 

1 	0515527 7.0 24,2 255.1 526 292 5 ((.555 11.535 0.491 0.0117 214.9 12 0.82 

1 	19517145 89.4 0.8 279.3 503 394 4 0.718 00721 0.669 (I 234.6 6 0006 

I 	\1CM137 69.12 2.1 280.1 558 523 7 0.763 0.752 0.715 () 233.4 15 0.85 

1 	18510506 58.31 1.4 282.2 506 333 5 0,686 ((.676 0003 0.0075 235.6 6 NA 
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COt Marker 2ptLOD' Inter' Pos' N' miMe)' No All' H(0)' H(E)" PlC'" Est Err Rate" Pos' 

IMF Map" 

No All' 	PlC" 

I ll.\1S4660 35.13 66 283,6 522 411 7 0.787 ((.765 0728 () 230.7 16 ((.75 

I 11M8246 10.2 15.6 290.4 525 35)) 5 0.617 0.599 0.558 01609 242.2 9 NA 

I MC91130 I) 40.7 306 553 363 4 0.571 0.541 0.435 0.0114 256.5 16 (1.73 

I 18M864 I) 44.3 346.7 52)) 143 3 0.287 0.284 0.256 0 204.5 II 0.73 

I 11M1824 40.75 3.1 391 501 322 5 ((.653 0.071 0.621 0 294.1 5 ((.68 

I (RI" 1) 36.8 394.1 539 437 7 0.785 ((.764 ((.728 ((((135 NO NO NA 

I 51CM357 I) 430.9 517 176 2 0.422 0.417 ((.33 0.0031 332.0 II ((.85 

2 i,IC\1164 3.74 19.2 11 546 97 3 0.192 ((.181 0169 () 17.6 13 0.78 

2 \1(:M147 850 6.8 19.2 533 414 7 11.717 ((.722 0.08 0.011.1 39.8 12 ((83 

2 FC11226 3.49 14.7 20 529 127 4 11.386 ((.377 11.348 () 44.6 12 ((.79 

2 1,11Il'2 4.35 13 40.7 510 441 6 ((.749 ((.739 ((.696 ((.0051 65.5 14 ((.84 

2 MC,'ISOS 3.15 10.2 53.7 551 80 5 ((.181 ((.182 ((.176 () 71.4 8 11.7 

2 1GIA13 8.47 17.8 63.9 397 277 4 ((.718 ((.737 ((.687 0.0165 77.8 6 NA 

2 CSSM37 30.66 9.5 01.7 545 374 5 0.556 ((.566 0.537 II 91.1 12 ((.54 

2 ["CR128 48.92 5.6 91.2 544 439 4 ((.662 ((.645 0.597 ((.0241 99.4 8 ((.72 

2 07IS678 16.30 9.6 96.8 549 426 5 ((.619 ((.614 ((.542 0 166.1 14 ((.83 

2 CSAPI6E 6.24 9.8 106.4 523 146 2 ((.283 ((.285 ((.244 ((((468 112.4 6 ((.43 

2 BMS1591 16.86 17.1 116.2 484 264 5 ((.556 ((.521 ((.481 0.0131 127 16 ((.85 

2 BM81121 9.89 21.8 133.3 526 410 4 0.679 0.638 0.566 0 148.2 11 NA 

2 CP79 4.61 19.8 155.1 473 306 6 (1.668 ((.667 ((.611 ((.0248 161 0 NA 

2 11,SIS30 8.73 5.4 174.9 550 120 2 ((.213 ((.21 ((.188 () 182.4 III ((.7 

2 FCB20 7.47 20.6 180.3 400 236 7 0.61 ((.635 0.6 ((.075 194 12 0.8 

2 1601356 13.78 15.6 2161.9 496 360 6 0.752 ((.748 ((.705 0.0244 211.1 16 NO 

2 1.022 3.41 36.2 216.5 546 349 9 ((.668 ((.638 ((.57 () 225.8 8 ((.78 
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Chrl Marker 2ptLOD' Inter' Pos' N' Inuivle)' No Alp H(0) H(E)" PlC' Est Err Rate" Pos' 

IMF Map" 

No All' 	PlC" 

2 119)644.) 7.72 26.1 252.7 521 425 6 0.758 ((.755 ((.713 0 200.2 13 0.88 

2 15M2113 278.8 495 356 4 ((.614 0.595 0.514 040218 291.9 8 ((.67 

3 BMSI35(( 4.76 25 I) 438 187 5 ((.393 0.403 0.377 0 0 12 N.\ 

3 ILSIS28 15.04 9.9 25 553356 5 )).633 ((.607 ((.56 (I 32 14 082 

3 09)746 5.17 21.9 34.9 537 287 3 0.529 ((.537 0.43 0.0243 45.4 9 ((.52 

3 FC1(129 3.49 22.7 56.8 528 347 4 0.595 6.625 0577 0.0084 70.2 I)) ((.71 

3 R9ll5(( 2.3 24.8 79.5 536 160 5 0.326 034 0316 0 85.9 6 NA 

3 INO.9)31 12.56 16.5 184.3 523 327 3 0.639 ((.657 ((.582 ((.0278 111.1 7 NA 

3 RM96 9.81 23.4 12)).8 521 344 4 0.601 ((.55 ((.494 040129 126.7 6 0.56 

3 0512818 2.89 24.7 144.2 496 214 3 ((.528 0.531 ((.45 010726 134.9 5 NA 

3 B01S2131 6.94 19.8 168.9 543 327 3 ((.652 ((.634 ((.559 010753 15)1.4 5 NA 

3 11 S1S42 15.04 9.9 188.7 53)) 365 7 ((.675 0.65.1 ((.612 01807 159.1 I)) NA 

3 1111 4.84 12.6 198.6 521 257 2 ((.53 ((.5 ((.375 () 166 4 ((.38 

3 AGI.A293 10.34 2.7 211.2 557 241 2 ((.434 ((.433 ((.339 040525 184.7 4 ((.36 

3 FCI95 0.61 28.6 213.9 547 163 2 ((.333 ((.313 ((.264 )) 186.3 3 ((.42 

3 01,4 36.8 ) 242.5 569 301 3 ((.559 ((.581 0.488 040095 202.5 8 57.5 

3 17N  12.43 7.4 243.5 563 238 2 ((.448 ((.465 ((.357 () NA NA NA 

3 11134 (1 3)).3 250.9 572 329 5 ((.579 ((.576 ((.532 (I 210.7 9 ((.68 

3 RM29 ((.75 11.7 281.2 177 69 5 ((.644 ((.592 0.53 0.0347 238.6 8 0667 

3 B\1S1248 5.83 17.9 292.9 530 204 2 ((.413 ((.421 ((.332 ((.0588 251.1 11 0.67 

9 CSAP39E 2.41 17.4 318.8 517 236 3 ((.596 0.545 ((.482 ((.0761 268.7 II ((.75 

3 CSSMIO76 328.2 542 106 3 0.231 ((.236 ((.22 )( 29)).4 9 ((.68 

4 CSRDIOO 9.49 19.5 (I 549 207 3 ((.364 ((.364 0.309 (1 9.2 8 ((.71 

4 \1C91218 38.21 12 19.5 529 437 5 ((.773 ((.748 0.785 040052 26.5 9 ((.82 

JO 
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IMP Map" 

Chrl Marker 2ptLOD Int& Posh N5  lnlMei" No All' H(O)8  H(E)' PICa  Est Err Rate" Pos' No All PlC" 

4 \1CM2 1033 22.5 31.5 555 502 7 ((.791 0.796 0.771 0.0038 39.1 II 0.8 

4 51.3(70 1.7 28.6 54 381 263 6 0.743 0.785 0749 0.1455 61.4 17 11.9 

4 L168683 7.76 12.9 82.6 462 22)) 4 0.545 0.559 0.503 00268 83.3 9 NA 

4 1LSI'S62 28.98 7 95.5 517 332 5 0.617 0.602 ((.543 0 91.3 16 ((.88 

4 C1'26 18.59 14.4 102.5 560 422 5 ((.738 0.723 0.674 016054 98.7 6 ((.74 

4 111135 21.57 13.3 116.9 548 408 4 0.695 0.696 ((.643 (1.1(125 14.9 7 ((.7 

4 119GM 15.12 12.5 130.2 545 394 6 ((.653 0,641 ((.611 0 126.1 7 ((.7 

.1 \(11\173 112.7 545 316 3 0.486 ((.489 ((.402 ((.0851 143.6 13 ((.88 

5 \VN'1'3K13 14.56 9.3 0 550 191 4 ((.438 ((.415 ((.386 (I (1 8 ((.76 

5 'I'GLAI76 0.37 12.3 9.3 549 292 3 ((.574 ((.538 ((.464 (1 17.8 8 NA 

5 5105138(( 9.63 (1 21.6 559 70 4 ((.114 ((.116 ((.111 (1 26.6 IS ((.78 

5 CSR13138 () 51) 21.6 535 383 5 0.6 11.577 ((.519 II 38.7 10 ((.76 

5 631S2258 5 22.7 71.6 551 266 2 ((.454 0.479 ((.364 0 89.6 8 NA 

5 'l'G1.A137 26.63 2.2 94.3 516 288 3 ((.523 ((.517 ((.462 0 113.2 8 

5 ll'CDV26 32.74 1.9 96.5 553 302 5 ((.582 ((.58 0.542 0 117.4 7 NA 

5 MCM527 27.7 12.1 98.4 397 324 6 ((.783 ((.758 ((.727 0.0152 125.5 6 ((.67 

\ICM1((8 30.28 8.8 110.5 545 503 7 ((.811 ((.784 0.753 0 135.2 11 ((.82 

5 CSRDI34 5.36 18.8 119.3 501 281 4 ((.559 ((.613 ((.557 ((.0286 14)1.8 6 ((.55 

5 1351S1247 138.1 545 370 3 0,662 ((.629 ((.552 0.0086 157 7 NO 

6 1(519058 22.59 5 (1 452 312 5 ((.615 0.624 ((.578 0 12.9 10 NA 

6 \IC\1204 20.7 6.8 5 541 318 4 ((.54 ((.516 ((.465 0 18.2 8 11.79 

6 5105153 6.29 10.7 11.8 558 378 5 ((.67 ((.664 ((.623 01061 29.7 9 0.76 

6 SICOIAII 2109 14.5 22.5 543 88 3 0.179 ((.178 ((.17 (1 45 8 ((.67 

6 J1'27 25.46 11.9 37 526 449 8 ((.793 11.798 ((.768 ((.0084 N.\ NA NA 
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IMF Map° 

Ch, Marker 2ptLOD" Inter' Posh N' IntMei' No All' H(0) H(E)' PIC° Err Err Rater Pos' No All' PlC' 

6 111143 10.29 20.7 48.9 544 332 (, 0.563 0.549 ((.506 (I 59 10 NA 

6 1(MS360 20.64 8.3 69.6 536 388 4 0.688 ((.671 ((.609 0 80.8 12 NA 

6 MCM140 5.28 22.3 77.9 447 317 5 ((.609 0.599 0.533 ((.0123 95.8 III ((.79 

6 B',14311 10.78 16.7 10022 447 355 5 0.996 0.705 0.6-17 () 11 1.6 9 ((.79 

6 CSRD93 5.77 27.3 ((0.9 537 427 .4 0.695 0.7 ((.646 0 122.7 II 0273 

6 \1CM214 138.2 552 417 4 0.679 0.658 0.597 () 147.1 7 ((.72 

7 11M3033 5.02 28.2 () 541 379 3 0.632 0.634 (l562 0.0084 (1 17 NA 

7 11MS528 1.7 38.2 28.2 533 348 3 9.612 ((.618 0.536 ((.0097 32.6 6 NA 

7 1NRA107 3.82 26.6 61.4 517 386 3 0.598 ((.574 ((.49 0.0358 75.4 17 ((.79 

7 MCMI39 1.2 42.6 93 518 236 5 ((.542 ((.555 ((.524 0.0203 97.6 I 	I ((.81 

7 \1CM156 135.6 934 294 4 ((.614 02632 ((.572 0.0756 133.4 8 0.77 

8 MNS50A 1)).!! 13.3 (1 547 463 5 02779 ((.737 ((.688 ((.0165 5 II ((.05 

8 INRA127 (1 54.6 13.3 503 211 3 02342 ((.366 02301 () 17.2 8 ((.81 

0 18MS434 62.99 2.4 67.9 515 394 6 ((.724 02692 06652 020069 61.3 9 NA 

8 KDIOI 16.03 16.8 70.3 552 452 6 06766 ((.758 ((.716 ((.0048 71.1 12 0683 

8 (;sRD129 2.99 27.2 87.1 541 328 5 02636 ((.627 ((.566 1) 86 II ((.02 

8 URB024 9.86 23.5 114.3 528 270 4 ((.532 ((.549 ((.49 1) 117.5 12 0.65 

8 18MS1967 6.09 16.1 137.8 535 503 6 0.776 ((.769 02731 (1 132.8 11 0.71 

8 PLG 153.9 277 144 2 0.596 ((.5 ((.375 4) NA NA NA 

9 13\1757 26.84 10.9 (1 550 304 4 02675 0267 0.615 020069 16.2 7 NA 

9 CSS166 12.42 15.4 10.9 550 325 4 02578 0.569 0.507 14.0309 24.2 10 NA 

9 11S1'S1 1 9.6 18.2 26.3 533 290 3 0.463 ((.449 0.401 () 40.1 10 0.68 

9 19M4630 6.18 2.6 44.5 540 368 6 02548 ((.611 0.555 0.0451 60 8 0.78 

9 56(133 1) 24.4 47.1 193 36 4 02285 0.302 ((.286 022015 60 9 027 
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IMF Map" 

Ch, Marker 2ptLOD' Inter' Pos' N' lnfMei' No All' H(0)r  H(E)' PlC" Est Err Rate" Pos' No All' PlC' 

9 \IC\1138 112 23.1 71.3 539 222 2 0.341 0.418 0.33 0.1234 78.5 9 0.64 

9 B7lS1304 3.31 ((.4 94.6 45 33 6 I ((.782 0.737 0 89.6 12 NA 

9 510163 29.71 8 95 546 362 5 ((.632 ((.645 0.602 0.016 93.1 14 ((.87 

9 11514513 103 429 403 7 0811 ((.806 0.776 0 100.3 10 0.82 

I)) SRCRS25 7.22 21.1 0 553 253 1 0.483 ((.498 0.463 030515 5.9 II ((.02 

IS .SG].A226 (((.6.) 13.5 21.1 481 312 6 ((.636 ((.68 ((.646 ((.0078 31.5 8 ((.78 

10 111141 9.83 11.7 36.6 545 366 7 ((.615 ((.63.1 ((.585 0 .159 II 0.8 

10 (7SRD87 11102 9.8 48.3 538 291 4 ((.61 ((.585 ((.504 1) 56.2 I)) ((.78 

10 11.S1S56 22.31 14.7 50.1 50)) 359 6 ((.682 ((.72 ((.687 010621 61.2 9 ((.7 

10 VI 1117 19.16 10.7 72.8 541 451 6 ((.726 ((.734 ((.693 010108 68.2 11 ((.75 

10 INRA5 11.47 17.8 83.5 403 314 8 ((.695 ((.679 ((.635 ((.0181 78 13 ((.87 

to R\1S1316 5.93 21.9 101.3 547 452 5 ((.682 ((.673 0.609 () 93.5 13 ((.81 

I)) INRA209 123.2 546 179 2 0.264 ((.297 ((.253 ((.043 108 10 ((.58 

II I-tELl)) 4.2 27.7 (1 55)) 349 5 ((.645 ((.624 ((.588 ((.0077 22.4 12 ((.85 

11 CSSS1E7)) 4.33 I)).7 27.7 55)) 261 4 ((.58 ((.574 ((.498 1) 47.9 9 0.78 

II SRCIOSP6 10.56 5.8 90.4 537 394 4 ((.68 ((.663 ((.612 (I 59.9 9 ((.73 

II 0C11193 7.63 2.3 44.2 564 146 3 ((.229 ((.226 ((.203 (I 65.4 12 ((.41 

I) TI IRA 12.8 8.9 46.5 545 258 3 ((.499 ((.497 ((.387 ((.0138 67.2 8 ((.73 

11 EPCI)V23 61.23 3 55.4 546 371 7 ((.689 ((.665 0.624 I) 79.9 1)) NO 

11 MCSII2() 27.09 12.2 58.4 550 49)) 8 ((.773 ((.76 ((.725 (1 87.7 16 ((.85 

II ETII3 3.57 20.6 70.6 536 319 3 ((.565 ((.557 0.491 I) 99.4 5 NA 

II CSSSI((8 91.2 511 229 4 ((.447 0.43 ((.404 )) 112.4 5 ((53 

12 F1U1614 1.99 10.5 0 543 65 2 ((.145 ((.141 ((.131 1) 7.6 9 ((.72 

12 '1'G1.A53 15.23 9.9 10.5 400 308 7 ((.64 ((.651 ((.621 0.039 39.3 8 NA 
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IMP Map" 

Chr Marker 2prLOlY Incr Pos N5  1nfMei No AlP H(0)' H(E) PlC" Est Err Rate" Pos5  No AlP PIC111  

12 1(2(4025 3.29 22.4 20.4 445 319 5 0.712 ((.714 0.639 0.0074 24 9 NA 

12 CSSM03 12.42 19.8 42.8 535 229 3 ((.393 0.396 0.36 0 54.3 10 NA 

12 \EC\1A52 3.5 27.4 62.6 536 387 5 0.674 0.678 ((.624 0.0069 68.8 10 0.78 

12 INRA35 90 323 212 5 ((.512 0.477 0.436 (1 92.1 9 0.68 

13 !3MC1222 19.33 15.5 I) 508 416 5 0734 0.706 0.67 1) 12.3 15 0.82 

13 SC't'AMS 14,79 20.4 15.5 535 407 5 ((.693 ((.683 0.642 0.0197 37.4 20 0.89 

13 1\101152 23.12 109 35.9 527 356 4 ((.651 ((.635 056 0.0087 52.1 ((1 0.79 

13 I 1IJ616 13.51 10(.3 46.8 546 365 5 0.615 0.609 0.539 0.0092 65 13 NA 

13 LRB039 4.59 17.5 57.1 548 254 4 ((.5 0.509 0.387 1(1(261 74.4 13 ((.78 

13 C1'S1(1 12 5.63 8.9 74.6 552 154 4 ((.252 0.249 0,222 0 98 9 0.77 

13 ADA 11.85 6.1 83.5 456 217 2 0.382 0.38 0.307 1) N.\ NA NA 

13 510199 8.91 11.4 91.6 542 359 5 ((.646 ((.635 0585 (1 115.1 9 079 

13 N!A1418 103 335 171 3 ((.573 0.559 0.488 0.019 125.8 5 (LII 

II 'I'G1.A357 11.95 5.1 (I 525 315 6 (LOS! 0.657 ((.606 (I 11.7 8 0L8 

14 !NRA38 13.8 11 5.1 536 398 6 0.668 0.69 ((.643 1) 17.6 13 ((.82 

II CSRD70 23.28 7.2 16.1 53)) 358 5 0.675 11,636 0.608 II 23.5 14 0L78 

II !9MS2213 27.13 5.9 23.3 538 325 4 0.587 059 8.52 0 33.8 I)) 0.82 

14 !.S29 17.03 7.2 29.2 536 367 6 10631 00614 00575 II 46.5 14 1084 

14 0!CM133 11.33 11.2 30.4 532 185 3 ((.361 00362 11.31 000272 36.8 9 (1.75 

14 CSR332 8.34 23 47.6 527 293 4 00545 0.511 11.459 11 64.6 15 0082 

II ]A30 21.14 6.5 70.6 332 308 4 00609 00635 0.568 1 94.4 11 0.79 

14 R0128 36.86 2.2 77.1 356 303 4 0.182 0.473 0.436 I) 104.6 11 ((.81 

II \(C\L\I9 79.3 519 189 3 0.371 0.354 ((.326 I) 109.3 6 NA 

IS \!C9[A!6 15.86 12.9 I) 551 372 4 0.633 0.631 ((.573 00081 (1 9 ((.63 
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IMF Ma6" 

Ch,- Marker 2pLOD-' Inter' Pos' N" InfMei' No All' H(0)' H(E)' PIC° Est Err Rate" Pos' No All' PI011  

15 !(11351(( 3.64 12.9 12.9 315 289 3 ((.561 ((.542 0.502 I) 19.3 8 NA 

15 0MS1004 6.33 ((.98 25.8 532 99 2 ((.195 0.189 0.171 II 27.2 43 NA 

15 .\DCY(: 21.26 17 26.78 539 379 3 0.651 ((.65 0.585 0 35.3 7 0.74 

15 J.Xm 23.14 1.2 43.78 533 388 8 0.683 0.703 0.655 0.0061 46.5 49 ((.82 

15 MAr65 (1 29.8 44.98 328 172 1 0.518 0.512 0.453 I) 47 8 0.62 

IS I IAI1M 2.29 9.8 74.78 246 57 2 ((.528 0.501 ((.375 (1 N.\ NA NA 

IS l'OlcI IA 30.64 5.3 8.4.58 510 113 5 ((.746 ((.717 ((.668 0 85.1 II N,\ 

15 BOIS!660 13.4 40 89.88 532 282 4 ((.515 0.48.1 ((.442 0 96.5 III ((.77 

IS B\1S2076 1.64 19.1 99.88 531 301 3 ((.605 ((.606 ((.537 () 105,4 II ((.83 

IS \ICMI09 118.98 534 590 8 ((.785 ((.784 0.75 ((.0014 123.8 I)) ((.81 

6 RM106 12.64 0 1) 327 130 4 0,474 ((.48 ((.147 0 3.8 10 N,\ 

16 1(51 1225 0 16.5 0 543 133 3 6.274 06267 ((.249 () 13.2 9 ((.74 

16 T1;LAI26 6.9$ 18.5 16.5 525 212 4 ((.371 ((.383 ((.342 ((.0247 34.3 18 ((.84 

16 .\GLA29 30.04 6.7 35 502 308 6 ((.631 ((.637 ((.581 ((.0083 46.9 16 NA 

40 CSRD69 6.28 3.7 41.7 519 364 6 ((.667 ((.681 ((.636 0.0073 55.3 10 0.67 

16 \ICMS06A 4.95 6.0 45.4 533 73 3 ((.126 ((.12 ((.116 0 63.2 17 ((.75 

16 SRCRS27 4.50 5.2 52 509 385 6 ((.68 ((.688 ((.631 II 69.4 8 ((.72 

16 51C71150 57.2 544 42 2 ((.131 0.147 ((.136 I) 83.9 9 ((.08 

17 MCMI (I 16.9 0 350 404 5 06596 0.662 ((.616 II (1 13 0.65 

17 VI 198 9.19 6 16.9 553 71 4 06179 0,178 0.172 0 19.7 9 ((.67 

17 C1149 22.83 12.6 22.9 343 449 7 06703 0.687 0.649 ((.0063 28.5 7 0176 

17 1551S2780 3.23 8.8 33.5 517 289 4 0.509 0.516 ((.439 ((.0147 38.4 6 ((.75 

17  FCB48 7.12 7.4 44.3 302 109 4 0643 06437 06405 ((.1119 42.5 Il 0670 

17 S1.'\F209 5.31 34 51.7 402 332 7 ((.756 06738 (6692 060315 48 8 0679 
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Chrl Marker 2pILO1Y Inter' Pos' N' InlMei' No All' (-1(0)' H(E)) PlC" Est Err Rate" Pos' 

IMF Map" 

No MI' 	PlC" 

(7 \(C.\L\2(} 05.7 507 409 6 0.984 ((.006 0.777 0 09.2 11 0.73 

18 1tM3413 6.73 15.5 0 555 237 4 0.373 0.378 0.327 0 22.4 8 0.7 

18 V1154 49.16 1.5 15.5 554 320 4 0.605 ((.625 ((.555 (I 41.9 7 ((.7 

18 19P33 25.55 13.9 17 549 438 6 ((.719 0.715 0.675 0 43.4 12 0.85 

10 L\XCA4 14.29 18.5 30.9 351 401 4 0.641 ((.634 0.584 0 50.1 6 0.72 

18 BlC522I 31.87 1.4 49.4 551 409 5 8.713 0.715 ((.666 (1 77 II) N  

8 1111.17 2.5 t  5(1.8 379 205 5 0.623 0.658 0.607 0(11(18 77 III ((.77 

10 11S1S54 II 10.8 60.8 552 09 2 ((.239 0.248 0.217 0.1071 91.7 3 NA 

18 (DVGA90 (1 29.5 83.6 533 150 2 ((.257 ((.344 ((.285 ((73782 ((((.5 2 NA 

18 CSA11280( 113.1 558 261 4 0461 ((.439 ((.393 ((((169 121.6 5 ((.62 

19 ('7.963 12.91 16.9 (1 519 350 6 ((.65 ((.618 ((.574 () 10.6 22 NA 

19 .\(119 3.98 21.6 16.9 523 298 3 ((.535 0.513 ((7459 (I 27.7 8 ((.76 

19 CSS.\141 9.33 (I 38.5 551 151 2 ((.385 ((.39 0.314 ((.0219 NA NA NA 

19 ((213628 2.47 40.1 38.5 499 264 5 0.515 ((.511 0.47 (1 43.3 4 NA 

19 FC13304 78.0 577 352 4 ((.591 ((.586 ((7506 I) 00 9 ((.54 

20 15M1815 6.70 24.0 1) 544 255 3 ((.504 ((.521 ((.405 ((.0807 20.8 6 7.9 

20 OLADRB 48.16 (I 24.8 529 478 8 ((.79 ((.819 ((.794 ((.0149 52.2 13 N.\ 

20 O1.ADRBp 23.85 5.0 24.0 263 203 0 0.795 ((.786 ((7752 ((.014 N.9 NA NA 

20 ()SHIC1 4.50 22 30.4 294 222 5 ((.568 ((.597 ((7564 ((70325 NA NA NA 

2() 021(8(8 6.45 19.2 52.4 533 388 8 ((.657 ((.678 ((7629 ((70846 64.9 10 NA 

20 BM1905 71.6 562 320 2 ((.528 ((.488 ((7369 () 77.8 2 NA 

21 ((MS1707 7 Ii 1) 524 438 4 0.716 ((.711 ((.656 0 15.5 16 ((784 

21 R\1044 5.07 9.8 Ii 520 125 3 ((.26 ((.251 ((.23 (( 22.1 10 ((.83 

21 c:sAl'301l 4.02 23.1 20.8 540 269 3 ((.48 ((.508 ((7401 (I 29.1 IS ((779 
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Chr Marker 2ptLOD' Inter' Pos Nt InfMei' No All' H(0) 1-1(E)' PlC' Est Err Rate' Pos' 

IMF Map' 

No All' 	PlC' 

21 MCN1135 2.84 22.9 43.9 493 399 5 0.996 0.670 0.618 0(0)93 46 13 ((.05 

24 BN(CI206 66.8 538 212 2 0522 0499 0.374 () 58.4 6 0.67 

22 15MS907 48.34 1)).1 () 498 480 7 0.815 0.838 9.817 020083 13.8 12 0.83 

22 (11*11 24.14 9.1 111.1 531 509 8 ((.825 0.849 ((.83 0.0154 30 47 NO 

22 0511314 .34.63 4.6 19.2 333 288 0 ((.802 ((.81 ((.784 () 34.5 6 NA 

22 INRA81 29.94 12.9 29.8 504 .120 7 ((.734 ((.772 0.733 0 35.7 22 0.85 

22 1(514505 32.57 11.9 36.7 518 402 7 0.707 0.734 0.69 010058 43.5 11 NA 

22 40515882 5.10 27.4 48.6 545 485 5 ((.734 ((.734 ((.691 () 59.7 7 ((.79 

22 51051373 76 531 231 6 ((.405 ((.411 0.393 ((.021 82.9 13 ((.84 

23 1(1,6 8.13 20.0 () 520 3(1) 7 ((.619 06636 ((.576 ((.0094 15.7 12 NA 

23 CSRI)148 12.28 9.2 20.8 502 319 5 ((.697 0.673 0.616 (I 33.2 15 ((.82 

23 l9MS227)( 9305 ((.7 30 557 224 5 ((.361 ((.304 ((.339 (1 37.7 8 ((.79 

23 .OGI..O269 13.22 15.2 41.7 508 333 5 ((.646 ((.621 ((.561 (1 49.1 48 NA 

23 \1AE35 10.19 40.5 56.9 503 369 3 ((.568 ((.565 ((.473 (1 59.2 5 ((.61 

23 5101136 1) 37.6 67.4 552 438 5 ((.737 ((.743 ((.694 0 67.6 0 11.83 

23 LR11031 105 516 140 I ((.347 ((.369 ((.347 (61(567 97 7 ((.62 

24 I1PCDV03 45.75 3.6 1) 529 314 4 ((.59 ((.565 ((.308 0.0108 28.9 8 NA 

24 1(1128 21.05 14.0 3.6 540 400 4 ((.67 ((.664 ((.611 ((.0143 38.5 10 ((.92 

24 FTBROSN 1.9 31.4 18.4 549 421 4 ((.727 0.724 0.074 0(0)57 48.9 12 ((.82 

24 E11CI)152 49.0 525 439 5 06985 ((.656 0.587 () 83.2 6 NA 

25 MCMA7 12.21 0.4 () 528 224 3 06422 06391 ((.337 0 31 12 0.9 

25 PERF3-2 16.39 6.8 8.4 525 382 5 ((.714 ((.671 ((.615 020077 40 15 0286 

25 51472 3.18 21.4 15.2 522 471 4 ((.276 0226 0.247 () 45.6 7 0176 

25 AE54 3.97 15.1 36.3 402 231 5 01617 02632 02567 ((.0442 64 9 ((.82 



Chr Marker 2pLL0D' Inter' Pos' N' IntMei' No Afl' H(0) H(E)' PIC° Est Err Rate" Pos' 

IMP Map° 

No All' 	PLC 

25 Rl(I'3 514 332 2(9) 3 6.642 ((.608 0.536 0 69.9 4 0.61 

26 B51S629 1953 8 0 527 309 3 ((.575 0.579 0.49 0 6.9 9 NA 

26 0516526 26.85 2.3 8 541 336 4 0.534 8.536 0.48 ((.0121 10.4 9 NA 

26 .541 7.1 18.1 10.3 535 316 4 ((.624 0.617 0.542 0.0091 20.6 12 ((.77 

26 CSRD163 17.18 16.9 28.4 524 270 3 0.578 ((.614 ((.531 0.0097 39 8 NA 

26 51023 20.7 5.3 45.3 531 443 0 ((.727 ((.731 0.681 (((8(58 53.5 13 NA 

26 N11'58 9.71 8.9 50.6 401 222 5 ((.589 ((.596 ((.522 0.0203 51.4 9 ((.67 

26 00111117 11.2 14.8 59.5 497 328 7 ((.678 ((.669 ((.641 (1 61.5 II ((.82 

26 051203 74.3 335 278 9 06773 ((.79 ((.759 ((.0424 71.1 10 NA 

N \1CM158 4.27 34.6 (1 528 397 7 ((.714 06648 ((.599 (1 068 12 ((.88 

N MAI'45 18.21 24.7 34.6 709 623 6 0.779 06742 ((.701 (1 91,2 12 ((.84 

N ll _STS (7 66.49 5.1 59.3 530 543 3 ((.577 ((.47 ((.11 0 66.8 11 0679 

N CPI3I 72.24 1.8 64.4 524 537 7 0.517 ((.525 ((.494 (1 8(1.5') ((.83 

N \ICM25 66.2 520 464 5 ((.729 ((.628 ((.579 (1 90.0 15 N.\ 

Average 14.58 50 516 316 4.58 ((.58 ((.58 ((.52 ((.01 10.06 ((.75 

St Dcv 14.68 9.9 73 113 1.58 ((.17 ((.16 ((.16 ((.03 3.49 ((II 

Chromosome number; 2  Inter-marker spacing (CM);  LOD score for linkage between 
adjacent markers; 'Chromosomal position (cM); 5 Number of sheep genotyped; 
of informative  meloses detected at the marker locus; / Number of alleles; 8  Observed 
marker heterozygosity; Estimated marker heterozygosity; 1)  Polymorphism information 
content; Estimated error rate from mother-offspring  pairs using CERVUS; 12  IMF map 
characteristics (Maddox 2003). 
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3.1. 	Abstract 

We searched for QTL underlying fitness related traits in a free-living  pedigree of 

588 Soay sheep in which a genetic map using 251 markers with average spacing 15 cM 

had been established previously. Traits examined included birth date and weight, 

considered both as maternal and offspring traits, foreleg length, hindleg length and body 

weight measured on living or immediately post mortem individuals and jaw length and 

metacarpal length measured on cleaned skeletal material. In some cases the data were 

split to consider different age classes separately, yielding a total of 15 traits studied. 

Genetic and environmental components of phenotypic variance were estimated for each 

trait and, for those traits showing non-zero heritability (N = 12), a QTL search was 

conducted by comparing a polygenic model with a model including a putative QTL. 

Support for a QTL at genome-wide significance was found on chromosome 11 for jaw 

length; suggestive QTL were found on chromosomes 2 (for birth date as a trait of the 

lamb), 8 (birth weight as a trait of the lamb) and 15 (adult bindleg length). We discuss the 

prospects for refining estimates of QTL position and effect size in the study population, 

and for QTL searches in free-living pedigrees in general. 

Kejwords: variance components, QTL, birth date, birth weight, body size, Soay sheep. 

61 



3.2. 	Introduction 

Quantitative variation arising from the combined effects of many genes and the 

environment is a common feature of all populations of eukaryotes and the subject of 

intensive genetic research across many fields. From an evolutionary perspective, heritable 

variation is essential for the progress of evolution by natural selection, as only the genetic 

material can be transferred from one generation to another (Fisher, 1958). 

There has been extensive debate on the amount of heritable variation expected in 

quantitative traits in natural populations. Since natural selection is often directional, i.e. it 

favours the individuals at one end of the phenotypic distribution of a trait (Endler, 1986), 

it is expected that selection depletes disadvantageous alleles and leads to the fixation of 

favourable variants. Eventually, this process should remove the genetic diversity in a 

population, and the reduction of variability should be faster for traits more closely related 

to fitness. A survey of quantitative genetics parameters from a number of free-living, 

outbred animal populations has confirmed that the more closely related a trait is to 

fitness, the lower its heritability (Mousseau and Roff, 1987; Roff and Mousseau, 1987; 

Roff and Simons, 1997). However, in contrast to predictions, if the additive genetic 

variances of different traits are standardized by the trait mean rather than by the total 

variation, it appears that fitness-related traits tend to have higher additive genetic and non-

additive genetic components than traits less closely related to fitness (Houle, 1992; Kruuk 

et al., 2000; McCleery et al., 2004). This counterintuitive  finding suggests that fitness 

traits have a broad biological and genetic basis which confers high additive genetic 

variation, and it is the high environmental variation in fitness-related traits which result in 

their having relative low heritability (Houle, 1992). 
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The study of quantitative traits is traditionally based on a theoretical framework, the 

infinitesimal model, where no knowledge of the number and location of the genes that 

underlie them is required (Fisher, 1918). With respect to gene distribution and action 

across the genome, it is sufficient to assume that many genes are segregating in a given 

population, and that their individual alleic differences are small relative to the effects of 

the environment. Although the infinitesimal model is applicable to a wide variety of 

studies including natural populations, it fails to capture the complexity of genetic 

variation in terms of the number of genes involved, their relative effect, and their action 

and interaction. As early as 1973, for example, Elston and Stewart (Elston and Stewart, 

1973; Stewart and Elston, 1973) realized that a continuous normal phenotypic 

distribution is not necessarily generated by many additive loci but it can result from the 

action of a small number of genes interacting with the environment. Determining 

whether or not there are detectable QTL segregating within natural populations, and if 

detected estimating their effect sizes, is thus of central interest to the study of the 

evolution of quantitative traits by natural selection. 

The development of techniques to generate and screen large numbers of molecular 

markers in many individuals has opened the way to investigating the whole genome in 

order to test whether specific regions (Quantitative Trait Loci, QTL) affect variation in a 

trait more than the average background. The most insightful successes in QTL mapping 

have been recorded in experimental populations (Paterson et al., 1991; Kroymann and 

Mitchell-Olds, 2005). A typical experiment aimed at mapping QTL starts with crossing 

inbred lines which have been selected to diverge for the trait of interest; consequently, 

the selected lines are expected to be homozygous for the alleles conferring the extreme 

phenotypes. The mapping individuals, often F2  or backcross progenies, are then raised 

under controlled and uniform conditions designed to enhance the expression of the 
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target phenotype and to reduce environmental heterogeneity (Lynch and Walsh, 1998). 

Since the probability of QTL detection increases with the heritability of the study trait 

(Williams and Blangero, 1999), such experimental designs offer high statistical power to 

map QTL: in the segregating progeny the additive genetic variance, i.e. the detectable 

genetic factor, is maximized while the environmental variance is reduced. 

Unfortunately, the findings discovered with these approaches cannot be readily 

used to interpret natural variation in the wild because the experimental conditions are 

often over-simplified or unrealistic. An experimental design like the one described above 

has extremely reduced genetic diversity since only the alleles carried by the parental lines 

are screened in the segregating progeny. Furthermore, artificial crosses, such as inter-

specific crosses, may generate variation i.e. segregating QTL at loci which do not 

segregate within a population in the wild. In addition, interactions between genotype and 

environment are probably altered. Although different strategies have been devised to 

overcome these limitations, such as the crossing and growing of wild individuals under 

controlled conditions (e.g. Lexer et al., 2003), the direct study of natural populations in 

their own environment would be the least dependent on compromising assumptions and 

constraints. 

Mapping QTL in wild populations poses several practical and analytical difficulties 

(Slate, 2005). Any linkage mapping project requires samples from related individuals in 

order to generate a linkage map, and the same individuals should have phenotypic 

records of interest available with, ideally, environmental sources of variation known. The 

gathering of this information is far from trivial in a wild population, especially with 

respect to the reconstruction of accurate pedigrees. Statistical analysis may also become 

computationally demanding when data present an unbalanced structure or a high level of 
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complexity. In this respect, the statistical procedures designed by animal or plant 

breeders are not optimal for natural populations as they usually require balanced data and 

are performed on single sibships or simple pedigrees (e.g. least square regression, Haley 

et al., 1994). For these reasons few projects have been undertaken to dissect natural 

genetic variation through QTL mapping (for an exception see Slate et al., 2002) despite 

the recognized interest (Erickson et al., 2004). The human population can be considered 

'wild' and under natural selection in many respects such as disease resistance (Olson, 

2002; Sabeti et al., 2002; Bamshad and Wooding, 2003), and linkage mapping in humans 

has proved to be a useful strategy to understand the genetic basis of complex traits, 

especially medical conditions (Abiola et al., 2003; Botstein and Risch, 2003). However, 

the peculiar cultural background of the human population and the use of medical 

treatments make extension of findings to non-human populations difficult. 

The free-living Soay sheep population on 1-lirta, St. Kilda, UK, is the subject of a 

long term project aimed at addressing a wide range of ecological and evolutionary issues 

(extensively documented in Clutton-Brock and Pemberton 2004). The population 

dynamics are characterized by periodic fluctuations m the number of individuals. The 

population size increases until the density of animals exceeds the winter carrying capacity 

and, as a result, a large proportion of individuals die in the following winter due mainly to 

starvation. High mortality is exacerbated by wet and windy winters and heavier burdens 

of gastrointestinal parasitic nematodes. Mortality is age- and sex-related in that juveniles 

are more susceptible to poor environmental conditions and males experience lower over-

winter survival, probably due to energy expenditure during the Autumn rut (Coulson et 

al., 2001; Clutton-Brock et al., 2004a). The variable conditions of early growth and 
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survival set up substantial differences in many traits between sheep cohorts (Glutton-

Brock and Pemberton, 2004) 

The Soay sheep population expansions and contractions offer opportunities for 

natural selection. Previous studies have investigated the genetic basis of a variety of traits 

associated with fitness in Soay sheep (Clutton-Brock and Pemberton, 2004). Traits 

measured in early development, i.e. birth date and birth weight, contribute to total 

fitness in Soay sheep (Clutton-Brock et al., 1992; Jones et al., 2005) and in other 

mammals such as red deer (Kruuk et al., 1999). In Soay sheep, lambs born heavier and 

later in the season have better survival in the first few months of life (Wilson et al., 

2005b). Early development continues to influence survival during the first winter, when 

early-born and below average weight neonates are more likely to die, especially if the 

population density is high (Clutton-Brock et al., 1992; Milner et al., 1999). A detailed 

analysis of selection acting via mothers and offspring suggests there are differences in 

trait optima for mothers and offspring (Wilson et al., 2005b). Beyond the neonatal 

period, body size is one of the most important characteristics of an organism because 

many other morphological, physiological, behavioural and life history traits scale with it 

(Schmid et al., 2002). In common with other mammal populations such as bighorn sheep 

(Coltman et al., 2002) and red deer (I<ruuk et al., 1999), fitness of Soay sheep is related to 

body size measured either as body weight or hindleg length (a measure of skeletal size). 

In winters characterized by high mortality, directional selection favours heavier and 

longer-legged individuals (Milner et al., 1999). Heavier females are more fecund and more 

successful at rearing offspring (Clutton-Brock et al., 1997). Larger males (in terms of 

both body weight and hindleg length) have higher reproductive success, through an 

increased ability to monopolize receptive females (Preston et al., 2003). 
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Previous quantitative genetic analyses in the Soay sheep population indicate that the 

fitness-related traits discussed above harbour additive genetic variation. Heritability, 

estimates for birth date and weight are 0.06 and 0.08 respectively, but in each case there 

is also a relatively substantial maternal genetic component (0.28 and 0.12 respectively as a 

proportion of phenotypic variance) (Wilson et al., 2005a). These two traits also show 

substantial genetic correlation (R(,, = 0.962 ± 0.375 (SE)). In two studies using different 

data subsets, estimates for the heritability of body weight at age 4 months and above 

were 0.24 and 0.28 for females and 0.12 and 0.07 for males (Milner et al., 2000; Coltman 

et al., 2001a) and heritability estimates for hindleg length were 0.26 and 0.35 for females 

and 0.20 and 0.24 in males (Milner et al., 2000; Coltman et al., 2001a). These two traits 

again show substantial genetic correlation (R estimates for females 0.74 ± 0.09 and 0.80 

± 0.02 and for males 0.78 ± 0.10 and 0.78 ± 0.05) 

Altogether, the large volume phenotypic, pedigree and environmental data that has 

been collected since 1985 makes the Soay sheep suitable for linkage mapping projects. 

Elsewhere we have described the construction of a genetic map for the study population 

and the mapping of three Mendelian traits segregating m Soay sheep (Beraldi et al., 2006). 

Here we report the result of variance components analyses and genome scans aimed at 

identifying QTL for neonatal traits (birth weight, birth date), and body size (body weight, 

hind and fore leg length, jaw length and metacarpal length). The results presented 

constitute one of the first attempts to dissect the complexity of quantitative traits in the 

wild, and the methods here applied, based on an extension of methods developed for 

complex traits in humans (Amos, 1994; Almasy and Blangero, 1998; Williams and 

Blangero, 1999; George et al., 2000), should be suitable for the analysis of any natural 

population with a pedigree of similar or even higher complexity. 
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3.3. Materials and methods 

Study Population - The Soay sheep on the islands of Soay and Hirta (St. Kilda 

archipelago, North West Scotland, UK, 5749' N, 08°34W) are feral populations of a 

breed regarded as the most primitive in Europe (Campbell, 1974; Doney et al., 1974); 

nowadays, the sheep population of Hirta varies between 600 and 2000 individuals. Since 

1985 regular expeditions have been sent to St. Kilda to monitor the population dynamics 

and to record the life histories of individuals living in Village Bay, Hirta (Clutton-Brock 

and Pemberton, 2004). No predators are present on St. Kilda. 

Mapping Pedigree and Linkage Map - The whole Soay sheep pedigree file 

numbers more than 3900 animals. Within this pedigree maternal links were assigned 

through observation of the animals in the field, whereas paternal links were inferred 

through molecular analysis (Overall et al., 2005). From the total pedigree, a panel of 588 

animals was genotyped at 247 microsatellite and four isoenzyme markers. This subset 

comprised all the sibships with ten or more offspring and their common parents. The 

ancestors of the genotyped individuals and the animals linking different sibships (n= 294) 

were not genotyped, but they were included in the mapping pedigree to improve the 

estimates of the kinship and identity by descent (IBD) coefficients in the variance 

components analysis. A more thorough description of the mapping pedigree and 

selection criteria is included in Beraldi et al. (2006). The Soay sheep map covers 

approximately 90% of the genome with an average inter-marker spacing of 15 cM. 

Further details of the map characteristics and of the technical procedures can be found in 

Beraldi et al. (2006). 

Phenotypic Dataset - Phenotypic records of the animals in the mapping pedigree 

were retrieved from the Soay sheep database where data for more than 6000 sheep are 



stored. The data analysed in this study were collected between 1988 and 2005 from 

animals born between 1978 and 2002. Sample sizes and summary statistics for each trait 

are reported in Table 3.1. 
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Table 3.1. Characteristics and estimated variance components of the study traits (NS: non significant) 

No. 
No.

Mean VA   CVAC J12d V1 CVM1 m2g VC  h CVc' c2' VE k CVE' C2 ' 
Trait Dataset 

records 
animals 

(SE-) (SEa) (%) (SE') (SEa) (%) ('SE9 (SEa) (%) (SE",) (SEa') (%) (SE') 
(genotyped) 

Birth 	date 
Neonatal 710 710 (526) 111 (8) 

6.467 0.07 63.946 0.69 
NS - NS 

22.434 0.24 
(lamb) (4.042) - (0.04) (7.944) - (0.04) (3.299) - (0.04) 

Birth date [days] 19.700 0.28 10.776 0.16 38.756 0.56 
(mother) 

Neonatal 1901 311 (136) 140 (8) 
(6.274) ('0.08) 

NS - NS 
(5.107) - (0.07) (0.393) - (0.03) 

Birth weight [kg] 2.30 0.022 0. 16 0.034 0.25 0.079 0.58 

(lamb) 
Neonatal 601 601 (507) 

(0.61) (0.012) 
6.44 

(0.09) (0.009) 
8.06 

(0.06) 
NS NS NS 

(0.010) 
12.26 

(0.08) 

Birth weight [kg] 
Neonatal 1708 306 (133) 

2.22 0.048 
9.86 

0.27 
NS NS NS N S NS NS 

0.131 
16.34 

0.73 
(mother) (0.73) (0.007) (0.03) (0.005) (0.03) 

All 2242 737 (509) 124 (10) 
6.977 

2.14 
0.16 1.116 

0.86 
0.03 18.334 

3.47 
0.44 15.418 

3.18 
0.37 

(2.491) (0.06) (0.908) (0.02) (2.423) (0.06) (0.584) (0.02) 

Foreleg 	length 
Lambs 401 377 (308) 113 (8) NS NS NS 

5.679 
2.10 

0.13 28.507 
4.70 

0.66 8.833 
2.62 

0.20 
[mm] (3.103) (0.7) (4.346) (0.10) (2.531) (0.06) 

Adults 1841 659 (436) 126 (9) 
12.437 

2.80 
0.32 

NS NS NS 
11.954 

2.75 
0.30 14.968 

3.08 
0.38 

(3.004) (0.07) (2.405) (0.06) (0.626) (0.02) 
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Table 3.1. (Continued) 

No. 
No. 

Mean VA" CVAC 112d VM CVM ng VC  h CVc c2/ VE" CVII' e" 
Trait 	 Dataset 

records 
animals 

(SE-) (SEa) (%) (SE') (SEa) (%) 'SE9 (SEa) (%) (SE) (SEa') (%) (SE,) 
(genotyped) 

All 2379 740 (512) 177 (12) 
17.884 

. 240 
0.25 10.777 

1.86' 
0.15 32.891 

3.24 
0.47 8.834 1.68 

0.12 
(4.873) 0.06) (2.259) (0.03y' (4.101) '0.06) (0.329) (0.01) 

Hindleg 	length 9.897 0.14 55.045 0.77 6.831 0.10 
Lambs 

[mml 
425 400 (329) 162 (10) NS NS NS (4.999) 

1.95 
(0.07) (6.029) 4.59 

(0.07) (1.952) 
1.62 

(0.03) 

Adults 1954 659 (436) 180 (10) 
25.421 

2.80 
0.46 

NS NS NS 
21.132 

2.55 
0.38 8.459 

1.61 
0.15 

(5.074) (0.08) (3.618) (0.07) (0.337) (0.01) 

All 	1672 	579 (407) 
21.62 1.650 0.12 

5.94 
3.736 0.26 

8.94' 
4.323 0.30 

9.62 
4.559 

9.88 
0.32 

(6.45) (0.699) 0.05) (0.929)' (0.057 (0.703) (0.05) (0.211) 0.03 

Body weight [kg] 	Lambs 	401 	380 (314) 
13.78 

NS NS 	NS 
1.104 0.20 

7.62 
3.211 0.59 

13 
1.086 

7.56 
0.20 

(2.98) (0.511) (0.09) (0.578) (0.11) (0.356) (0.07) 

Adults 	1297 	396 (228) 
23.95 2.475 0.23 

6.57 NS NS 	NV 
4.282 0.40 

8.63 
3.963 

8.31 
0.37 

(5.20) (0.948) (0.08) (0.885) (0.08) (0.191) (0.03) 

Metacarpal 
Adults 7204 

450 	449 (332) 	78 (6) 	
. 045 . 

3.44 	 NS 	NS 	NS 
8762 

S 	 3.79 NS 	NS 	N 	
. 0.55 

length [mm] (2.076) ('0.11) (1.611) ('0.11) 

Jaw length [mm] 	Adults 566 	565 (396) 	112 (13) 	
7.824 0.39 

2.48 	 NS 	NS 	NV NS 	NS 	N 	
12.113 

	

V 	 3.09 
0.61 

(2.155) (0.10) (1.753) (0.10) 

Standard error; b  Additive genetic variance; c  Coefficient of additive genetic variation; d  Heritability; C  Maternal genetic variance; f  Coefficient of 
maternal genetic 	 Maternal genetic effect Permanent environmental variance; Coefficient of permanent environmental variation; 
Permanent environmental effect (ratio between permanent environmental variance and total phenotypic variation); Residual variance; Coefficient of 
residual variation; " Residual effect. 
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Two neonatal traits were considered. Daily observations allow us to identify birth 

date for each lamb to the nearest day, measured as the number of days from the 1 of 

January. New born lambs are captured, tagged and weighed to give birth weght, in this 

analysis we included measurements collected within four days of birth. Both birth date 

and birth weight were first analysed as traits of the lamb and second analysed as maternal 

traits. In the latter case the trait represented the ability of a dam to give birth to lambs on 

different dates or of different weights. 

Sheep older than four months of age are regularly captured, especially during an 

annual August catch up but also at lower frequency during Spring and Autumn. In 

addition many animals are found within 24 hours of death. At each capture and at post 

mortem, body weight is obtained. Due to large seasonal variation, the body weight data 

analysed here was restricted to data collected in August. Foreleg length measured in mm 

from as the length of the metacarpal bone measured when both the knee joint and the 

hoof joint are bent away from it and hindle length measured in mm from the tubercalcis of 

the fibular tarsal bone to the distal end of the metatarsus is also collected at each capture 

and post mortem. The genetic basis of variation in body weight and hindleg length varies 

over ontogeny (Wilson et al. in prep) and so these traits, together with foreleg length, 

were analysed in three different data subsets defined by the age of the animals included. 

The first (unrestricted) dataset included animals of all ages (minimum 47 days, maximum 

15 years, mean 3.8 years); the second dataset 'included only those animals younger than 

nine months (referred to as lambs), and the third dataset only animals older than nine 

months (referred to as adults). This classification was applied since for the two leg length 

measures it appeared to separate the juvenile period when heritability is low but maternal 
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effects are strong from the adult period when heritability is high and maternal effects are 

no longer detectable. 

Two additional measures of body size were available from cleaned skeletal material. 

Metacapa/ length was measured as the distance between the proximal and distal canal 

foramina on the dorsal side of the metacarpus. Jaw length was measured as the distance 

between the gonion caudale and the most aboral indentation of the mental foramen. For 

both measures, all data were for adult animals (i.e. older than nine months). 

Definition of Fixed Effects - Fixed effects known to influence the study traits 

were fitted in the variance components models (see below). Table 3.2 lists the effects 

fitted for each trait and reports the number of degrees of freedom used by each effect. A 

general linear model analysis implemented in Minitab 14.1 Minitab Inc.) was applied to 

determine the fixed effects significantly contributing to variation in the study traits. Sex 

was fitted with two levels (male or female); litter size with either two (twin or singleton) 

or three levels (twin, singleton, unknown). The age of the mother was classified into 11 

levels (one year old to ten or more, plus one level for unknown age). Although the age of 

the mother is a continuous variable, the fitting of mother's age as multilevel factor rather 

than as a covariate allowed better correction of the study trait and allowed the use of 

records where the age of the mother was unknown. Birth date was fitted as a covariate 

and was measured as days from the Vt of January of the year of birth. Birth year and 

capture year had one level for each year to control for differences in environmental 

conditions (e.g. population density) at the time of birth or measurement. Capture age 

accounted for the growth of the animal and was fitted as a covariate in lamb foreleg and 

hindleg length, in lamb body weight, and in birth weight as trait of the mother. In birth 

weight as trait of the offspring, capture age was fitted as factor with 4 levels, one for each 
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day from birth. In the other traits capture age was divided into 11 levels for age from 0 to 

1 year (one level for each month) and 14 levels after the first year of age (one level for 

each year). Mother's cohort was fitted as a factor where each level was a different year of 

birth of the mother. 

Table 3.2. Fixed effects for the study traits fitted in the polygenic and QTL models. 
Numbers are the degrees of freedom used by each effect NF: not fitted). 

Trait 	
Dataset Sex Litter Mother's Birth Birth Capture Capture Cohort 

 
size 	age 	date 	year 	year 	age 

Birth 	date 
Neonatal 1 NF 

(lamb) 

Birth date 
Neonatal 1 2 

(mother) 

10 NF 25 NF NF NF 

NF NF 20 NF NP 24 

Birth weight Neonatal 
	1 	1 	10 	NF 	16 	NP 	3 	NF (lamb) 

Birth weight 

	

Neonatal 1 1 	10 	I' 19 NP 	1' NF 
(mother) 

All ages I 	2 

Foreleg 
Lambs 1 	2 length 

Adults 1 	2 

All ages 1 	2 

Hindleg 
Lambs 1 	2 length 

Adults 1 	2 

All ages 1 	2 

Body weight Lambs 1 	2 

Adults 1 	2 

NP NP 24 17 

NP NP 14 NF 

NP NP 24 17 

NP NF 24 17 

NP NF 14 NP 

NF NF 24 17 

NP NP 23 17 

NP NF 14 NF 

NP NP 22 17 

24 	NF 

la 	NP 

16 	NF 

24 	NP 

1' 	NP 

16 	NP 

16 	NF 

1' 	NP 

10 	NP 

Metacarpal Adults 1 2 NP NF 22 NF 11 NF length 

Jaw length 	Adults 	1 	2 	NP 	NP 	24 	15 	15 	NF 



Variance Components Estimation - Under the null hypothesis of no segregating 

QTL (i.e. major genes whose effect stands out from the average genetic background), it is 

assumed that the additive genetic variation is represented by a number of genes with 

small effect randomly scattered across the genome, and for this reason this design is 

called the polygenic model. The polygenic model provides the log-likelihood against 

which to test the alternative hypothesis of linkage. In addition, it yields information about 

the relative weight of the different variance components on the total variation. 

Under a polygenic model, fixed effects can be included to account for known 

influences on the phenotypic mean, while the remaining variance is partitioned among 

specified random effects (Lynch and Walsh, 1998; Williams and Blangero, 1999). In the 

simplest case the random effects will include just the additive genetic value such that: 

y = XP + Za + e 

Where y is a vector of records on individuals; P  is a vector of fixed effects, a is a 

vector of additive genetic effects (or breeding values) estimated on the basis of the 

coefficient of co-ancestry between any pair of individuals in the pedigree; e is a vector of 

residual effects. X and Z are design matrices relating records to the appropriate fixed or 

random effects. The appropriate fixed effects were determined separately for each trait. 

Additional components responsible for the total variation (random effects), such as 

permanent environment and maternal effect, were fitted if they significantly improved 

the likelihood of the models (likelihood ratio test, the test statistic under the null 

hypothesis that the variance component is zero is a 50:50 mixture of zero and a x2 with I 

df). Variance components for each trait are reported in Table 3.1. The additive genetic 

relationship matrix created from the pedigree file incorporated information from all 

known and inferred relatives, of both sexes, correctly weighted for relatedness. Where 
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different measurements of the same trait, on the same individual, were available at 

different life stages, the permanent environmental effect grouped the repeated 

measurements to determine the environmental variance between individuals that arose 

from long-term or non-localized conditions. Finally, the maternal effect removed 

variation due to the contribution of the mother's phenotype and genotype on the 

offspring's trait. It should be noted that if the maternal effect is not explicitly modelled, 

its variation is included in the additive genetic component thus leading to possibly biased 

results. 

Heritability (_12  maternal effect m2), permanent environment effect (c2), and 

residual effect (e) were calculated as the ratio of the relative variance component 

additive genetic variance; VM,  maternal genetic variance; V, permanent environmental 

variance; V1 , residual variance) to total phenotypic variance (Vu), i.e. h2  = V1 /V11; m2  = 

V 1 /V1 ; c2  = V/V1,; e2  = 

The coefficient of variation (CV) standardizes the variance by the trait mean 

instead of the total variance, and it is calculated as the ratio of the standard deviation 

(square root of the variance) to the mean times 100 therefore: 

CV= 10OV 2 / 

Where the subscript i stands for the additive genetic (A), maternal effect (M), 

permanent environment (C), and residual components (E) and us the trait mean. 

Variance components were estimated by the restricted maximum likelihood 

procedure (Lynch and Walsh, 1998) implemented in the software package ASRem1 

(Gilmour et al., 2002). The estimated parameters of the variance components under the 

null hypothesis of no QTL effects are listed in Table 3.1. 
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QTL Mapping - To map putative segregating QTL, an IBD (identity by descent) 

matrix estimated at any given map position was fitted in the polygenic model described 

above as an additional random effect (George et al., 2000): 

Y = XP + Za + Zq + e 

Where q is a vector of additive QTL effect. As the IBD matrix represents the allele 

sharing probability between any pair of individuals in a specific genomic region, the 

significance of its effect on the study trait is evidence of segregating QTL in the region 

being tested. IBD sharing statistics were estimated using pedigree relationships, marker 

data, and map distances described above in more detail in Beraldi et al. (2006). For an 

initial scan, IBD matrices and variance components were estimated every 10 cM. Putative 

QTL regions were then scanned every 1 cM. The IBD sharing analysis was performed by 

a Markov chain Monte Carlo (MCMC) procedure which is based on a stochastic process 

(gene-drop simulations) and as such does not provide an exact result, but allows the 

handling of very large and complex pedigrees. After a burn-in period of 1000 cycles, 

100,000 MCMC iterations where performed and sample statistics were stored every ten 

iterations. This process was implemented in the program Loki (Heath, 1997). The IBD 

matrices were then inverted and fitted one by one in ASRem1 using a program written by 

one of the authors (AFM) to automate the process of inputting and storing the results. 

LOD scores were calculated as the difference in log-likelihood between QTL and 

polygenic model according to the equation: 

LOD = (L1  - L) / In(10) 

Where L1  is the natural log-likelihood of the QTL model and L,, the natural log-

likelihood of the polygenic model. 

77 



The significance thresholds adopted in this study to declare evidence of a QTL 

correspond to those suggested by Lander and Kruglyak (1995) for human pedigrees; this 

decision was taken on the basis that the size of the Soay sheep and human linkage maps 

are very similar (3300 cM). The LOD value of 3.3 denotes the genome-wide significance, 

i.e. the probability of finding a false positive every 20 genome scans; the value 1.9 

corresponds to the suggestive linkage which is the evidence expected to occur once at 

random in a genome scan (Nyholt, 2000). Confidence intervals for the presence of a 

putative QTL were defined by the map range within a one-LOD score drop from the 

peak value, this is equivalent to approximately 95% confidence (Lander and Botstein, 

1989). 

3.4. 	Results 

Variance Components Analysis - Under the null hypothesis of no QTL effects, 

variance components analysis provides estimates of the population parameters. 

Consistent with Wilson et al. (2005a) we found that birth date had a low heritability (h2= 

0.07) as a trait of the lamb, but a substantial maternal effect m2 = 0.69) and when 

analysed as a trait of the mother a much higher heritability (h2= 0.28, Table 3.1). Similarly 

birth weight had a lower additive genetic component than maternal component when 

analysed as a trait of the lamb (h 2=  0.16, m2  0.25) but a higher heritability as a trait of 

the mother (h2= 0.27; Table 3.1). The coefficient of variation for birth date was not 

computed as the mean value of this trait is not meaningful since it is arbitrary when to 

start counting the days before birth. 

With respect to body size traits measured on individuals older than neonates, the 

analysis of foreleg and hindleg length and body weight across all ages showed a moderate 

to low heritability (h2  foreleg length = 0. 16, h2  hindleg length = 0.25, body weight = 0.12; 



Table 3.1) while the maternal effect, fitted only for animals of up to nine months of age, 

explained 3% of the variation in fore leg length, 15% of the variation in bindleg length, 

and 26% of the variation in body weight (Table 3.1). When the data were restricted to 

measurements taken on lambs (<9 months of age), no additive genetic component was 

detected for any of the three measures of body size, but a maternal effect was found for 

all three traits (Table 3.1). When the data were restricted to measurements taken on 

adults 	9 months of age), heritability was moderately high for leg length (h2  = 0.32 for 

foreleg length and 0.46 for hindleg length) and moderate for body weight h2  0.23), and 

no maternal effect was detected (Table 3.1). 

Both skeletal measurements had substantial heritabilities (h2  = 0.45 for metacarpal 

length h 2=  0.39 for jaw length; Table 3.1) and, consistent with the other traits when 

measured on individuals greater than nine months of age, no maternal effects were 

detected in these traits (Table 3.1). 

Genome Scans - Genome scans were performed for the traits having an additive 

genetic component greater than zero; therefore, leg length and body weight in lambs 

were not investigated further. The LOD score profiles of the whole genorne are shown 

in Figure 3.1 and 3.2. 
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Figure. 3.1 - Whole genome scans of neonatal traits. Top to bottom: birth weight as 
a trait of the lamb and of the mother and birth date as a trait of the lamb and the mother. 
LOD score values (ordinates) were plotted against genetic position (abscissas, Morgan 
scale). Dotted lines show the genome-wide significance threshold (3.3); dashed lines are 
the suggestive significance threshold (1.9). Vertical lines mark the chromosome 
boundaries and chromosome names are displayed at the top. 
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Figure 3.2 - Whole genome scans of body size traits. Top to bottom: jaw length, 
foreleg length (continuous line, metacarpal length; dotted line, adults; hatched line, 
animals of all ages), hindleg length (continuous line, adults; dotted line, animals of all 
ages) and body weight (continuous line, adults; dotted line, animals of all ages). Graph 
legend as in Figure 3.1. 
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The highest LOD score values identified for each trait are listed in Table 3.3 along 

with the variance components estimates and the map characteristics of the region 

containing the peaks. Suggestive evidence of a QTL was detected on chromosome 2 for 

birth date as a trait of the lamb (LOD= 2.70) and on chromosome 8 for birth weight as a 

trait of the offspring (LOD= 2.54). In both cases the suggestive QTL accounted for all 

of the additive genetic variation. Chromosome 15 showed suggestive evidence of a QTL 

for hindleg length in adults (LOD 2.89) which explained 36% of the variation (residual 

genetic variation: h 2=  0.09). Finally, a genome wide significant QTL was detected for 

adult jaw length on chromosome 11 (LOD 3.59). The IBD matrix corresponding to the 

position harbouring the QTL explained 29% of the phenotypic variation, thus reducing 

the residual genetic variation to h 2=  0.15. The LOD profiles of these chromosomes are 

shown in more detail in Figure 3.3. QTL confidence intervals derived from the 1-LOD 

drop support correspond to approximately 30 cM for birth date (lamb), 40 cM for birth 

weight (lamb), 40 cM for hindleg length and 20 cM for jaw length (Figure 3.2, Table 3.3). 
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Table 3.3. Highest QTL LOD scores for the study traits and their estimated parameters 

Trait Dataset LOD Chr. 
Position 

Flanking markers (cM)a 
LOD drop 

q2  (SE)' h2  (SE) m2  (SE) c2  (SE) 
(CM) supporC t(M) 

Birth date (lamb) Neonatal 2.70* 2 53 LPLP2 (12) McM505 (1) 30 0.14 (0.04) 0.00 (0.00) 0.70 (0.03) - 

Birth date Neonatal 1.16 20 1 BM1815 (1) OLADRB2 (24) - 0.34 (0.08) 0.00 (0.00) - 0.10 (0.06) 
(mother) 

Birth weight Neonatal 2.54* 8 130 URB024 (16) BMS1967 (8) 40 0.21 (0.07) 0.00 (0.00) 0.26 	(0.06) - 
(lamb) 

Birth weight 
(mother) 

Neonatal 1.63 11 61 MCMI20 (3) ETH3 (10) - 0.26 (0.03) 0.00 (0.00) - - 

All 0.99 20 54 BM1818 (2) BM1905 (18) - 0.12 (0.07) 0.06 (0.08) 0.03 (0.02) 0.43 (0.05) 
Fore leg length 

Adults 1.65 2 145 BM81124 (12) CP79 (10) - 0.22 (0.10) 0.10 (0.12) - 0.30 (0.06) 

All 1.69 20 45 0MHC1 (10) BM1818 (12) - 0.21 (0.08) 0.07 (0.10) 0.15 (0.03) 0.44 (0.06) 
Hindleg length 

Adults 2.89* 15 113 BMS2076 (13) MCM105 (6) 40 0.36 (0.11) 0.09 (0.13) 0.39 (0.07) 

All 1.55 2 253 BM6444 (0) BM2113 (26) - 0.13 (0.04) 0.00 (0.00) 0.26 (0.05) 0.29 (0.04 
Body weight 

Adults 1.50 6 1 BM9058 (1) 2\1CM0204 (4) - 0.22 (0.07) 0.00 (0.00) - 0.41 (0.07) 

Metacarpal length Adults 1.82 20 7 BM1815 (7) OLADRB2 (18) - 0.45 (0.10) 0.00 (0.00) - - 

Jaw length Adults 3•59** 11 37 CSSME70 (9) SRCRSP6 (1) 20 0.29 (0.10) 0.15 (0.13) - - 

In parentheses the distance (cM) of the flanking markers from the QTL peak; b  QTL heritability (QTL variance/total phenotypic variance); * LOD 
score chromosome wide significant (LOD> 1.9); ** LOD score genome wide significant (LOD> 3.3) 
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Figure 3.3 - Detailed map positions of the candidate QTL identified by the genome 
scans. Vertical lines define the 1-LOD drop confidence intervals. Triangles on the 
abscissas (chromosome maps) show the marker positions. Dotted and dashed horizontal 
lines represent the suggestive and significant linkage thresholds as in Figure 3.1. 



3.5. 	Discussion 

This article reports the results of genome scans aimed at identifying QTL 

responsible for fitness-related traits in a free living animal population, the Soay sheep on 

Hirta, St. Kilda. Using the same pedigree of animals and linkage map, a previous study 

has identified the loci underlying polymorphisms in coat colour and horn type, traits also 

correlated with fitness but encoded by single loci with Mendelian inheritance (Beraldi et 

al. 2006; Gratten et al. In press). Here we used QTL mapping to investigate traits with a 

continuous phenotypic distribution shaped by both genetic and environmental factors. 

Such quantitative traits are probably the more likely raw material for rnicroevolutionary 

change. The traits targeted in this project represent different aspects of early 

development and body size, and several of them have documented relationships with 

total fitness (see Introduction) (Clutton-Brock et al., 1992; Milner et al., 2000; Jones et al., 

2005). QTL mapping projects in natural populations are still at a pioneering stage, but 

this study provides support for the idea that QTL of large effect may be detectable by 

this approach. 

Variance Components QTL Analysis - Different statistical and experimental 

strategies have been devised for mapping QTL using crosses of inbred or outbred lines 

of animal or plant populations (Haley et al., 1994; Zeng, 1994; Lynch and Walsh, 1998). 

However, these methods are less suitable for QTL mapping in large complex pedigrees 

of animals because they are designed for analysis of relatively simple pedigrees or single 

unrelated families, and consequently do not fully exploit the information of the range of 

pedigree relationships. The mapping panel used in this study presents a probably 

unprecedented level of complexity for a QTL genome scan. Furthermore, in common 

with many long term studies of natural populations, missing information is present in the 



Soay sheep pedigree, genotype and phenotype files. All of the 882 pedigree members 

were related to each other, although they belonged to several different half-sib families 

and spanned up to seven generations including many inbreeding loops (175 loops 

detected by Loki). Such a level of complexity may not be unusual in natural populations 

although similar studies of QTL mapping are still rare (Slate et al., 2002; Slate, 2005). The 

variance components method chosen to perform the genome scans in Soay sheep was 

originally designed for the analysis of complex traits in human datasets A1masy and 

Blangero, 1998; Williams and Blangero, 1999), where missing and unbalanced data are 

also common, but pedigree files are much simpler than in the Soay sheep. Following 

George et al. (2000), we performed a two-step variance components analysis where the 

first step involved the estimation of IBD matrices using an MCMC procedure. The 

MCMC sampling method allowed the handling of the entire pedigree in order to exploit 

the genetic relationship between all the possible pairs of individuals. The second step 

combined the phenotypic, pedigree and IBD information in a REML framework which 

is relatively robust to deviations from assumptions such as missing or unbalanced data 

and departure from normality. 

Neonatal Traits - Using the full Soay sheep pedigree, Wilson et al. (2005a) found 

that in Soay sheep birth date and birth weight are determined more by the maternal 

performance (maternal effect) than by the offspring. Consistent with this observation, in 

the mapping panel we found a heritability of 0.07 and 0.28 as a trait of the lamb and trait 

of the mother, respectively (Table 3.1). Likewise, we found a heritability of 0.16 and 0.27 

for birth weight as a trait of the lamb and trait of the mother, respectively (Table 3.1). 

Therefore, we scanned the genome to detect QTL affecting birth weight and birth date 

as a trait of both the lamb and the mother. We found a suggestive linkage (LOD 2.70) 

for birth date as a trait of the lamb on chromosome 2 and a suggestive linkage (LOD 



2.54) for birth weight as a trait of the lamb on chromosome 8. A previous study in a 

commercial sheep breed did not examine birth weight as a trait but identified suggestive 

QTL on chromosome 2, 3 and 18 for weight at eight weeks of age (Walling et al., 2004), 

but these results had limited significance and could not be replicated (Johnson et al., 

2005). In cattle, suggestive QTL for birth weight have been detected on chromosome 21 

and 26 (Casas et al., 2003; Casas et al., 2004) which are homologous to chromosome 4 

and 18, respectively, in sheep. At the moment, we are not aware of published genome 

scans performed to identify QTL for birth date in sheep or cattle. 

The scans for birth date and birth weight as traits of the mother did not produce 

any particular evidence for QTL, the highest LOD score being 1.16 and 1.63 respectively. 

This is perhaps a reflection of the fact that the power of analysis was reduced by the 

small number of genotyped mothers (n= 136 for birth date, n133 for birth weight) 

compared with genotyped offspring (n= 526 for birth date, n= 507 for birth weight; 

Table 3.1). To the best of our knowledge, no previous studies have been undertaken to 

detect QTL affecting birth date or birth weight as traits of the mother in sheep. 

Body Size Traits - The phenotypic datasets for foreleg, hindleg length and body 

weight were initially analyzed including animals of all ages and then re-analyzed to 

include only lambs or only adults. This strategy was pursued to define traits with a higher 

proportion of genetic variance, although it also resulted in a reduction of the sample size. 

In the pedigree analyzed in this study, there was no additive genetic variation for either 

leg length measure or body weight in lambs, whereas adults had significant heritable 

variation for leg length and body weight. Overall, this trend suggests that the same trait 

has different sources of additive genetic or environmental variation at different ontogemc 

stages. Body size, for example, was more strongly affected by the permanent 



environmental effect in lambs than in adults, especially with respect to hindleg length 

(hindleg length c2  0.77 in lambs, c2= 0.38 in adults, c2= 0.47 in all ages combined; Table 

3.1). This pattern of change m variance components over life histories has been more 

thoroughly, investigated by Wilson et al (in prep) using random regression on the full 

Soay sheep dataset, who also found little additive genetic variance (either direct or 

maternal genetic) in weight and hindleg length in lambs captured at four months of age. 

In general, the linear traits (leg lengths, metacarpal and jaw length) had high values 

of h2  and low values of CV, whereas body weight had lower h2  but higher CV1  (Table 

3.1). To make a specific comparison, although the heritability of adult hindleg length was 

found to be more than twice that of adult body weight, the coefficient of variation was 

higher for body weight than for hindleg length (CVA  2.80 vs. 6.57). With respect to the 

permanent environmental effect, V had a similar value in both traits in terms of the 

proportion of total variation explained (c2  0.38 hindleg length vs. 0.40 body weight). 

However, the coefficient of variation of V for body weight was more than three times 

that of hindleg length (CV 2.55 vs. 8.63). This trend confirms the intuition that body 

weight is composed of several underlying traits which confer a higher overall genetic 

contribution to the trait, but also a higher residual variation which in turn results in a 

lower ratio VA/VI,  (i.e. heritability). 

Genome scans were conducted on all body size traits except in lamb data sets 

(animals of age up to nine months) due to the absence of heritable variation (see above). 

No QTL exceeding statistical thresholds for significance were detected for foreleg length 

or metacarpal length. In adults, the most significant result for hindleg length was 

identified on chromosome 15 (LOD 2.89 Table 3.3). Unfortunately, the scan 

performed by Walling et al. (2004) in commercial sheep did not include chromosome 15 



so that it is not possible to compare the results. Hindleg length in all ages combined 

produced the highest LOD score on chromosome 20 (LOD 1.69, Table 3.3) where 

putative QTL for fat depth have been recorded (Walling et al., 2004). The same region 

harbours the MHC, a gene complex involved in the immune  response and affecting 

parasite resistance in Soay sheep (Paterson et al., 1998). At this stage, the statistical 

significance of the result does not allow in depth speculation, but further research in this 

direction may uncover a relationship between the parasite resistance conferred by the 

MHC region and body size. The two highest LOD score peaks identified for body weight 

were located on chromosome 2 CLOD 1.55, animals of all ages) and 6 (LOD= 1.50, 

adults, Table 3.3). The peak on chromosome 6 corresponds to the region identified by 

Walling et al. (2004) for muscle depth. The genome scan for jaw length produced a 

genome wide significant QTL with LOD score of 3.59. This trait represents a 

component of body size and, as such, is probably under selection (Milner et al., 1999). As 

far as we are aware, no other studies of this trait have been conducted in ruminants. 

Improved modelling of traits for which multiple measures are available at different 

ages, such as body size, could be achieved by applying a random regression analysis in 

order to allow for the change of the genetic effect over time (Macgregor et al., 2005). We 

pursued this strategy by fitting in the variance component model the first degree 

polynomial of the QTL effect. Although the random regression model was no better 

than the model with constant QTL effect (results not shown), this does not preclude the 

possibility that better modelling of longitudinal traits may improve the performance of 

the analysis. 

Effect Sizes - Although we report estimated effect sizes in Table 3.3 in order to 

provide a comparison with similar studies these estimates are inevitably inflated. In fact, 



the estimation of the QTL heritability and effect from a genome scan aimed at mapping 

is upwardly biased and probably unrealistic, especially when the QTL has weak effect 

(Goring  et al., 2001). This is because the maximum likelihood procedure provides the 

highest statistical evidence of linkage (LOD score) where the parameters (QTL effect) 

are maximized. Therefore, independent datasets should be analysed if both QTL position 

and effect are desired (Goring et al., 2001). Furthermore, in the case of studies focused 

on natural selection, a case can be made that effect sizes should be estimated without 

fitting fixed effects in the analysis, since selection only 'sees' raw variation. 

Future Developments - We have performed one of the first genome wide scans 

in a free-living animal population in order to investigate the genetics of fitness-related 

traits and demonstrated that QTL peaks exceeding threshold criteria can be found. One 

genomic region is likely to carry genes of biological and evolutionary relevance and three 

other regions have suggestive QTL. The key challenge now is to follow up this work to 

confirm the validity of the putative QTL detected. Genotyping of additional markers 

around the putative QTL documented here in the existing pedigree will be conducted in 

order to improve the estimates of the IBD sharing probabilities and hence the resolution 

of the confidence intervals and to confirm or reject the hypothesis of linkage. Secondly, 

an independent set of families genotyped at the putative QTL regions will allow 

confirmation of the presence of QTL and more realistic estimation of QTL effect sizes. 

Previous simulation studies have established that linkage disequilibrium in Soay 

sheep declines rapidly with genetic distance and that the overall linkage disequilibrium 

background is low (McRae et al., 2005). This pattern of linkage disequilibrium should 

allow the fine mapping of QTL through association analysis if the target region can be 

enriched with markers to a resolution equal to or less then 2cM/marker (McRae et al., 
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2005). Such a marker density could be achieved combining microsatellites and SNP 

markers and by typing a larger number of individuals than were used here. We have 

previously managed to fine map Mendelian trait loci by linkage disequilibrium mapping 

(Gratten et al. In press) and similar efforts are underway to fine map quantitative traits. 

Several other long term studies of individuals living in the wild could soon be in a 

position to conduct QTL searches like ours. In many cases large pedigrees have been 

recovered from a mixture of behavioural observations and DNA profiling, sufficient for 

quantitative genetic analysis (Kruuk, 2004). In addition the number of markers available 

to create genetic maps in non-model organisms is also steadily rising (e.g. Hansson et al., 

2005) and thanks to the agricultural and human genetics research effort, the statistical 

challenge of searching for QTL within complex unmanaged pedigrees can be met. Here, 

we have presented our results as fully as possible, including all null results, in order to 

provide comparison for future studies. 
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4.1. 	Abstract 

A genome wide scan was performed to detect quantitative trait loci (QTL) for 

resistance to gastrointestinal parasites and ectoparasitic keds segregating in the free-living 

Soay sheep population on St. Kilda (UK). The mapping panel consisted of a single 

pedigree of 882 individuals of which 588 were genotyped. The Soay linkage map used for 

the scans comprised 251 markers covering the whole genome at average spacing of 15 

cI'vI. The traits here investigated were the strongyle faecal egg count (FEC), the coccidia 

faecal oocyst count (FOC), and a count of keds Me1ophagus ovinus. QTL mapping was 

performed by means of variance component analysis so that the genetic parameters of 

the study traits were also estimated and compared with previous studies in Soay and 

domestic sheep. Strongyle FEC and coccidia FOG showed moderate heritability (h2  

0.26 and 0.22 respectively) in lambs, but low heritability in adults (h2<0.10). Ked count 

appeared to have very low h2  in both lambs and adults. Genome scans were performed 

for the traits with moderate heritability, and two genomic regions reached the level of 

suggestive linkage for coccidia FOG in lambs (LOD 2.68 and 2.21 on chromosome 3 

and X, respectively). This is the first study to report a QTL search for parasite resistance 

in a free-living animal population and therefore may represent a useful reference for 

similar studies aimed at understanding the genetics of host parasite co-evolution in the 

wild. 

Kgword,r QTL mapping; Soay sheep; Nematode; Variance components; Natural 

population 
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4.2. Introduction 

The antagonism between host and parasite is thought to be a major force in 

ecology and evolution due to its potential to generate and maintain genetic variation. 

Parasites are often characterized by high potential for diversification due to their high 

speed of speciation (Dykhuizen, 1998), whereas the hosts they colonize constitutes a 

rapidly changing environment (Huyse et al., 2005). As a consequence, the host-parasite 

relationship generates continuously evolving host and parasite lineages (Nadler, 1995). In 

principle, this continuous battle can maintain genetic diversity in the antagonistic 

populations provided that a specificity between host and parasite genotypes is present 

(Haldane, 1949). Parasite resistance is likely to be controlled by several loci and therefore 

it may receive a strong mutational input which generates genetic variation (Houle et al., 

1996). Host-parasite co-evolution may maintain genetic variation if the additive genetic 

value of a host genotype changes when parasites evolve as a response to the selection 

induced by the host (Haldane, 1949). Antagonistic pleiotropy may result in maintenance 

of genetic variation if the same genotype is positively selected for one fitness-related trait 

but negatively selected for another fitness-related trait (Roff and Mousseau, 1987). In the 

case of parasite resistance, this last hypothesis can occur since it has been found that 

sheep that are genetically resistant to intercellular infections may be more susceptible to 

infection from intracellular pathogens (Gill et al., 2000). 

In sheep and other domestic ruminants, gastrointestinal nematodes are one of the 

most important classes of parasite. Since parasitic nematodes cause a loss of production 

in domestic sheep, intensive treatments based on antheirninthic drugs have been applied 

to control their infections. However, this practice is resulting in the widespread evolution 

of nematode strains tolerant to the drugs (Prichard, 1994; Kaplan, 2004). Intensive effort, 

therefore, has been invested in understanding, and exploiting through breeding 
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programs, the genetic basis of parasite resistance and host-parasite co-evolution (Kaplan, 

2004). Parasite resistance is complex in nature having polygenic and environmental 

components (Stear et al., 1997; Bishop and Stear, 2003). Resistance to infection by 

gastrointestinal nematodes has moderate heritability in domestic sheep ranging from 0.13 

(McEwan et al., 1992) to 0.53 (Baker et al., 1991) and resistant or susceptible lines have 

been selected in various countries (Dominik, 2005). 

It would be of great interest, and have applied benefits, to know whether the 

documented genetic variation for parasite resistance is conferred by a few genes of major 

effect or due to a large number of genes of small effect. One strategy to dissect and 

understand the genetics of the host response to parasite infection is to locate the regions 

harbouring the genes responsible for the variation on a genetic map. Quantitative trait 

loci (QTL) mapping can help to identify candidate genomic regions and estimate their 

relative contribution to trait variation. To this end, different linkage mapping projects 

have been undertaken to find QTL for parasite resistance Dominik, 2005). A genome 

scan was performed by Beh et al. (2000) using lines of sheep diverging for parasite 

resistance. Different regions were detected as likely to carry genes for resistance although 

no region was statistically significant after correcting for multiple tests. Davies et al. 

(2006) genotyped naturally infected lambs to scanned regions previously identified as 

candidates for either genes for resistance or genes for other economical traits could be 

replicated in their independent dataset. Evidence of linkage was found on chromosome 

2, 13, 14 and 20. Recently, a genome scan performed by Crawford et al. (2006) (Crawford 

et al., 2006) using divergent lines and naturally infected animals detected a significant 

QTL on chromosome 8. In general, such selected populations have the advantage of 

high quality pedigrees and phenotypic data in terms of sample size and accuracy. In order 

to increase the power of analysis, the populations used for mapping purposes are usually 
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grown under controlled and uniform conditions designed to maximize the genetic 

contribution to the phenotype (Lymbery, 1996; Lynch and Walsh, 1998). Such 

experimental designs, however, may fail to capture those interactions between genes and 

environment that occur in natural populations (Erickson et al., 2004; Slate, 2005) and that 

could contribute to host parasite co-evolution and host population dynamics (Gulland 

and Fox, 1992; Gulland et al., 1993; Hudson et al., 1998). 

From an evolutionary perspective, it is of interest to know whether major genes for 

parasite resistance explain observed variation in natural populations in situ. Perhaps such 

genes can only be detected under highly controlled environmental conditions when 

genetic variation and statistical power are maximised. In free-living populations, 

environmental noise and interactions between genetic variation and environmental 

variation may mask the effects of individual genes (Lynch and Walsh, 1998). In this paper 

we present a QTL analysis of parasite resistance in a free-living sheep population. 

The free-living Soay sheep population on Hirta, St. Kilda UK, is the subject of a 

long term project aimed at addressing a wide range of ecological and evolutionary issues 

(extensively documented in Clutton-Brock and Pemberton, 2004) including the genetics 

and evolution of parasite resistance in the wild. The population dynamics of Soay sheep 

are characterized by periodic fluctuations in the number of individuals: the population 

size increases until the density of animals exceeds the winter carrying capacity and, as a 

result, a large proportion of individuals die in the following winter due mainly to 

starvation. High mortality is exacerbated by heavier burdens of nematodes which reduce 

the over-winter  survival of infected host (Gulland et al., 1993; Wilson et al., 2004). The 

Soay sheep is naturally parasitized by several gastrointestinal nematode species (Wilson et 

al., 2004; Wimmer et al., 2004; Craig et al., 2006b), the most prevalent and abundant 

being strongyles (of which the predominant species are Te/adorsagia circumcincta, 

96 



Trichosfronyius axei, Trichostrongylus intrinus; see Craig Ct al. 2006). Different species of 

protozoans also infect the intestinal tract of Soay sheep; these belong mainly to the genus 

Eimerth but Ciyptoiporidium parvum and Giardia duodenalis also occur (Wilson et al., 2004; 

Craig et al., 2006a). It has been found that the overall burden of nematodes decreases and 

the relative abundance of different species changes with the age of the host (Craig et al., 

2006b). The prevalence, intensity and diversity of protozoan species also tends to 

decrease with host age (Craig et al., 2006a). Keds Meiophagus ovinus also parasitize the 

Soay sheep living in the wool and feeding on blood, causing anaemia and irritation. 

The evolution of parasite resistance in Soay sheep has previously been addressed 

using two different population genetics strategies, the first being a quantitative genetics 

approach. Parasite resistance, measured as strongyle faecal egg count (FEC), is under 

directional selection (Coltman et al. 1999). In addition, there is a positive genetic 

correlation between body traits and resistance to strongyles (Coltman et al., 2001a) so 

that resistant sheep also experience better growth. Because body size and parasite 

resistance are under directional selection, it is expected that in this population the allelic 

variants associated with small body size and/or low parasite resistance will be eliminated 

by selection, and additive genetic (heritable) variation will be reduced to near zero 

(Fisher, 1958; Endler, 1986). However, parasite resistance in Soay sheep has low but not 

null heritable variation, previous population-wide estimates based on an animal model 

found a heritability for FEC in summer of 0.11 ± 0.02 in males and 0.13 ± 0.01 in 

females (Coltman et al., 2001a). 

In a second approach, previous studies in Soay sheep have examined a number of 

candidate loci for parasite resistance in simple association studies. An allele of the 

interferon gamma gene (IFNG) on chromosome 3 was found to be associated with 

reduced strongyle FEC in four and 16 month old sheep (Coltman et al., 2001b) and with 
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increased antibody specific to Te/adorsagia circumcincta in lambs. Paterson et al. found that 

some alleles at the major bistocompatibility complex (MHC) region on chromosome 20 

are associated with low survivorship and high levels of strongyle FEC or vice versa 

(Paterson, 1998; Paterson et al., 1998), although the FEC association was only apparent 

as an interaction with body weight. These observations were consistent with the theory 

that MHC variation is maintained by frequency-dependent selection (Paterson, 1998; 

Paterson et al., 1998). Finally, the three genotypes of the allozyme adenosine deaniinase 

(ADA), an enzyme involved in purine metabolism and immune function, appear to be 

associated with over winter mortality and nematode burdens (Gulland et al., 1993). 

Genetic variation at the ADA locus seems to be maintained by the phenomenon of 

overdominance (heterozygote advantage) since the heterozygote individuals appear to 

experience less parasitic infection than the two homozygote genotypes (Gulland et al., 

1993). It is of great interested to know whether these association studies can be 

supported in a more rigorous QTL search. 

Here, we make use of a previously established mapping pedigree and linkage map 

(Chapter 2 and 3) and phenotypic data for three classes of parasites (gastrointestinal 

nematodes cocciclia and keds), to ask (1) whether we can detect heritable variation for 

resistance (2) whether we can detect QTL for resistance and (3) whether any QTL found 

coincide with previous domestic sheep or Soay sheep studies. 

4.3. Materials and Methods 

Study population - The Soay sheep on the islands of Soay and Hirta (St. Kilda 

archipelago, North West Scotland, UK, 57'49' N, 0834W) are feral populations of a 

breed regarded as the most primitive in Europe (Campbell, 1974; Doney et al., 1974); 
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nowadays, the sheep population of Hirta varies between 600 and 2000 individuals. Since 

1985 regular expeditions have been sent to St. Kilda to monitor the population dynamics 

and to record the life histories of individuals living in Village Bay, Hirta (Clutton-Brock 

et al., 2004a). No predators are present on St. Kilda. 

Mapping pedigree and linkage map - The whole Soay sheep pedigree file 

numbers more than 3900 animals. Within this pedigree maternal links were assigned 

through observation of the animals in the field, whereas paternal links were inferred 

through molecular analysis (Overall et al., 2005). From the total pedigree, a panel of 588 

animals was genotyped at 247 microsatellite and four isoenzyme markers. This subset 

comprised all the half-sibships with ten or more individuals and their common parents. 

The ancestors of the genotyped individuals and the animals linking different sibships (n 

294) were not genotyped, but they were included in the mapping pedigree to improve the 

estimates of kinship and the identity by descent (IBD) coefficients in the variance 

component analysis. A more thorough description of the mapping pedigree and selection 

criteria is included in Beraldi et al. (2006). The Soay sheep map covers approximately 

90% of the genome with an average inter-marker spacing of 15 cM. Further details of the 

map characteristics and of the technical procedures can be found in Beraldi et al. (2006). 

Phenotypic dataset and measures of parasitism - Phenotypic records of the 

animals in the mapping pedigree were retrieved from the Soay sheep database. The data 

analysed in this study were collected between 1988 and 2005 from animals born between 

1979 and 2002. 

In the present study, the quantification of sheep resistance to gastrointestinal 

parasites was based on the indirect measures of strongyle faecal egg counts (FEC) and 

coccidia faecal oocyst count (FOC). The direct count of parasites would involve the 
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sacrifice of animals and post-mortem examination: this alternative is not feasible because 

the Soay sheep are protected and the sacrifice of animals would be in conflict with the 

study of the Soay sheep as a free-living population. However, previous work has shown a 

correlation between FEC and burden in island Soay populations (Wilson et al., 2004). 

Strongyle FEC and coccidia FOC was determined as the density of parasite eggs (FEC) 

or oocysts (FOC) per gram (wet weight) of faeces using a modification of the McMaster 

technique (MAFF, 1986). Other distinctive helniinth species (Nernatodirus spp., Monieia 

epansa, Capillaith longipes and Trichuris avis) are routinely classified and quantified in Soays 

but were not abundant enough for analysis. A few individuals that had previously been 

treated with either anthelminthics or hormones for experimental purposes were excluded 

from analysis. The count of keds was the total number of keds observed during a one 

minute search of the wool on the sheep's belly. The raw data (strongyle FEC, cocciclia 

FOC, and ked count) were transformed into the natural logarithm to achieve a 

distribution closer to normality. The genetic and environmental sources of variation of 

parasite resistance are expected to change with the age of the animals and time of the 

year (Bishop et al., 1996; Coltman et al., 2001b). Therefore, only the samples collected in 

the August catch up, when most of the data are collected, were included in the analyses. 

In addition, each parasitic group was analysed separately in lambs (four month old 

animals) and adults (16 month old animals or older). Sample sizes and summary statistics 

for each trait are reported in Table 4.1. 
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Table 4.1. Characteristics and estimated variance components of the study traits. 

Trait 	 Dataset No. 	No. animals Mean VA   CVAC 	
h2 d  (SE) cvc(%) c2 	(SE) 	

VEb CVE' e2  (SE)° 
records 	(genotyped) (SE)- (SE)- (%) (SE)- (%) 

Strongyles 	Lambs 383 	381 (307) 
5. 376 0. 944 

18.08 	
0. 26 

NS 	- - 	
2.626 

30.14 
0.74 

(2.150) (0.472) (0.12) 0.441) (0.12)  

Coccidia 	Lambs 230 	228 (204) 
7. 979 0. 254 

6.32 	
0. 22 

NS 	- - 	
0.915 0.78 

(1.228) (0.254) (0.21) 0.243) (0.21) 

Keds 	 Lambs 376 	374 (310) 
1.221 0.022 0.04 

12.06 NS 	- 
0.563 

61.45 
0.96 

(0.804) (0.054) (0.09) (0 .067) (0.09) 

Strongyles 	Adults 962 	345 (192) 
3. 073 

0 
0.789 28.90 

0.13 	5.479 76.17 
0.87 

(2.749) 
- 	- (0.236) (0.04) 	(0.311) (0.04) 

Coccidia 	Adults 694 	240 (155) 
5.224 0.310 0.06 

10.66 NS 	- 4.890 - 42.33 
0.94 

(2.517) (0.183) ( (0.305) (0.03) 

Keds 	 Adults 1303 	396 (229) 
0.123 0.002 

40.97 - NS 
0.089 - 2. 4250 

0.97 
(0.312) (0.002) 002) ( 	. (0.004) (0.02) 

a  Standard error; b  Additive genetic variance; c  Coefficient of additive genetic variation; d  Heritability; C  Permanent environmental variance; 
Coefficient of permanent environmental variation; g  Permanent environmental effect (ratio between permanent environmental variance and total 
phenotypic variation); h  Residual variance; 'Coefficient of residual variation; 	Residual effect. 
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Definition of fixed effects - Fixed effects influencing the study traits were fitted 

in the variance component models. In order to facilitate comparisons with previous 

studies in Soay sheep, the fixed effects fitted for strongyle FEC were the same as those 

fitted by Coltman et al. (2001b). For consistency, coccidia FOG was also analyzed with 

the same model. A general linear model analysis implemented in Mimtab 14.1 (Minitab 

Inc.) was applied to determine the amount of variation explained by each fixed effect 

(Table 4.2). Sex was fitted with two levels (male or female). Litter size was fitted as a 

three level factor (singleton, twin, or unknown). Birth year and collection year had one 

level for each year to control for differences in environmental conditions (e.g. population 

density) at the time of birth or measurement. Weight and age at collection were fitted as 

covariates with one degree of freedom. 
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Table 4.2. Fixed effects for the study traits fitted in the polygenic and QTL models. The deviance explained (in percentage) and the degrees of 
freedom used by each term (in brackets) are reported. 

Trait Dataset Sex 
Litter 
size 

year Birth Weight 
Collection 

year 
Collection 

age 
Total deviance 
explained (df) 

Strongyles Lambs 4.2(l) 0.3 	2)' - 17.4 (14) 3.5 (1) NF 25.5 (18) 

Coccidia Lambs 0.7 (1) 0 (2)NS - 20.8 (9) 5.6(l) NF 27.4 (13) 

Ked count Lambs 5.8(l) 3.1 (2) - 4.1 (14)NI NF NF 13.0 (17) 

Strongyles Adults 13.2(l) NF NF 4.0(17) 0.4(l) NF 21.2 (22) 

Coccidia Adults 1.4(l) NF NF 13.4 (12) 1.2(l) 2.1 (1) 18.2 (15) 

Ked count Adults NF NF 4.1 (22) 5.8 (16) NF NF 9.9 (38) 

NS: Effect non-significant (p>0.05) but fitted for consistency with previous analyses 

103 



Estimation of variance components - The model under the null hypothesis is a 

polygenic model which assumes that additive genetic variation is from a large number of 

genes with small effects scattered across the genome. Under this model, specific 

chromosomal regions are not expected to explain a significant amount of genetic 

variation. The polygenic model provides the log-likelihood against which to test the 

alternative hypothesis of linkage. In addition, it yields information about the relative 

influence of the different variance components on the total variation. 

Fixed effects can be included to account for known influences on the phenotypic 

mean, while the remaining variance is partitioned among specified random effects (Lynch 

and Walsh 1998; Williams and Blangero 1999). In the simplest case, the random effects 

will include just the additive genetic value such that: 

y = X + Za + e 

Where y is a vector of records on individuals; P is a vector of fixed effects, a is a 

vector of additive genetic effects (or breeding values) estimated on the basis of the 

coefficient of co-ancestry between any pair of individuals in the pedigree; e is a vector of 

residual effects. X and Z are design matrices relating records to the appropriate fixed or 

random effects. The additive genetic relationship matrix created from the pedigree file 

incorporated information from all known and inferred  relatives, of both sexes, correctly 

weighted for relatedness. Where different measurements of the same trait, on the same 

individual, were available at different life stages, the permanent environmental effect 

grouped the repeated measurements to determine the environmental variance between 

individuals that arose from long-term or non-localized conditions. 

Heritability (h2), permanent environment effect (c2), and residual effect (e2) were 

calculated as the ratio of the relative variance component (VA, additive genetic variance; 
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V(7, permanent environmental variance; VE,  residual variance) to total phenotypic 

variance (Vp), i.e. h2  = V1\ /V1,; c2 = VC
/V1 ; C2  = VE /Vp. 

The coefficient of variation, expressed as a percentage, (CV) standardizes the 

variance by the trait mean instead of the total variance, and it is calculated as the ratio of 

the standard deviation (square root of the variance) to the mean times 100. Therefore: 

CV= 100V112 / 

where the subscript i stands for the additive genetic (A), permanent environment 

(C), and residual components (E) and 3 is the trait mean. As the coefficient of variation 

standardizes the variance by the trait mean instead of by the total phenotypic variance, it 

provides an alternative to the heritability to compare the degree of dispersion of the 

measures for traits with different mean values. 

Variance components were estimated by the restricted maximum likelihood 

procedure (Lynch and Walsh 1998) implemented in the software package ASRem1 

(Gilmour et al. 2002). The estimated parameters of the variance components under the 

null hypothesis of no QTL effects are listed in Table 4.1. 

QTL mapping - To map putative segregating QTL, an IBD (identity by descent) 

matrix estimated at any given map position was fitted in the polygenic model described 

above as an additional random effect (George et al. 2000): 

y = X3 + Za + Zq + e 

Where q is a vector of additive QTL effect. As the IBD matrix represents the allele 

sharing probability between any pair of individuals in a specific genomic region, the 

significance of its effect on the study trait is evidence of segregating QTL in the region 
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being tested. IBD sharing statistics were estimated using pedigree relationships, marker 

data, and map distances described above and in Beraldi et al. (2006). For an initial scan, 

IBD matrices and variance components were estimated every 10 cM. Putative QTL 

regions, i.e. those reaching a LOD score of at least 1, were then scanned every 1 cM. The 

IBD sharing analysis was performed by a Markov chain Monte Carlo (MCMC) procedure 

which is based on a stochastic process (gene-drop simulations) and as such does not 

provide an exact result, but allows the handling of very large and complex pedigrees. 

After a burn-in period of 1000 cycles, 100,000 MCMC iterations were performed and 

sample statistics were stored every ten iterations. This process was implemented in the 

program Loki (Heath 1997). The IBD matrices were then inverted and fitted one by one 

in ASReml using a program written by one of the authors (AFM) to automate the 

process of inputting and storing the results. LOD scores were calculated as the difference 

in log-likelihood between QTL and polygenic model according to the equation: 

LOD = (L - L,) / In(10) 

Where L1  is the natural log-likelihood of the QTL model and L the natural log-

likelihood of the polygenic model. 

Genome-wide suggestive and significant thresholds were obtained by solving 

equation I of Lander and Kruglyak (1995) assuming a map length of 33.5 Morgans 

spanning 27 chromosomes. Solutions were 1.9 and 3.3, respectively. The genome-wide 

significance (LOD 3.3) corresponds to the probability of finding a false positive every 

20 genome scans; the suggestive significance (LOD 1.9) corresponds to the probability 

of finding a false positive once per genome scan (Lander and Kruglyak, 1995). Here, all 

the LOD scores exceeding the arbitrary threshold of I are reported. For LOD scores 

above the suggestive threshold, confidence intervals for the presence of a putative QTL 
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were defined by the map range within a one-LOD score drop from the peak value; which 

is equivalent to approximately 95% confidence interval (Lander and Botstein, 1989). 

4.4. Results and Discussion 

Six (non independent) traits reflecting the resistance of Soay sheep to 

gastrointestinal strongyles, coccidia, and keds at ages four months and 16 months or 

older were modelled in order to estimate the genetic and environmental contribution to 

the variation of the traits and, consequently, to detect major genes (QTL) responsible for 

the additive genetic variation. QTL mapping by means of variance component analysis 

requires the estimation of the variance components under the null hypothesis of no 

segregating QTL. This step offers the opportunity to analyse the quantitative genetics 

parameters of the study population and, therefore, it is presented and discussed 

separately from the QTL mapping results. 

Variance component analysis - Results of the variance component analysis 

under the polygemc model are presented in Table 4.1. In lambs, the additive genetic 

component of strongyle FEC and coccidia FOG accounted for a moderately high 

proportion of the phenotypic variation although the estimates were not very precise due 

to the large standard deviations. The heritabilities of strongyle FEC and coccidia FOG in 

lambs were similar, being 0.26 ± 0.12 and 0.22 ± 0.21, respectively. In adults, no genetic 

variation was detected for strongyle FEC and very low heritability was detected for 

coccidia FOG (h2  0.06 ± 0.03). The estimates of heritability reported by Coltman et al. 

(2001a) for strongyles FEC in Soay sheep were between 0.11 and 0.14. The inconsistency 

between Coltman et al.'s results and the present study could be explained by differences 

in the pedigree and data selection. In particular, the estimates of Coltman et al (2001a) 

are based on animals of any age whereas in this study we differentiated between lambs 
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(four months old animals) and adults (animals older than four months). Also, higher 

estimates of heritability in this study may be explained by more reliable inference of 

parentage in this study. The genotyping of more than 200 markers in the genome scan 

allowed the detection of pedigree errors that can downwardly bias the estimate of genetic 

parameters (Charmantier and Reale, 2005). No previous studies in Soay sheep have 

investigated the genetics of coccidia FOC so that it is not possible to make comparisons 

within the study population. With respect to domestic sheep, the estimates of FEC 

heritability in Soay sheep reported here do not particularly differ from farmed or 

experimental populations. However, as the heritability is a property of the population 

and not of the species, care should be taken in comparing Soay and domestic sheep 

because of the differences in life history and environment between a free-living 

population and managed, selected flocks. 

With respect to the coefficients of variation, the CVJ\  of strongyles FEC in lambs 

was about three times the CV1  of coccidia FOC in lambs (18.08 and 6.32 respectively) 

although the heritability of the two traits was similar (0.26 and 0.22 respectively). This 

suggests that there is greater genetic variation responsible for strongyle FEC then for 

coccidia FOC, but also that the phenotypic variation of strongyle FEC is higher then the 

phenotypic variation of coccidia FOC. (By definition the CV, increases with the additive 

genetic variance and is independent of the phenotypic variance, whereas the heritability 

increases with the additive genetic variance but decreases with the phenotypic variance; 

see Materials and Methods). 

The adult datasets of strongyle FEC and coccidia FOC and ked count in both 

lambs and adults showed little or zero heritable variation (Table 4.1). However, the CV,,, 

in adult coccidea FOC (10.66) is higher than the one in lambs (6.32). This suggests that 



the genetic variation in adults is overwhelmed by the environmental variation so that the 

genetic component makes little contribution to phenotype. The same speculation could 

be applied to strongyle FEC and ked count but in this case the fact that the means and 

variances are similar and close to zero make the coefficient of variation difficult to 

interpret due to its mathematical properties. The lack of detectable heritable variation in 

these datasets could be due to limited sample sizes within the mapping population, and 

changing environmental conditions masking the additive genetic contribution to the trait 

variation. 

Variance component QTL mapping - Genome scans were performed for 

strongyle and coccidia FOG in lambs, the two traits with moderate heritability. The LOD 

score profiles for these traits are shown in Figure 4.1, and the characteristics of the LOD 

scores higher than one are listed in Table 4.3. 

Table 4.3. LOD scores higher than I detected for strongyle and coccidia FEC in lambs. 

Trait 	Dataset 	LOD Chr. 
Position 

Flanking markers (cM)a 

Strongyles 	Lambs 	1.58 6 74 BMS360 (4) McM140 (4 

1.49 12 44 CSSM3 (1) MCMA52 (19) 

1.43 1 79 BM6465 (7) CSAP36E (1) 

Coccidia 	Lambs 	2.68b 3 328 CSAP39E (17) CSSME76 (0) 

2.21b X 3 McM158 (3) MAF45 (32) 

1.52 3 127 RM96 (6) BM2818 (14) 

1.13 2 89 CSSM37 (7) FCB128 (3) 

a  In parentheses the distance (cM) of the flanking markers from the QTL peak. 
suggestive linkage (LOD>1.9) 

109 



0.5 

Genome scan - Strongyle FEC and coccidia FOC (lambs) 

10 	12 	14 	16 	18 20 22 24 26 

Chri 	 2 	3 	4 	5 	6 7 	8 9 	II 	13 	15 17 	19 21 	23 25 X 

__________uIIIIuIIIuIIIuIIIIiIII 
_________IIIuuIuI'IuuIIHhIi'I 

I 

__i uuu•uiiuuuirniuniiiiu I iuIIuuuuuIIlIIIuuIIIIIiI I iutrl'l'uuuiuuuirni'u'ii" 

3.5 

3 

2.5  

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 

Cumulative map (Morgan) 

Figure 4.1 - Whole genome scans of sirongyle FEC (dashed line) and coccidia FOC 
(continuous line) in lambs. LOD score values (ordinate) were plotted against genetic 
position (abscissa, Morgan scale). Dotted horizontal lines show the genome-wide 
significance threshold (3.3); dashed lines are the suggestive significance threshold (1.9). 
Vertical lines mark the chromosome boundaries and chromosome names are displayed at 
the top. 

Three LOD scores above 1 but below the suggestive threshold were detected for 

strongyle FEC (Table 4.3). These were located on chromosome 6 (LOD= 1.58), 12 

(LOD 1.49) and 1 (LOD 1.43). Bch et al. (2002) detected a suggestive QTL for 

resistance to Trichostrongylus colubriformis in 20 week-old sheep on chromosome 6 and a 

pointwise significant peak (significant at p<0.05 but unadjusted for multiple tests) for 27 

week old animals. Bch et al. (2002) also identified one region on each of these 

chromosomes reaching the pointwise significance. The scan published by Bch et al. 

(2002) does not report the position of the LOD peaks so that it is not possible to 

determine whether their peaks correspond to those presented here. To the best of our 
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knowledge, no study other then Beh's et al. (2002) detected QTL for parasite resistance 

in the regions reported here. 

The scan for coccidia FOG in lambs produced two LOD scores exceeding the 

suggestive threshold (chromosome 3 with LOD 2.68 and confidence interval of 

approximately 30 cM, and chromosome X with LOD 2.21 and confidence interval of 

approximately 17 cM; Table 4.3 and Figure 4.2), and two LOD scores exceeding the 

value of I (chromosome 3 with LOD 1.52 and chromosome 2 with LOD 1.13; Table 

4.3). The LOD score peak for coccidia FEC in lambs on chromosome X is in the vicinity 

of one of the telomeres. No previous studies have investigated chromosome X for 

parasite resistance QTL or genes. Davies et al. (2006) identified three regions on 

chromosome 3 likely to be linked to different traits related to parasite resistance (IgA 

activity, Nematodfrus FEC in August, and strongyle FEC in October) and one region on 

chromosome 2 linked to Nernatodir,4s FEC in September. Although the confidence 

intervals of the present study and of the Davies's et al. (2006) overlap, the statistical 

significance of the results and the differences in the two approaches make it difficult at 

this stage to understand whether the two studies identified the same regions. Other 

studies in domestic sheep did not identified QTL in the regions detected here. 
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Figure 4.2 - Detailed map positions of the suggestive QTL peaks identified by the 
genome scan for coccidia FOG in lambs. The abscissas represent the chromosome maps 
(centimorgan scale). Vertical lines define the 1-LOD drop confidence intervals. Triangles 
on top of the graphs show the marker positions. 

Candidate regions identified in previous association studies in Soay sheep did not 

produce any relevant evidence of linkage in these genome scans. It is known that the 

interferon gamma (IFNG) region on chromosome 3 is related to strongyle parasite 

resistance in domestic sheep (Paterson et al., 1999) and Soay lambs (Coltman et al., 
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2001b). The IFNG region, located at approximately 244 cM on the Soay map, did not 

produce any particular evidence of linkage and it is outside the confidence interval of the 

suggestive QTL identified for cocciclia FOG. The effect of IFNG on strongyle FEC in 

Soay sheep was estimated by Coltman et al. 2001b) in a dataset larger than the one here 

analyzed and using general linear model in which the two alleles of a microsatellite in the 

IFNG gene were fitted as a fixed factor (Coltman et al., 2001b). The association between 

FEC and microsatellite alleles was significant at p= 0.047 but the variation explained by 

the microsatellite was very low (0.5% of the total deviance). Consequently, it is not 

surprising that no QTL was detected in this region considering the differences in datasets 

and methods of analysis. Similarly, the ADA locus, mapped to chromosome 13 (Beraldi 

et al., 2006), and the MHC region on chromosome 20 did not produce any evidence of 

linkage. As for IFNG, the association between the MHC region and strongyle FEC was 

detected using a larger dataset with a generalized linear model. Failure to detect linkage 

could be due to insufficient power of the current sample size or lack of informative 

markers in the target regions although good marker coverage was achieved in the 

putative regions (Beraldi et al. 2006). However, association studies are prone to produce 

false positive results because of, for example, population structure (Cardon and Bell, 

2001). Population stratification occurs if the sample consists of a number of divergent 

populations which differ in both candidate-locus frequencies and phenotypic frequency. 

In this case, an association can be detected in the absence of linkage. It should be noted 

in this respect that, despite its small size, the Soay sheep population is structured into at 

least three sub-units genetically and spatially differentiated (Coltman et al., 2003; 

Charbonnel and Pemberton, 2005). 

Conclusions and future developments - This paper describes a genome scan in 

the free-living Soay sheep to detect QTL associated with resistance to different kinds of 
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parasites, here measured as strongyle and coccidia FOC and ked count, through variance 

component analysis. This is one of the first genome-wide scans for parasite resistance 

performed in sheep and the first which makes use of a free-living population. Future 

projects aimed at undertaking the same approach may find the methods and findings of 

this study to be a useful reference; for this reason, results that are liable to be false 

positives have been presented. Overall, the methods and data described here show that 

FEC of strongyle and coccidia have moderate heritability in lambs and lower or 

undetectable heritability in adults. Two genomic regions reached the suggestive linkage 

threshold which could be confirmed or rejected by the genotyping of additional markers 

mapping in the target region or by analysing more families. 

The power of analysis of the presented study is probably not high enough to detect 

genes with small effect. Parasite resistance measured as FEC or FOC is the result of a 

large number of physiological pathways that from the original infection lead to the egg or 

oocyst count. The target phenotype is therefore a composite of different traits with a 

strong environmental component. The use of more specific measures of parasite 

resistance, for example the egg count of individual parasitic species, should make the 

analysis more powerful as it would focus on a phenotype which would be less affected by 

the environmental conditions. The identification of single species of nematodes has been 

initiated by Wimmer et al (2004) using analysis of molecular genetic variation. In order to 

reduce the statistical noise due to the environment it would be advisable to collect as 

many measurements as possible in different years on the same individual to detect the 

component of phenotypic variation due to the permanent environmental conditions. 

In the long term, knowledge of the map position of a gene affecting parasite 

resistance can be used to examine selection at, and molecular evolution of, resistance 
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genes. The future statistical and biological models aimed at explaining the maintenance of 

genetic variation in Soay sheep will be improved by accounting for the variability at 

specific genomic regions known to affect the level of parasitic infection. 
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Chapter 5. 

Discussion and future work 

This project describes one of the first developments of a linkage map (Figure 2.3) 

and genome wide scans for QTL in a free-living animal population, thus opening the way 

to the dissection of the genetic architecture of complex traits in the wild. QTL mapping 

gives the possibility to investigate the nature of additive genetic variation (Lynch and 

Walsh 1998) and its maintenance under selection (Fisher 1958, Charlesworth 1987, 

Barton and Turelli 1989) in order to resolve whether major genes affect the genetic 

variation of a trait (Mitchell-Olds 1995). 

Synthesis of results - A linkage map was constructed by genotyping 247 

niicrosateffite and four allozyme markers on a multigcnerational pedigree comprising 588 

individuals (Chapter 2). Approximately 90%  of the sheep genorne was covered ('3350 

cM) with an average inter-marker spacing of 15 cM (Figure 2.3 and Table 2.2). Three 

discrete traits of evolutionary importance (coat colour, coat pattern, and horn type) were 

mapped via linkage analysis (Figures 2.4 and 2.5). The Coat colour locus mapped to 

chromosome 2; Coat pattern mapped to chromosome 13, close to the candidate locus 

A<gouti. Finally, Horn tjvpe  mapped to chromosome 10, a location similar to that previously 

identified in domestic sheep (Montgomery et al., 1996). These findings represent an 

advance in the dissection of genetic diversity in the wild and provide the foundation for 

the subsequent QTL analyses. 

The linkage map and related mapping panel were used to detect QTL responsible 

for a variety of morphometric and early developmental traits related to the individual 

fitness (Chapter 3). The study traits included birth date and weight, considered both as 

116 



maternal and offspring  traits, fore and hind leg length, body weight, jaw length, and 

metacarpal length (Table 3.1). Genetic and environmental components of phenotypic 

variance were estimated for each trait (Table 3.1) and, for those traits showing non-zero 

heritability, a QTL search was conducted by variance component analysis (Figure 3.1 and 

Table 3.3). Support for a QTL at genome-wide significance (LOD> 3.3) was found on 

chromosome 11 for jaw length; suggestive QTL (LOD> 1.9) were found on 

chromosomes 2 (for birth date as a trait of the lamb), 8 (birth weight as a trait of the 

lamb) and 15 (adult hindleg length) (Table 3.3 and Figure 3.3). 

An approach similar to the one applied for the morphometric traits was used to 

detect QTL affecting resistance to gastrointestinal parasites and ectoparasitic keds 

(Me/ophagus ovinus (Chapter 4). The traits here investigated were the strongyle faecal egg 

count, the coccidia oocyst count, and the count of keds (Table 4.1). Two genomic 

regions reached the level of suggestive linkage for coccidia oocyst count in lambs 

(chromosome 3 and X, respectively; Figures 4.1 and 4.2, Table 4.3). 

Prospects to the understanding of genetic variation in the wild - How can the 

results presented here help in understanding natural genetic variation? Coat colour and 

horn type are traits under selection in Soay sheep, since dark sheep are heavier then light 

ones and are positively selected during some high mortality winters (see Discussion in 

Chapter 2 for references and more information). No convincing hypothesis has been 

provided so far to explain how selection on coat colour operates and how the light 

colour morph is maintained in the population. The mapping of the Coat co/our locus 

offers the prospect of understanding these issues much betterin future. Hypotheses and 

future work to explain the difference m survival will take advantage of the map position 

and molecular characterization of the Coat co/our gene. For example, selection on coat 

colour can now be analyzed separately for homozygote and heterozygote dark sheep to 
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determine whether heterozygotes are fitter. Also, an analysis of LID surrounding the Coat 

co/our locus could provide information about the origin and evolutionary consequences of 

coat colour variation. Although the mapping of Coat pattern was successful, limited 

insights can be gained from this locus in terms of understanding natural genetic variation 

since at the moment no selection acting on this locus has been detected. 

The 14orn type locus was mapped but additional work is required to refine the map 

position of the responsible gene(s). In Soay sheep, as well as in other ruminants, horn 

type is involved in mate choice. Previous analyses of Soay sheep have suggested that 

normal-horned males and scurred females have highest annual breeding success (Clutton-

Brock et al., 1997; Stevenson et al., 2004), but that in winters characterized by high 

mortality, the scurrcd phenotype is generally favoured in both sexes (Moorcroft et al., 

1996). Exactly how these forces maintain variation in the population is the subject of 

current research and would clearly be helped by being able to distinguish individuals by 

genotype rather than phenotype. It should be noted, however, that traits encoded by 

single genes make it difficult to generalize the findings to complex traits responsible of 

microevolutionary changes. 

In order to better understand natural genetic variation, traits related to fitness and 

presenting continuous phenotypic distributions were investigated by variance component 

QTL mapping. The traits investigated (measures of early development, body size, and 

parasite resistance) are quantitative and, in contrast to the simple Mendelian traits 

described above, are probably more responsible for microevolutionary change. Most of 

the traits analyzed here have documented relationships with total fitness (see 

Introductions to Chapter 3 and 4). In general, the linear traits (leg lengths, metacarpal 

and jaw length) had high values of h2  and low values of CV,, whereas the body weight 

traits had lower h2  but higher CV, (Table 3.1). For example, although the heritability of 



adult hindleg length was found to be more than twice that of adult body weight, the 

coefficient of variation was higher for body weight than for hindleg length (CV 6.57 

vs. 2.80). This trend confirms the intuition that body weight is composed of several 

underlying traits which confer a higher overall genetic contribution to the trait, but also a 

higher residual variation which in turn results in a lower ratio V,,/V,, (i.e. heritability). 

With respect to the measures of parasite resistance, in lambs the additive genetic 

component of strongyle FEC and coccidia FOG accounted for a moderately high 

proportion of the phenotypic variation (Table 4.1) and their heritabilities in lambs were 

similar (0.26 ± 0.12 and 0.22 ± 0.21, respectively). In adults, no genetic variation was 

detected for strongyle FEC and very low heritability was detected for coccidia FOG. 

Compared to domestic sheep, the estimates of FEC heritability in Soay sheep reported 

here are similar to those from farmed or experimental populations. With respect to the 

coefficients of variation, the CVA  of strongyle FEC in lambs was about three times the 

CV,\  of coccidia FOG in lambs (18.08 and 6.32 respectively) although the heritability of 

the two traits was similar (0.26 and 0.22 respectively). This suggests that there is greater 

genetic variation responsible for strongyle FEC then for coccidia FOG, but also that the 

phenotypic variation of strongyle FEC is higher than the phenotypic variation of coccidia 

FOC. 

In Tables 3.3 and 4.3 we report estimated effect sires in order to provide a 

comparison with similar studies; however, it should be noted that these estimates are 

inevitably inflated.  In fact, the estimation of the QTL heritability and effect from a 

genome wide scan aimed at mapping is upwardly biased and probably unrealistic, 

especially when the QTL has weak effect (Goring et al., 2001). This is because the 

maximum likelihood procedure provides the highest statistical evidence of linkage (LOD 

119 



score) where the parameters (QTL effect) are maximized. Therefore, independent 

datasets should be analysed if both QTL position and effect are desired (Goring  et al., 

2001). No attempt has been made in this thesis to quantify the pressure of selection on 

the candidate QTL. Also, no higher order analyses such as multivariate or random 

regression analysis, which could investigate the change in additive genetic variance with 

the life stage of the animals, were performed. Currently, the significance of the results 

was too low to test more complex models. 

Limitations of the project - Overall, the results presented here constitute a 

starting point to understanding the nature of quantitative genetic variation in Soay sheep, 

and ideally in other wild populations. However, more work is required before this task 

can be accomplished successfully and some limits to the project should be noted. The 

candidate QTL need to be confirmed and refined (see below) and, at the moment, the 

possibility that these QTL are false positives cannot be rejected. In addition, the mapping 

panel used in this study may not be representative of the Soay sheep population since, to 

increase the power of QTL detection, it was selected to include the largest families. 

Therefore, the consistency of the findings in a larger, random sample of pedigrees of the 

Soay sheep population should, ideally, be demonstrated. QTL mapping typically requires 

large sample sizes and good data quality (Flint and Mott 2001). A large dataset is 

particularly required for traits with low heritability and high year to year variation (e.g. 

body sire or parasite resistance. Furthermore, traits with high evolutionary importance 

(e.g. body weight, survival, number of offspring) are expected to show a low heritability. 

In choosing a target trait, therefore, a trade-off has to be made between maximizing 

power of analysis and evolutionary interest. Because of the time period over which the 

data were collected, most of the animals belonging to the mapping pedigree are now 

dead and, for any living animal, there is no guarantee that an individual can be re- 
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captured and confidently tracked from one year to another. These limits will reduce the 

capability to detect effects of interest like the genotype by environment interaction or the 

variation of a trait across different ontogenetic stages. QTL mapping in natural 

populations is becoming more widespread and these limits will be probably shared by 

most studies (Slate 2005). Therefore, it is foreseeable that the methods applied and the 

shortcomings encountered here will provide a guideline for future similar projects. 

Future developments - With respect to the discrete traits, follow-up studies on 

the Coat colour locus have identified the responsible gene (TYRPI) and the putative causal 

mutation (Gratten et al. In press). The Horn type region will be further examined to refine 

the map position of the target locus and to identify putative responsible genes. In 

addition, extensive linkage disequilibrium surrounds the Coat colour locus (our 

unpublished results). Understanding the origin and pattern of this linkage disequilibrium 

and its relationship with Coat colour could reveal insights into events of selection and/or 

population introgression occurring in this region. In general, the Soay linkage map can 

provide a backbone to investigate patterns of linkage disequilibrium on a larger scale in 

the genome. 

A number of different strategies can lead to the improvement of the QTL analyses 

to confirm or refine the results here shown. The genotyping of additional markers in the 

critical regions will provide a denser marker map. This, in turn, will give more accurate 

estimates of the IBD coefficients to generate more reliable tests for the presence of a 

QTL. This strategy will be particularly advantageous when the markers in target regions 

are sparse or have low information content. Additional families can also be typed to 

increase the sample size. The choice of the families will be based on their number of 

offspring as larger families provide higher statistical power. The genotyping of an 
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independent dataset could also provide a better estimate of the QTL effect without the 

inflation induced by the mapping procedure (Goring  et al., 2001). Alternatively, families 

could be chosen from the tails of the breeding value distribution for the study trait(s) in 

order to contrast marker genotypes (IBD) from individuals with presumably discordant 

QTL genotypes. With respect to the statistical procedure, the power and accuracy of 

QTL detection can be increased by analysing different traits simultaneously and/or by 

making use of a combination of linkage and linkage disequilibrium (Meuwissen and 

Goddard, 2004; Hernandez-Sanchez et al., 2006). The simultaneous analysis of different 

traits is based on the assumption that a QTL has a pleiotropic effect on the traits 

included so that information from different datasets can be combined to achieve higher 

accuracy of analysis. This approach, however, will only be effective when the genetic 

correlation between traits is high. In addition, the number of parameters to be estimated 

increases rapidly with the number of traits studied so that the method could be inefficient 

in small datasets. In a variance component framework, linkage disequilibrium can be 

modelled by allowing the founder QTL alleles to be related. IBD coefficients between 

founder QTL will be estimated using the haplotypes from surrounding markers. Linkage 

disequilibrium mapping alone, which makes use of historical recombinations, can lead to 

false positive results as linkage disequilibrium can extend over large distances. Linkage 

mapping, however, will not confirm such associations. The combination of linkage and 

linkage disequilibrium is expected to give more robust and accurate estimates of QTL 

positions (Meuwissen and Goddard, 2000, 2001; Meuwissen et al., 2002; Meuwissen and 

Goddard, 2004). 

Once a QTL has been confirmed, its biological relevance and role can be formally 

tested in the same variance components procedure. By means of random regression 

analysis (Macgregor et al., 2005), interactions between QTL and environment or between 
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QTL and age can be investigated to detect when and how a QTL is expressed. In 

addition, the breeding values associated with a QTL could be monitored across 

generations to detect selection acting on the target regions. Although the size of the 

dataset may become a limiting factor, these approaches may be worth pursuing as they 

would offer an unprecedented description of the relationship between genetics and 

environment. 

In the long term, alternative strategies may prove to be more effective than linkage 

mapping to locate and identify the genomic regions responsible for a trait of interest. 

Technical advances in SNP genotyping and genome sequencing may allow relatively 

inexpensive screening of many markers (in the range of hundreds of thousands) scattered 

across the genome and the sequence analysis of virtually any gene. In this scenario 

linkage disequilibrium mapping will provide more powerful analysis than linkage 

mapping without the obligatory need for pedigree data. Besides, a very dense SNP map 

may reveal signatures of selection and genome-wide features (e.g. distribution of 

recombination hot-spots) by highlighting patterns of linkage disequilibrium and genetic 

variation without the need for phenotypic data. Genome sequencing projects are 

underway in sheep (http://www.hvestockgcnorru'cs.csiro.au/sheep.shtml) and cattle 

(http://www.hgsc.bcm.tmc.edu/projects/bovine/). These resources will help in 

identifying candidate genes responsible for traits of interest and will facilitate comparative 

mapping. 

The genetic basis of trait variation does not only include allelic variation but also, 

and possibly more important,  differences in gene expression and epigenetic changes such 

as DNA methylation and chromatin structure. Epigenetic changes are heritable but 

reversible and as such can control gene expression in a stable but flexible way. A 
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thorough screening of these sources of variation will complement the identification of 

QTL regions. The mapping of QTL is a step towards the understanding of quantitative 

genetic variation, but an exhaustive explanation will require a fuller view of the 

mechanisms leading from genotype to phenotype. 
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ABSTRACT 
An understanding of the determinants of trait variation and the selective forces acting on it in natural 

populations would give insights into the process of evolution. The combination of long-term studies of 
individuals living in the wild and better genomic resources for nonmodel organisms makes achieving this 
goal feasible. This article reports the development of it complete linkage map in a pedigree of free-living 
Sony sheep on St. Kilda and Its application to mapping the loci responsible for three morphological 
polynturphisms for which the maintenance of variation demands explanation. The map was derived from 
251 microsatellite and four allozyme markers and covers 3350 cM ('-..90 of the sheep genome) at 
'-..lScM intervals. Marker order was consistent with the published sheep map with the exception of one 
region on chromosome I and one on chromosome 12. Coat color niaps to chromosome 2 where a strong 
candidate gene, tyrosinase-related protein I (TYRP1), has also been niapped. Coat patteis maps to chro-
inosome 13, close to the candidate locus Agouti. Horn Iy/a' maps to chromosome 10, a location similar to 
that previously identified in domestic sheep. These findings represent an advance in the dissection of the 
genetic diversity in the wild and provide the foundation For QTL analyses in the stnrly population. 

AN area of fundamental research in evolutionary 
genetics concerns the closely related issues of 

understanding the determinants of trait variation in 
natural populations and understanding how genetic 
variation for traits is maintained in the face of natural 
selection. The first of these problems is often summa-
rized as the "genetic architecture" question: in general 
we would like to know whether genes of large effect 
commonly segregate in natural populations or whether 
the infinitesimal model, i.e., that most traits are con-
trolled by many genes of small effect, is appropriate—or, 
perhaps more likely, some configuration in between 
(BARTON and KEtGHTLEY 2002; BREM and KRUGLYAK 

2005). Similarly, we would like to know to what extent 
genetic interactions such as dominance, pleiotropy, 
and epistasis contribute to the evolutionary dynamics 
of a population. The second problem was long ago 
identified by FISHER (1958): How is it that genetic 
variation for traits persists when selection is so often 
tlirectional? The answer to this question must lie not 
only in the genetic architecture question, but also in 
the modes of selection and their temporal and spatial 
stability, 

(.ies/nidog author Insiiitiic of Evolutionary Biologi School of 
IStotogical Sciences, University of Edinburgh, West Mains Rd., Edinburgh 
EHtI 31T, UK. E-mail: dario.hemldj@cclac.uk  
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In principle, the arrival of abundant molecular mark-
ers, genetic maps, and whole-genome sequences allows 
its to address both genetic architecture and selection in 
much greater depth than ever before, since the role of 
variation at individual loci can be assessed. Mapping 
trait loci is a starting point for providing information on 
the genetic architecture ofa trait in terms of the number 
of genes involved, relative effect, and mode of expres-
sion (ERictsoN ci (it. 2004; SLATE 2005). In turn, this 
allows study of the relationship between phenotype and 
genotype and inference of the selective forces acting on 
the critical locus. Furthermore, by mapping genes, it is 
possible to test for the presence of gene-by-gene (epistatic) 
and gene-by-environment interactions, which are thought 
to contribute to phenotypic variation in natural and con-
trolled settings (CARLBORG and HALEY 2004; ERICKSON 

2005). In addition, the discovery of the map location of 
genes that influence phenotypic variation means that 
patterns of linkage disequilibrium (LD) and haplotype 
structure can he examined, which may provide insights 
about population history and selection. Unfortunately, 
some of the characteristics that make experimental 
populations so practical for linkage mapping also re-
strict the degree to which findings can be extrapolated 
to natural populations. Usually, geneticists generate 
segregating populations derived from one or a few pair 
of parents, which are often inbred and selected for the 
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extreme phenotypes. In addition, the population is 
raised in a uniform and controlled environment (e.g., a 
greenhouse) where nongenetic sources of phenotypic 
variation are minimized. On the one hand, this strategy 
maximizes the power of analysis; i.e., it increases the 
probability of finding a statistical association between 
marker genotype and phenotypic trait, but on the other 
hand, as the aim of genetic research becomes the un-
derstancling of how selection shapes genomes, the 
findings in experimental crosses are of limited applica-
bility (RoFF and SIMONS 1997; CONNER 2002). In the 
wild, individuals are exposed to environmental and 
genetic forces (e.g., genotype-by-environment interac-
tion, pleiotropv, epistasis, maternal effects), some of 
which are unwittingly or deliberately diminished in ex-
perimental settings and may conceal important effects 
in the wild (KIwYSIANN and MITCHELL-OLDS 2005; 
WILSON ci at. 2005a,h). Although these forces are 
particularly difficult to detect in the wild, their possible 
absence from an experimental design may lead to 
biased conclusions. 

A refined understanding of the process of evolution 
can he expected if the precise loci underlying trait 
variation can he identified and their behavior studied in 
free-living populations. Hence, a recent development is 
the application of genomic analyses to studies of free-
living populations. Techniques for generating large 
numbers of genetic markers (e.g., AFLPs and micro-
satellites) and the availability of markers from related 
model species means that genetic maps and quantitative 
trait locus (QTL) searches in organisms originally stud-
ied in the wild are becoming more common (ERicKsoN 
ci at. 2004; SLATE 2005). To date, most of these studies 
have involved wild plants or animals brought into and 
bred in the laboratory. Although in some cases the 
experimental design makes use of pedigrees generated 
from several lines (ZI-tANc; et at. 2005) and investigates 
fitness-related traits (LAURIE ci al. 2004), such studies do 
not directly address the action of natural selection as the 
study organisms are the product of breeding programs. 
Other projects have been designed to answer specific 
ecological or evolutionary questions and to this end 
have employed individuals drawn from the wild and 
crossed under controlled conditions (HAwTHoRN K and 
VIA 2001; LEXER et al. 2003). The artificial development 
of the mapping populations, however, may generate 
genetic variation that may not occur in the wild 
(EiuctsoN ci at. 2004; SLATE 2005). Given the existence 
of several studies of individually monitored, pedigreed 
individuals living in the wild, an obvious extension of 
these studies is to generate genetic maps and attempt to 
map genes underlying trait variation in nature. To date, 
however, we know of only two such studies pursuing this 
line (excluding studies of humans, where cultural fac-
tors make extension of findings to animal populations 
difficult). in red deer ( Cervus elaplius) living on the 
island of Rum, SLATE et at. (2002) obtained a partial map  

('-.62% genorne coverage) using microsatellite marker 
genotypes and then searched for QTL for a phenotypic 
trait, birth weight, finding three candidate regions for 
further investigation. Second, HANSSON et al. (2005) 
have recently generated a preliminary genetic map 
('-.25% genome coverage) for the great reed warbler 
(Acrocep/iaius arundinaceus) population at Lake Kvismaren, 
Sweden, again using microsatellites. 

In this article, we describe the construction of a re-
latively much more complete genetic map for a free-
living population, the Soay sheep (Ovis aries) living on 
St. Kilda, taking advantage of existing genomic resources 
available for domestic sheep. This population is the 
subject of  long-term, individual-based multidisciplinary 
study, which includes the collection of extensive phe-
notypic, ecological, and genetic information (CLUTTON-
BROCK and PEMBERTON 2004). Soay sheep are highly 
variable in appearance, with two independent poly-
morphisms of coat pigmentation (coat color and coat 
pattern) and polymorphic horns [normal, deformed 
("scurred"), or polled horns]. Selection acting on two 
of these polymorphisms, coat color and horn type, has 
been previously documented (MILNER ci at. 2004). We 
demonstrate the utility of the genetic map by mapping 
the genes underlying these three polymorphic traits, 
setting the scene for better understanding of selection 
on these traits and for future QTL searches in the study 
population. 

MATERIALS AND METHODS 

Mapping population: The Soay sheep on the islands of Soay 
and Hirta (St. Kilda archipelago, northwestern Scotland, UK, 
57°49' N, 08034  W) are feral populations of a breed regarded 
as the most primitive in Europe (CAMPBELl. 1974; DONEY ci (1l. 

1974); today, the sheep population of Hirta varies between 600 
and 2000 individuals. Since 1985 regular expeditions have 
been sent to St. Kilda to monitor the population dynamics and 
to record the entire history of individuals living in Village Bay, 
Hirta (CLUTTON-BROCK el al. 2004a). No predators are present 
on St. Kilda. 

The mapping population analyzed in this study was selected 
from a larger Soay sheep data set comprising >3300 individ-
uals with phenotypic records. In this population, maternity is 
determined by observation, and paternity is inferred through 
molecular analysis (OVERALL el. al. 2005). The mating system is 
polygynous and promiscuous, such that very few full-sibs occur 
in the population. To trade off between power of linkage 
mapping and amount of genotyping work, we selected and 
genotyped half-sibships with 12 or more well-phenotyped 
individuals and their common parent, phis half-sibships with 
at least 10 animals that were related to previously selected 
animals. In addition, we included in the mapping pedigree 
file, but did not genotype, the noncommon parents and the 
ancestors of the half-sib families. Although not genotyped and 
In some cases phenotypically less well characterized, these 
additional individuals link different sibships, which otherwise 
would appear as unrelated. This strategy increases the number 
of infonnative nseioses as missing genotypes and marker 
phases, in some cases, can be inferred from the knowledge 
that different individuals share the same ancestors. In total, 
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Ficuiu 1 .—Soay sheep showing the three traits subjected to 
linkage mapping. (A) Coat color polymorphism: dark (left) 
and light (right) lambs. (B) Coat pattern polymorphism: self 
(left) and wild-type (right) lambs; note lack of contrast in 
color between belly and rest of the body and the intensified 
coat color in the self individual. (C) Horn-type morphs in 
adult males: normal (left) and extreme scurred (right). 

the mapping pedigree numbers 882 animals with 571 paternal 
links and 663 maternal links, of which 588 animals were ge-
notyped (supplemental Figure Si at http://www.genetics.org/ 
supplemental/). 

Polymorphic traits: In Soay sheep the color of the pelage 
is determined by two independently segregating polymor-
phisms, one affecting the color of the coat (hereafter referred 
to as coat color, locus Coat color, Figure IA), and the other 
determining the contrast in color between belly and coat 
(hereafter referred to as coat pattern, locus Coat pattern, Figure 
iB). Coat color can be classified into two distinct phenotypes, 
dark and light, which occur in a ratio of -"3:1. Segregation 
analyses in mainland Soays (D0NEY et al. 1974) and in resolved 
pedigrees on St. Kilda (COLTMAN and PEMBERTON 2004) 
suggest that a single biallelic locus, in which dark is completely 
dominant to light, determines the two classes (see Table 1). 
With respect to coat pattern, Soay sheep with the "wild-type" 
morph have a paler belly and rump than the rest of the coat 
while the "self' morph is characterized by a uniform and more 
intense coat color. The wild and self morphs occur in a ratio of 

20:1. This variation is also determined by a single biallelic  

TABLE 1 

Phenotypic distributions and underlying genotypes of the 
study traits in the genotyped members of the Soay 

mapping pedigree (maximum n = 588) 

Trait (n) 	 Phenotype Genotype Frequency 

Coat color (560) 	Dark 	Dark!- 	0.74 
Light Light/Light 0.26 

Coat pattern (560) 	Wild 	Wi/ti!- 	0.94 
Self 	SeWSeIf 	0.06 

Horn type—females (286) Normal Ho /Ho' 	0.38 
Ho /H0L 

Scurred HOL/HoL 	0.24 
Ho'/Ho" 

Polled HO"/HO 0.38 
HOP/HOL 

Horn type—males (270) 	Normal HoV- 	0.90 
Hay- 

Scurred Ho"/Ho" 	0.10 

locus with wild type completely dominant to self (COLTMAN 
and PEMBERTON 2004). Wild-type sheep have hairs in which 
the dark color is alternated by pale bands, a pattern commonly 
found in wild mammals and usually due to the Agouti locus 
(BENNETT and LAMOREUX 2003). Conversely, in self sheep the 
hairs have no banding pattern (CLUTTON-BROCK et at. 2004b). 

With respect to horn type (locus Horn type), Soay sheep are 
polymorphic for horns in both sexes. Females are classified 
into three horn types: normal (33%), scurred (vestigial and 
deformed, 28%), and polled (hornless, 39%), whereas in 
males only the normal (87%) and scurred (13%) phenotypes 
occur (Figure 1C, Table 1). Although the inheritance of the 
horn phenotype is not completely understood, pedigree data 
on St. Kilda are consistent with a single locus with three alleles 
(normal horned, sex-limited horned, and polled) showing sex-
specific expression and dominance (COLTMAN and PEMBERTON 
2004), a model originally proposed for Merino sheep (DOLLING 
1961). 

DNA extraction and microsatellite genotyping: Commer-
cial kits were used to isolate DNA from blood samples (GFX 
genomic blood purification kit, Amersham Biosciences) or ear 
punches (GenomicPrep cells and tissue DNA isolation kit, 
Amersham Biosciences) following the manufacturer's instruc-
tions. When the amount of starting material was too small or 
degraded to allow the use of these methods, the DNA was 
extracted using Chelex resin beads (Chelex 100 Resin, Bio-
Rad Laboratories, Hercules, CA). About 1-5 mg of blood or 
tissue was incubated at 56° overnight in 300 p.l of a 5% Chelex 
and 0.1 .g/p.l proteinase K solution followed by 5 min at 95°. 
Before PCR amplification, the DNA solution extracted with 
either method was diluted 1:4 with ddH20 and 2 pA was air 
dried in 96-well PCR plates. 

To construct a map with markers evenly distributed through-
Out the genome, the Australian Sheep Gene Mapping website 
(http://mbens.its.unimelb.edu.au/jillm/jill.htm)  was taken 
as a reference to select microsatellite markers on the basis of 
their location and information content. PCR amplifications 
were performed in 5 p.l volume, and MgCl2  concentration was 
adjusted between 1.5 and 4.0 mm to achieve optimal quality of 
the reaction. Two touchdown PCR programs were initially 
tested for each marker on a panel of eight sheep: one in which 
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he annealing temperature was progressively decreased during 
the first 10 of 29 cycles from 60° to 50°, and the other in winch 
the decrease was from 650  to 55°. Fluorescent printers (6FAj'vI, 
VIC. PET, or NED fluorescence) were synthesized by Applied 
Biosvstems (Foster City, CA). Fragment lengths were analyzed 
on an AB13730 DNA Analyzer and genotypes were cicterniined 
using GeneMapper v3.0 (Applied Biosystems) 

To estimate the genotyping error rate, 84-258 randomly 
chosen individuals were regenotyped at 10 loci with average 
polyniorphisni. Genotyping error rate was also assessed on the 
basis of mother—offspring mismatches using CERVUS 2.0 
(MARSHALL ci al. 1998). 

Linkage map and genome scan: Parent—offspring genotype 
inconsistencies arising from incorrect paternity assignment 
(32 incorrect links found) or typing errors were detected 
hrough the program PeciCheck (O'CONNEU. and WEEKS 

1998)   and either resolved by rechecking the parentage records 
mid genotypes or scored as untyped. Some cases of paternity 
lo is-assignment were expected since in the original data set 
paid -oily was assigned with only 80% confidence (OVERALL 
el (it. 2005). 

Linkage mapping was performed using CR1-MAP s'2.4 
(Gtet-:EN el al. 1990) to determine the marker order, intermarker 
intervals, two-point LOD scores, and number of informative 
indioses. The complexity of the pedigree and the number of 
markers employed made a systematic testing of all the possible 
nap combinations impractical. In most cases, the size of the 

pedigree did not allow the analysis of more than seven or eight 
markers at -a time; therefore, sets of overlapping markers were 
tested sequentially until a whole chromosome was mapped. 
Markers expected to belong to the same chromosome were 
first input into CR1-MAP following the order reported in 
donicsttc sheep (Australian Sheep Gene Mapping website at 
1,111 e//i-ubcns.its. unimelh.edu.ati/ Hillm /jill.htm ) - The log 
10 likelihood of the initial marker ot-dci-  was then compared 
WI Ii that of alternative orders ( /lips2 or flips function) to 
detect more likely combinations (i.e, higher log 10 likeli-
hood). Au increase in log 10 likelihood of three or more was 
considered evidence of a significantly more probable map 
(MORTON 1955). In cases of inconsistency between Soay and 
domestic sheep, the most probable Soay order was retained 
after having ruled out possible human or technical mistakes. 
Markers mapping to unexpected locations or supported by it 
weak LOD score (<1.8) were also tested for linkage (two-point 
function) against all the other markers in the database to dc-
eel whether better positions could be found. 

Coal (((l()rand Coal patio-n loci were mapped using CR1-MAP 
assuming each trait was encoded by it single locus with two 
alleles showing complete dominance: the Dark allele domi-
nant over Light and the Wilddominant over Se/[(C0LTMAN and 
PEMiIERTON 2004; Table 1). A test for linkage between the 
target locus and any of the mapped markers was perforated by 
means of the two-point function of CR1-MA_P. The best position 
of it candidate locus was searched for by means of the flips and 
fixed functions of CR1-MAP to test alternative map positions. 
Consistent with the criteria used in the map construction, an 
increase in the log 10 likelihood of the map of three or more 
was taken as evidence of a significantly more likely position. 
In the case of Coal pali('rn, the low frequency of Self inorphs 
resulted in a low number of informative meioses. To confirm 

reject a srtggestive linkage, more sheep in families segre-
gating for Coal pal/era were genotyped at markers in the 
relevant region (see RESULTS). 

The Ho,-,, type locus was first investigated using CR1-MAP 
to dci a simplified model to scan the whole genome, and then 
I h- LINKAGE package (TEt1WiLLtGER and Or-r 1994) was 
c-uiploved to perform parametric niuftipoint analysis in target 
region (s) identified by the preliminary scan. In CR1-MAP, Hoc,,  

iypewas coded as a single biallehc loci-is where the Normal (Ho*) 
allele was dominant and the Polled (HO') allele was recessive in 
males (Ho allele conferring normal horns when heterozygote 
or homozygote and Ho" allele resulting in scurred horns when 
homozygote), whereas in females He' and HO" alleles were ex-
pressed codominantly (normal, scurred, or polled horns given 
by Ho'/Ho, Ho'/Ho' and Hd'/H(1 respectively). This model 
was simplified in that the presumptive Sex-limited allele (Ho') 
was not explicitly considered (see Table 1); modeling three 
alleles in CR1-MAP would have resulted in too many missing 
genotypes since this program does not allow a trait (or a marker) 
phenotype to be coded by more than one genotype. Although 
this simplification reduces the power of analysis, it does not 
bias the results. 

Computational constraints due to the size of the pedigree 
and the number of inbreeding loops prevented the processing 
of the entire pedigree by parametric inrtltipoint linkage 
analysis. To circumvent this problem, the mapping panel was 
split into 39 unlinked families. For the parametric multipoint 
analysis in LINKAGE (TERWILLJd;ER and Orr 1994), each sheep 
was assigned to one of flye liability classes on the basis of their 
horn phenotype and sex: three classes for females (normal 
if H</Ho' or Ho'/Ho', scurred if Ho'/Ho'-  or Ho'/Ho' and 
polled if Ho' /H(/or Ho"/Hd'; Table 1) and two classes for males 
(scurred horns if H,"/Hd,; normal horns otherwise; males do 
not express the polled condition; Table 1). Finally, a sixth 
(fictitious) class was assigned to animals without phenotypic 
information; the underlying genotypes were assumed to have 
complete peitetrisnce. 
- Horn allele frequencies were taken from COLTMAN AND 

PEMBERTON (2004) as 0.441, 0.170, and 0.389 for Ho', Ho' and 
Ho' respectively. Marker allele frequencies were estimate(] front 
the whole pedigree by 100,000 Markov chain Monte Carlo 
iterations implemented in Loki (HEATH 1997); this procedure 
is based oil a stochastic process and as such does not Provide 
an exact result, but allows the handling of very large and com-
plex pedigrees. 

The LOD threshold of 3.3 to declare evidence of linkage 
corresponds to the value usually applied to human pedigrees 
(LANDER and Kiotjdly0\K 1995). This decision was taken on the 
basis that the sizes of the sheep and human linkage maps are 
comparable. 

RESULTS 

Soay sheep linkage map: The Soay sheep linkage map 
was developed with 247 microsatellite and four allozyrne 

markers, giving a total of 124,000 genotypes, which 

generated a map with-15-cM intermarker spacing 
across 3350 cM, equivalent to '---3080 cM on the Inter-

national Mapping Flock (IMF) map and corresponding 

to '---90% of the sheep genome. Figure 2 compares the 
Soay sheep linkage map with the domestic sheep map 
(MADDox ci cii. 2001); the APPENDIX lists the mapped 
markers and their characteristics. The mean number of 

alleles per locus was 4.6 with a mean polymorphism 

information content (PlC) of 0,52, which are lower values 

than those recorded on the Australian Sheep Gene 

Mapping website (http;//ruhens. its. Lin imelb.edrt.au/ 
'--'jillm/jill.htm) for the same markers typed in the 

IMF (10 alleles and PlC = 0.75); this is perhaps not 

surprising since the latter figures are for a pedigree 

derived from several sheep breeds. On average, each 
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FHURE 2.—Soay sheep map compared with the domestic (IMF) sheep map v4.3 (Australian Sheep Gene Mapping at http:// 
ruhens.its.uninieib.edu.au/.....jilliis/jiii.htrn).  In each pair. the Soay chromosome is on the left side; dotted lines Connect markers 
shared by both maps. The ruler at the top left corner represents a centimorgan scale. 

marker was typed in 510 sheep (86% of the 588 sheep 
selected for genotyping) and generated 310 informative 
meioses. Genoinewide, the mean LOD score for linkage 
between two adjacent markers was 14.6. Twenty-two 
marker intervals were linked with a LOD score of <2, 
but their marker positions were retained since theywere 
in agreement with the domestic sheep map (M\DDox 
P/ at. 2001). Marker order was checked by means of the 
flips function of CR1-MAP and was consistent between 
be Soay and domestic sheep map in all but two cases: 

one on chromosome 1, where there is evidence for 
varying gene order in different sheep breeds (McRE 
and BERaI,Di 2006), and the other on chromosome 
12, which we have not investigated further. Of the 1290 
duplicated genotypes, 2.4% showed inconsistency with 
the first screening. The error rate based on mother—
offspring mismatching was 1.49% as estimated by 
CERVUS (MARSI-iALLetal. 1998). 

Linkage mapping of Coat color, Coat pattern, and Horn 
type. loci: The phenotypic distributions of Coat color, Coat 
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FIGURE 3.—Two-point LOD score 
profiles for linkage between study traits 
(on the right side of the graph) and 
markers (data points) in the Soay sheep 
map. The x-axis represents the cumula-
tive map distance of the genome (mor-
gais) with chromosome boundaries 
marked on top of the graph and by clot-
ted vertical lines. y.Axes report the LOD 
scale. The dotted lines denote the theo-
retical genomewide significance thresh-
old (LOD = 3.3). The asterisk in the 
middle panel shows the LOD score after 
having typed additional animals at 
nitrker CTSBJI2 (see text). 

pattern, and Horn type in the mapping panel are reported 
in Table 1; these proportions do not differ significantly 
from the entire Soay sheep data set (x2  test I'> (1.1). 

Coat color: The highest LOD score for linkage was 
found with BMS678 (two-point LOD = 29.5 at 0 cM), a 
inicrosatellite located on chromosome 2 (Figure 3). 
Other markers on chromosome 2 were significantly 
linked to the target locus, namely FCB128 (LOD = 
10.4), CSAP16E (LOD = 5.1), and CSSM37 (LOD = 
4.4), whereas none of the other markers in the Soay 
sheep map produced a significant result for linkage 
(LOD <2). Figure 4A shows in detail the best position 
fir the Coat color locus in the map of chromosome 2; any 
other map order results in a significant decrease (>3) in 
the log 10 likelihood of the map. 

(:t pattern: The highest linkage score (LOD = 2.1) 
was detected on chromosome 13 (Figure 3). This LOD 
Score fell short of genomewide significance, but this is 
likely to he a consequence of the low frequency of the 
self morph (6%), which meant that the Coat pattern locus 
was segregating in only a few families and there were few 
informative meioses for mapping (N= 32). To confirm 
or reject this suggestive linkage, another 78 animals 
composing 15 families segregating for coat pattern were 
genotyped for the two microsatellite markers encom-
m1ng the LOD score peak (CTSBJ12 and MMP9), and 
the association between marker CTSBJ12 and the Coat 
paiteni locus rose to LOD = 3.9 with no recombinants 
between these loci (Figures 3 and 4B). 

I-Join type: Consistent with MONTGOMERY et 11. (1996), 
CR1-MAP detected linkage between Horn type and 
AGLA226 on chromosome 10 (LOD = 6.1, Figure 3),  

but no other marker on chromosome 10 or elsewhere in 
the genomc showed any significant linkage. Once the 
best location for Horn type was established on the chro-
mosoine 1(1 map (by use of the Jixedfunction), CR1-MAP 
positioned Horn type distal to SRCRS25, the most telo-
ineric marker on chromosome 10 (21.1 cM away from 
AGLA226). However, the likelihood of Horn type at this 
position was not significantly greater than in the interval 
between AGLA226 and SRCRS25 (log 10 likelihood: 
—150.16 vs. —151.44), although significantly better than 
in the interval AGLA226—HH41 (log 10 likelihood: 
—153.17). Therefore, at this stage we concluded that 
Horn type is located on chromosome 10 distal to or in the 
vicinity of AGLA226 (Figure 4C), but an accurate map 
position could not he assigned. 

As described in MATERIALS AND METHODS, the CR1-
MAP model of Horn type is simplified and does not 
account for the Horn type and marker allele frequencies. 
Therefore, the analysis was improved by performing 
multipoint parametric mapping to derive a more accu-
rate estimate of the Horn type locus position. The Horn 
type locus was tested for linkage against AGLA226 and its 
two flanking markers. The LOD profile found by the 
multipoint analysis (Figure 5) suggests that the 1-LOD 
support interval for the presence of the target locus 
spans 16 cM. 

DISCUSSION 

Asa step toward the comprehension of the genetic 
dynamics of wild populations, this article reports the de-
velopment of a genetic map in a free-living population, 
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the Soay sheep on St. Kilda, and its use in age nome  scan 
to map the loci responsible for three morphological 

traits. To the best of our knowledge, this is one of the 
first accomplishments of gene mapping in it free-living 

population. The Soay sheep on St. Kilda present inter-

esting features from an evolutionary and genetic point 
of view: their number is naturally regulated by a combi-
nation of food availability, parasite burden, and winter 
weather (Cout,soN ci cii. 2001; CLUTTON-BROCK et of. 
2004a; WILSON ci al. 2004), factors that, together, cause 
substantial fluctuations in population size (COULSON 
ci (if. 2001; CLUTTON-BROCK et al. 2004a). 

Development of the Soay sheep linkage map: The 

map presented here has been developed with the pri-
mal)' purpose of localizing genes of evolutionary in-

terest. The map position of a locus can integrate extant  

models to describe the population dynamics of Soay 

sheep. Especially when the phenotype conveys little 

information about the underlying genotype, as is the 

case for many quantitative characters, the monitoring of 
the target trait is improved and complemented by the 
genotype inferred through linked markers. 

Patterns of allelic association in terms of linkage dis-

equilibrium and population structure provide insights 
into history and selection of a population (AEcAsis 
ci al. 2005). To this end, a linkage map is a starting point 

to enrich regions of interest with markers to assess the 

extension of the association and to compare the latter 

with theoretical expectations (MCRAE ci al. 2005). Geno-
mic tools such as comparative mapping will facilitate the 
discovery of additional markers and candidate genes in 
target regions. 



1528 	 D. Beraldi ci (it. 

Mapping of Coat color, Coat pattern, and Horn type: 
The attempt to map the locus responsible for coat color 
variation successfully yielded a region on chromosome 2 
(Figure 3) defined by a window of 15 cM (Figure 4A) 
in which the Coat color locus cosegregates with BMS678. 
Independently, J. GRATTEN, D. BERALDI, B. LOWDER, 
A. MCRAE, P. \'isscHEa.,J. PEMBERTON andJ. SLATE (un-
published results), following a candidate gene method, 
have tested for association with different genes known 
to affect coat color in mammals and have identified the 
responsible gene (TYRP 1) and its causal mutation. 

The interest in coat color in Soay sheep stems from the 
differential survival between dark and light animals 
il bough no predators are present on St. Kilda and no 
obvious environmental conditions should favor one color 
over the other. It has previously been found that dark 
coats are positively selected during some high-mortality 
\vintel-s, but this is inconsistent and in other winters 
selection favors light-colored sheep or neither morph 
(MooRCiu)i.-r ci at. 1996; MILNER ci al. 2004). Dark animals 
are significantly heavier than light ones, providing a 
possible mechanism for their better survival (CrurroN-
IIROCK ci at. 1997). There is no difference in female 
fecundity between dark and light sheep (Ct.urroN-BRoct 
ci al. 1997). At present, there is no explanation for why the 
light-color morph is maintained in the population; clearly, 
being able to distinguish the three genotypes may shed 
light on this puzzle. Hypotheses and future work to 
explain the difference in survival will take advantage of 
the map position and molecular characterization of the 
Coat colorgene. A comparison between LD in the FCB1 28—
CSAP1 tiE interval and background LD in the Soay sheep 
genome should also provide information about the origin 
and evolutionary consequences of coat color variation. 

With respect to Coat pattern, the high frequency of the 
wild morph (94% of the sheep scored, Table 1) severely 
reduced the number of informative meioses (32) so that 
strong linkage to any marker was unlikely to he found. 
The power of linkage mapping is proportional to the 
traction of parents heterozygous at both the tat-get locus 
and the linked markers. This combination generates 
the necessary marker-trait association in the progeny 
(Lyxco and WALsI-1 1998). It follows that if the target 
locus has a highly skewed allelic distribution, few hetero-
zygous individuals are generated and more meioses 
need to be scored (the information content, estimated 
as PlC, reaches the highest value when all the alleles 
have the same frequency). Accordingly, the highest 
LOD score for Coat pattern reached only 2.1 on chro-
mosome 13 (Figure 3) after an initial scan. However, the 
extension of the sample size confirmed this suggestive 
linkage. Interestingly, chromosome 13 harbors the Ago uti 
locus, a candidate for Coat pattern (PARSONS c/at. 1999). 
Agouti encodes for an antagonist of the melanocortin 
receptor, causing a switch from eurnelanin to pheome-
lanin production in the pigment-producing cells, which 
results in the characteristic banding pattern observed in 

Soay sheep hairs and other mammals (BENNETT and 
LAMOREUX 2003). To date, we have not detected selec-
tion acting on the Coal pattern locus. 

Multipoint parametric linkage analysis was not per-
formed for Coal color and Coal pattern because, in con-
trast to Horn type, the CR1-MAP model for Coal rotor and 
Coat pattern was already consistent with the most likely 
model, so that little or no improvement would have been 
gained by multipoint parametric analysis. 

The mapping of Horn type returned a telorneric region 
on chromosome 10 previously detected by MONTGOMERY 
ci at. (1996; Figures 4C and 5). This work opens the way 
for multiple strategies to fine map and isolate the Horn 
type gene. These include exploitation of bioinformnatic 
tools to enrich the target region with SNPs and other 
microsatellites and identification of positional candi-
dates by comparison with the annotated genorne 
assemblies of cattle and other species. Like coat color, 
horn phenotype is under selection in Soay sheep and 
other wild populations. In ruminants, horns are typi-
call) used in intrasextial conflict, particularly among 
males where they reach much greater size. Previous 
analyses of Soay sheep have suggested that normal-
horned males and scurrecl females have the highest 
annual breeding success (CLUTTON-BROCK ci at. 1997; 
STEVENSON ci at. 2004), but that in winters characterized 
by high mortality, the scurred phenotype is generally 
favored in both sexes (MoolcRorT ci at. 1996). Exactly 
how these forces maintain variation in the population 
is the subject of currant research and would clearly he 
helped by being able to distinguish individuals by ge-
notype rather than by phenotype. Therefore, the Horn 
type region is an attractive target for molecular evolution 
studies. 

Future directions: The traits analyzed here are char-
acterized by relatively simple inheritance patterns which, 
to some extent, may limit their applicability to the un-
derstanding of the process of evolution. However, this 
project opens the way to the more challenging task of 
detecting QTL affecting a variety of morphological and 
physiological traits. The Soay sheep has been the subject 
of a number of studies aimed at estimating quantitative 
genetic parameters for traits like birth weight and body 
size (COLTMAN et at. 1999; MILNER et al. 2000, 2004). 
It has been found that the additive genetic variance of 
these traits is low but not null, despite the pressure of 
selection acting on them (MILNER ci at. 2000). As these 
previous studies have been conducted under the in-
finitesimal model framework, the dissection of these 
traits through QTL mapping to determine eventual 
Mendelian factors would represent a major break-
through toward the comprehension of the evolutionary 
processes in the wild. 
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APPENDIX 

Details of the markers included in the Soay sheep genetic map 

Chromosome' Marker Two-point LOW Inter (CM) Pos" (CM) N InLMei' No. all" H (0)' H (E) PIG' Est err rate' Pos' 

IMF map' 

No. all" PIG' 

BMS2833 40.43 11 0 533 496 5 0.762 0.743 0.7 0.0053 14.2 9 0.7 
1 EPCDV22 10.17 32 11 543 463 6 0.773 0.743 0.707 0 26.4 7 NA 
1 BM3020 24.99 13.6 43 481 440 6 0.778 0.785 0.75 0.0052 59.5 13 0.74 

CP93 16.03 15.7 56.6 545 343 4 0.618 0.593 0.55 0 73.6 6 0.58 
1 BM6465 42.6 8.2 72.3 522 405 6 0.707 0.737 0.697 0.0107 87.7 8 NA 

CSAP36E 10.8 13.8 80.5 525 484 5 0.73 0.739 0.692 0.0058 93.5 10 0.82 
INRA3 20.68 4.3 94.3 517 216 2 0.453 0.455 0.352 0 102.8 5 0.46 

1 TGLA263 30.03 10 98.6 402 377 7 0.816 0.787 0.755 0 NA NA NA 
MCM58 20.1 13.8 108.6 550 464 7 0.78 0.746 0.702 0 114 14 0.88 

1 AE57 3.48 18.9 122.4 502 290 4 0.552 0.534 0.474 0.0545 120.7 9 0.76 
BMS482 12.81 13.6 141.3 528 281 4 0.424 0.457 0.429 0.0707 132.3 11 NA 

1 INRA6 12.53 8.7 154.9 500 267 3 0.582 0.563 0.466 0 142.7 8 0.52 
1 BM6438 9.71 12.9 163.6 526 302 4 0.551 0.535 0.454 0 150.6 6 0.77 
1 BMS574 4 28.6 176.5 434 238 4 0.562 0.581 0.518 0.0164 157.5 12 0.75 

MCMAS 5.03 23.5 205.1 544 215 3 0.406 0.435 0.394 0 181.3 11 0.65 
CSSM04 17.51 2.9 228.6 528 236 3 0.492 0.452 0.359 0 200.9 8 NA aq 

1 BMS4000 3.47 23.6 231.5 425 202 5 0.595 0.569 0.496 0 204.1 15 0.82 
I BMS527 7.6 24.2 255.1 526 292 5 0.555 0.535 0.491 0.0117 214.9 12 0.82 
1 BM7145 89.4 0.8 279.3 503 394 4 0.718 0.721 0.669 0 234.6 6 0.66 
1 MCM137 69.12 2.1 280.1 558 523 7 0.763 0.752 0.715 0 233.4 15 0.85 
1 BM6506 58.31 1.4 282.2 506 333 5 0.686 0.676 0.63 0.0075 235.6 6 NA 
1 BMS4008 35.13 6.8 283.6 522 411 7 0.787 0.765 0.728 0 236.7 10 0.75 cq 

BM8246 10.2 15.6 290.4 525 350 5 0.617 0.599 0.558 0.009 242.2 9 NA 
1 MGM13() 0 40.7 306 553 363 4 0.571 0.541 0.435 0.0114 256.5 16 0.73 
1 BM864 0 44.3 346.7 520 143 3 0.287 0.284 0.256 0 264.5 11 0.73 . 
1 BM1824 4075 3.1 391 501 322 5 0.653 0.671 0.621 0 294.1 5 0.68 

TRF 0 36.8 394.1 539 437 7 0.785 0.764 0.728 0.0135 NA NA NA 
1 MCM357 0 430.9 517 176 2 0.422 0.417 0.33 0.0631 332.6 11 0.85 
2 MCM164 3.74 19.2 0 546 97 3 0.192 0.181 0.169 0 17.6 13 0.78 
2 MGM 147 8.58 6.8 19.2 533 414 7 0.717 0.722 0.68 0.0114 39.8 12 0.83 
2 FG8226 3.49 14.7 26 529 127 4 0.386 0.377 0.348 0 44.6 12 0.79 
2 LPLP2 4.35 13 40.7 546 441 6 0.749 0.739 0.696 0.0051 65.5 14 0.84 
2 MGM505 3.15 10.2 53.7 551 80 5 0.181 0.182 0.176 0 71.4 8 0.7 
2 TGLA13 8.47 17.8 63.9 397 277 4 0.718 0.737 0.687 0.0165 77.8 6 NA 
2 CSSM37 30.66 9.5 81.7 545 374 5 0.556 0.566 0.537 0 91.1 12 0.54 
2 FGB128 48.92 5.6 91.2 544 439 4 0.662 0.645 0.597 0.0241 99.4 8 0.72 
2 BMS678 16.38 9.6 96.8 549 426 5 0.619 0.614 0.542 0 106.1 14 0.83 
2 GSAPI6E 6.24 9.8 106.4 523 146 2 0.283 0.285 0.244 0.0468 112.4 6 0.43 
2 BMS1591 10.86 17.1 116.2 484 264 5 0.556 0.521 0.481 0.0131 127 16 0.85 
2 BM81124 9.89 21.8 133.3 526 410 4 0.679 0.638 0.566 0 148.2 11 NA 

(continued) 
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(Continued) 

Chromosome" Marker Two-point LOW Inter (cM) Pos" (cM) N' InfMei' No. all' H(0)' H(E)' PIG' Est err rate' Pos" 

IMF map' 

No. all" PIG' 

2 CP79 4.61 19.8 155.1 473 306 6 0.668 0.667 0.611 0.0248 161 S NA 
2 ILSTS30 8.73 5.4 174.9 550 120 2 0.213 0.21 0.188 0 182.4 10 0.7 
2 FGII20 7.47 20.6 180.3 400 236 7 0.61 0.635 0.6 0.075 194 12 0.8 
2 RJ4356 13.78 15.6 200.9 496 360 6 0.752 0.748 0.705 0.0244 211.1 16 NA 
2 LS22 3.41 36.2 216.5 546 349 5 0.668 0.638 0.57 0 225.8 8 0.78 
2 BM6444 7.72 26.1 252.7 521 425 6 0.758 0.755 0.713 0 260.2 13 0.88 
2 BM2113 278.8 495 356 4 0.614 0.595 0.514 0.0218 291.9 8 0.67 
3 BMS1350 4.76 25 0 438 187 5 0.393 0.403 0.377 0 0 12 NA 
3 ILSTS28 15.04 9.9 25 553 356 5 0.633 0.607 0.56 0 32 14 0.82 
3 BM746 5.17 21.9 34.9 537 287 3 0.529 0.537 0.43 0.0243 45.4 9 0.52 
3 FGB129 3.49 22.7 56.8 528 347 4 0.595 0.625 0.577 0.0084 70.2 10 0.71 
3 RM150 2.3 24.8 79.5 536 160 5 0.326 0.34 0.316 0 85.9 6 NA 
3 INRA131 12.56 16.5 104.3 523 327 3 0.639 0.657 0.582 0.0278 111.4 7 NA 
3 RM96 3.81 23.4 120.8 521 344 4 0.601 0.55 0.494 0.0129 126.7 6 0.56 
3 BM2818 2.89 24.7 144.2 496 214 3 0.528 0.531 0.45 0.0726 134.9 5 NA 
3 BMS2131 6.94 19.8 168.9 543 327 3 0.652 0.634 0.559 0.0753 150.4 5 NA 
3 ILSTS42 15.04 9.9 188.7 530 365 7 0.675 0.654 0.612 0.007 159.1 10 NA 
3 BPI 4.84 12.6 198.6 521 257 2 0.53 0.5 0.375 0 166 4 0.38 
3 AGLA293 10,34 2.7 211.2 557 241 2 0.434 0.433 0.339 0.0525 184.7 4 0.36 
3 FCB5 0.61 28.6 213.9 547 163 2 0.333 0.313 0.264 0 186.3 3 0.42 
3 BI-4 36.8 1 242.5 569 301 3 0.559 0.581 0.488 0.0095 202.5 8 NA 
3 FNG 12.43 7.4 243.5 563 238 2 0.448 0.465 0.357 0 NA NA NA 
3 V1-134 0 30.3 250.9 572 329 5 0.579 0.576 0.532 0 210.7 9 0.68 
3 RM29 0.75 11.7 281.2 177 69 5 0.644 0.592 0.53 0.0347 238.6 8 0.67 
3 BMS1248 5.83 17.9 292.9 530 204 2 0.413 0.421 0.332 0.0588 251.1 11 0.67 
3 CSAP39E 2.41 17.4 310.8 517 236 3 0.596 0.545 0.482 0.0761 268.7 11 0.75 
3 CSSME76 328.2 542 106 3 0.231 0.236 0.22 0 290.4 9 0.68 
4 CSRD100 9.49 19.5 0 549 207 3 0.64 0.64 0.309 0 9.2 8 0.71 
4 MCM218 38.21 12 19.5 529 437 5 0.773 0.748 0.705 0.0052 26.5 9 0.82 
4 MCM2 10.53 22.5 31.5 555 502 7 0.791 0.796 0.771 0.0038 39.4 11 0.8 
4 MAF70 1.7 28.6 54 381 263 6 0.743 0.785 0.749 0.1455 61.4 17 0.9 
4 L168685 7.76 12.9 82.6 462 220 4 0.545 0.559 0.503 0.0268 83.3 9 NA 
4 ILSTS62 28.98 7 95.5 517 332 5 0.617 0.602 0.543 0 91.3 16 0.88 
4 CP26 18.59 14.4 102.5 560 422 5 0.738 0.723 0.674 0.0054 98.7 6 0.74 
4 HH35 21.57 13.3 116.9 548 408 4 0.695 0.696 0.643 0.0125 114.9 7 0.7 
4 BPGIvI 15.12 12.5 130.2 545 394 6 0.653 0.641 0.611 0 126.1 7 0.7 
4 MCM73 142.7 545 316 3 0.486 0.489 0.402 0.0851 143.6 13 0.88 
5 WNT3KI3 14.56 9.3 0 550 191 4 0.438 0.415 0.386 0 0 8 0.76 
5 TCLA176 9,37 12.3 9.3 549 292 3 0.574 0.538 0.464 0 17.8 8 NA 
5 MCM380 9.63 0 21.6 559 70 4 0.114 0.116 0.111 0 26.6 10 0.78 

(conlinued) 
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Chromosome' Marker Two-point LOD' lntr' (cM) Pos" (cM) 5 InfMei' No. a11 H(0)" 11(E)' PlC' Esi err rate' Pos" 

IMF map' 

No. aW PlC' 

5 CSRD138 0 50 21.6 535 383 5 0.6 0.577 0.519 0 38.7 10 0.76 
5 BMS2258 5 22.7 71.6 551 266 2 0.454 0.479 0.364 0 89.6 8 NA 
5 TGLAI37 26.63 2.2 94.3 516 288 3 0.523 0.517 0.462 . 	0 113.2 8 NA 
5 EPCDV26 32.74 1.9 96.5 553 302 5 0.582 0.58 0.542 0 117.4 7 NA 
5 MCM527 2 7. 7 12.1 98.4 397 324 6 0.783 0.758 0.727 0.0152 125.5 6 0.67 
5 MCM108 30.28 8.8 110.5 545 503 7 0.811 0.784 0.753 0 135.2 11 0.82 
5 CSRD134 5.36 18.8 119.3 501 281 4 0.559 0.613 0.557 0.0286 140.8 6 0.55 
5 BMS1247 138.1 545 370 3 0.662 0.629 0.552 0.0086 157 7 NA 
6 BM9058 22.59 5 0 452 312 5 0.615 0.624 0.578 0 12.9 10 NA 
6 MCM204 20.7 6.8 5 541 318 4 0.54 0.516 0.465 0 18.2 8 0.79 B 
6 MCM53 6.29 10.7 11.8 558 378 5 0.67 0.664 0.623 0.0064 29.7 9 0.76 
6 MCMA14 2.09 14.5 22.5 543 88 3 0.179 0.178 0.17 0 45 8 0.67 
6 JP27 25.46 11.9 37 526 449 8 0.793 0.798 0.768 0.0084 NA NA NA 
6 P,M143 10.29 20.7 48.9 544 332 6 0.563 0.549 0.506 0 59 10 NA 
6 BMS360 20.64 8.3 69.6 536 388 4 0.688 0.671 0.609 0 80.8 12 NA B 
6 MCM140 5.28 22.3 77.9 447 317 5 0.609 0.599 0.533 0.0123 95.8 10 0.79 

CIP 

6 BM4311 10.78 10.7 100.2 447 355 50.996 0.705 0.647 0 111.6 9 0.79 
6 CSRD93 5.77 27.3 110.9 537 427 4 0.695 0.7 0.646 0 122.7 11 0.73 
6 MCM214 138.2 552 417 4 0.679 0.658 0.597 0 147.1 7 0.72 
7 BM3033 5.02 28.2 0 541 379 3 0.632 0.634 0.562 0.0084 0 17 NA 
7 BMS528 1.7 38.2 28.2 533 348 3 0.612 0.618 0.536 0.0097 32.6 6 NA 
7 INRAI07 3.82 26.6 66.4 517 386 3 0.598 0.574 0.49 0.0358 75.4 17 0.79 
7 MCM139 1.2 42.6 93 518 236 5 0.542 0.555 0.524 0.0203 97.6 11 0.81 
7 MCM156 135.6 534 294 4 0.614 0.632 0.572 0.0756 133.4 8 0.77 . 
8 MNS50A 10.11 13.3 0 547 463 5 0.779 0.737 0.688 0.0165 5 11 0.85 
S INRA127 0 54.6 13.3 503 211 3 0.342 0.366 0.301 0 17.2 8 0.81 

. 
8 BMS434 62.99 2.4 67.9 515 394 6 0.724 0.602 0.652 0.0069 61.3 9 NA 
8 KDIOI 16.03 16.8 70.3 552 452 6 0.766 0.758 0.716 0.0048 71.1 12 0.83 
8 CSRD129 2.99 27.2 87.1 541 328 5 0.636 0.627 0.566 0 86 11 0.82 
8 URB024 9.86 23.5 114.3 528 270 4 0.532 0.549 0.49 0 117.5 12 0.65 
8 BMS1967 6.09 16.1 137.8 535 503 6 0.776 0.769 0.731 0 132.8 11 0.71 
S PLC; 153.9 277 144 2 0.596 0.5 0.375 0 NA NA NA 
9 BM757 26.84 10.9 0 550 364 4 0.675 0.67 0.615 0.0069 16.2 7 NA 
9 CSSM66 12.42 15.4 10.9 550 325 4 0.578 0.569 0.507 0.0309 24.2 10 NA 
9 ILSTSI1 9.6 18.2 26.3 533 290 3 0.465 0.449 0.401 0 40.1 10 0.68 
9 BM4630 6.18 2.6 44.5 540 368 6 0.548 0.611 0.555 0.0451 60 8 0.78 
9 MA-F33 0 24.4 47.1 193 36 4 0.285 0.302 0.286 0.2015 60 9 0.7 
9 MCM138 1.12 23.1 71.5 539 222 2 0.341 0.418 0.33 0.1234 78.5 9 0.64 
9 BMS1304 3.31 0.4 94.6 45 33 6 1 0.782 0.737 0 89.6 12 NA 
9 MCM63 29.71 8 95 546 362 5 0.632 0.645 0.602 0.016 93.1 14 0.87 - 
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IMF map' 

Chi-omnosonic' Marker Two-point LOD" Inter (cM) Pos" (cm) Al,  InfMei' No. alL H(0) 1-1(E) PlC' Est err rate' Pos' No. all' PlC' 

9 BM-1513 103 429 403 7 0.811 0.806 0.776 0 100.3 10 0.82 
10 SRCRS25 7.22 21.1 0 553 253 4 0.483 0.498 0.463 0.0515 5.3 11 0.82 
10 AGLA226 10.64 15.5 21.1 481 312 6 0.636 0.68 0.646 0.0078 31.5 8 0.78 
10 111-111 9.83 11.7 36.6 545 366 7 0.615 0.634 0.585 0 45.9 11 0.8 
10 CSR-D87 14.02 9.8 48.3 538 291 4 0.61 0.585 0.504 0 56,2 10 0.78 
10 ILSTS56 22.31 14.7 58.1 500 359 6 0.682 0.72 0.687 0.0621 61.2 9 0.7 
10 \TH117 19.16 10.7 72.8 541 451 6 0.726 0.734 0.693 0.0108 68.2 11 0.75 
10 INRA5 11.47 17.8 83.5 403 314 8 0.695 0.679 0.635 0.0181 78 13 0.87 
10 BMS1316 5.93 21.9 101.3 547 452 5 0.682 0.673 0.609 0 93.5 13 0.81 
10 INRA209 123.2 546 179 2 0.264 0.297 0.253 0.043 108 10 0.58 
11 HELlO 4.2 27.7 0 550 349 5 0.645 0.624 0.588 0.0077 22.4 12 0.85 
11 CSSME70 4.33 10.7 27.7 550 261 4 0.58 0.574 0.498 0 47.9 9 0.78 
11 SRCRSP6 10.56 5.8 38.4 537 394 4 0.68 0.663 0.612 0 59.9 9 0.73 
11 FCB193 7.63 2.3 44.2 564 146 3 0.229 0.226 0.203 0 65.4 12 0.41 
11 TI-IRA 12.8 8.9 46.5 545 258 3 0.499 0.497 0.387 0.0138 67.2 8 0.73 
11 EPCDV23 61.23 3 55.4 546 371 7 0.689 0.665 0.624 0 79.9 10 NA 
11 MCM120 27.89 12.2 58.4 550 490 8 0.773 0.76 0.725 0 87.7 16 0.85 
11 ETH3 3.57 20.6 70.6 536 319 3 0.565 0.557 0.491 0 99.4 5 NA 
11 CSSM08 91.2 541 229 4 0.447 0.43 0.404 0 112.4 5 0.53 
12 I-Il)J614 1.99 10.5 0 543 65 2 0.145 0.141 0.131 0 7.6 9 0.72 
12 T(;LA53 15.23 9.9 10.5 400 308 7 0.64 0.651 0.621 0.039 39.3 8 NA 
12 BM4025 5.29 22.4 20.4 445 319 5 0.712 0.714 0.659 0.0074 24 9 NA 
12 CSSM03 12.42 19.8 42.8 535 229 3 0.393 0.396 0.36 0 54.5 10 NA 
12 MCMA52 3.5 27.4 62.6 536 387 5 0.674 0.678 0.624 0.0069 68.8 10 0.78 
12 INRA35 90 523 212 5 0.512 0.477 0.436 0 92.1 9 0.68 
13 RMC1222 19.35 15.5 0 508 416 5 0.734 0.706 0.67 0 12.3 15 0.82 
13 SCYAMS 14.79 20.4 15.5 535 407 5 0.693 0.683 0.642 0.0197 37.4 20 0.89 
13 MCM152 23.42 10.9 35.9 527 356 4 0.61 0.635 0.56 0.0087 52.1 10 0.79 
13 1-IU1616 13.51 10.3 46.8 546 365 5 0.615 0.609 0.538 0.0092 65 15 NA 
13 URBO58 4.59 17.5 57.1 548 254 4 0.5 0.508 0.387 0.0261 74.4 13 0.78 
13 CTSB112 5.63 8.9 74.6 552 154 4 0.252 0.249 0.222 0 98 9 0.77 
13 ADA 11.85 8.1 83.5 456 217 2 0.382 0.38 0.307 0 NA NA NA 
13 MMP9 8.94 11.4 91.6 542 359 5 0.646 0.635 0.585 0 115.4 9 0.79 
13 MAFI8 103 335 171 3 0.573 0.559 0.488 0.019 125.8 5 0.41 
14 TGLA357 41.95 5.1 0 525 315 6 0.651 0.657 0.606 0 11.7 8 0.8 
14 INRA38 15.8 11 5.1 536 398 6 0.668 0.69 0.643 0 17.6 13 0.82 
14 CSRD70 25.28 7.2 16.1 530 358 5 0.675 0.656 0.608 0 25.5 14 0.78 
14 BMS2213 27.13 5.9 23.3 530 325 4 0.587 0.59 0.52 0 33.8 10 0.82 
14 LS29 17.05 7.2 29.2 536 367 6 0.631 0.614 0.575 0 46.5 14 0.84 
14 MCM133 11.53 11.2 36.4 532 185 3 0.361 0.362 0.31 0.0272 56.8 9 0.75 

(con/in ued) 
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Chromosome' Marker Iwo-point LOD" Inter' (CM) Pos" (cm) .V IitfMei' No. all,  H (0)" H (E) PlC Est err rate' Pos" 

IMF niaiY 

No. all" PIG' 

14 CSRD32 8.34 23 47.6 527 293 4 0.545 0.511 0.459 0 64.6 15 0.82 
14 LS30 21.14 6.5 70.6 532 308 4 0.609 0.635 0.568 0 94.4 11 0.79 
14 R.M128 36.86 2.2 77.1 556 303 4 0.482 0.473 0.436 0 104.6 11 0.81 
14 MC NIA I9 79.3 519 189 3 0.374 0.354 0.326 0 109.3 6 NA 
15 MCMA16 15.86 12.9 0 551 372 4 0.633 0.631 0.575 0.0081 0 9 0.63 
15 BR3510 3.04 12.9 12.9 515 289 5 0.561 0.542 0.502 0 19.3 8 NA 
15 BMS1004 6.33 0.98 25.8 532 99 2 0.195 0.189 0.171 0 27.2 13 NA 
15 ADCYC 21.26 17 26.78 539 379 5 0.651 0.65 0.585 0 35.3 7 0.74 
15 JAB  23.14 1.2 43.78 533 388 8 0.683 0.703 0.655 0.0061 46.5 19 0.82 
15 MAF65 0 29.8 44.98 328 172 4 0.518 0.512 0.453 0 47 8 0.62 5 
15 HALM 2.29 9.8 74.78 216 57 2 0.528 0.501 0.375 0 NA NA NA 
15 POTCHA 30.64 5.3 84.58 510 413 5 0.716 0.717 0.668 0 85.1 11 NA 

UO 

15 BMS1660 13.4 10 89.88 532 282 4 0.515 0.484 0.442 0 96.5 10 0.77 
15 BMS2076 4.04 19.1 99.88 531 301 3 0.605 0.606 0.537 0 105.4 14 0.83 
15 MCM105 118.98 534 500 8 0.785 0.784 0.75 0.0044 123.8 10 0.81 .5 
16 RMIO6 12.64 0 0 327 130 4 0.474 0.48 0.447 0 3.8 10 NA 
16 BM1225 0 16.5 0 543 133 3 0.274 0.267 0.249 0 13.2 9 0.74 
16 TGLA126 6.98 18.5 16.5 525 212 4 0.371 0.383 0.342 0.0247 34.3 18 0.84 
16 AGLA29 30.04 6.7 35 502 308 6 0.631 0.637 0.581 0.0083 46.9 16 NA 
16 CSRD69 6.28 3.7 41.7 519 361 6 0.667 0.681 0.636 0.0073 55.3 10 0.67 
16 MCM506A 4.85 6.6 45.4 533 73 3 0.126 0.12 0.116 0 63.2 17 0.75 
16 SRCRS27 4.58 5.2 52 509 385 6 0.68 0.688 0.631 0 69.4 8 0.72 
16 MCM150 57.2 544 42 2 0.131 0.147 0.136 0 83.9 9 0.68 
17 MCM4 0 16.9 0 550 404 5 0.596 0.662 0.616 0 0 13 0.85 E. 17 \TH98 9.19 6 16.9 553 71 4 0.179 0.178 0.172 0 19.7 9 0.67 . 
17 CP49 22.83 12.6 22.9 543 449 7 0.703 0.687 0.649 0.0063 28.5 7 0.76 
17 BMS2780 3.23 8.8 35.5 517 289 4 0.509 0.516 0.439 0.0147 38.4 8 0.75 
17 FCB48 7.12 7.4 44.3 302 109 4 0.45 0.457 0.405 0.1119 42.5 11 0.76 
17 MAF209 5.31 34 51.7 402 332 7 0.756 0.738 0.692 0.0515 48 8 0.79 
17 MCMA20 85.7 507 489 6 0.984 0.806 0.777 0 89.2 11 0.73 
18 BM3413 6.73 15.5 0 555 237 4 0.373 0.378 0.327 0 22.4 8 0.7 
18 VH54 49.16 1.5 15.5 554 320 4 0.605 0.625 0.555 0 41.9 7 0.7 
18 BP33 25.55 13.9 17 549 438 6 0.719 0.715 0.675 0 43.4 12 0.85 
18 UWCA4 14.29 18.5 30.9 551 401 4 0.641 0.634 0.584 0 56.1 6 0.72 
18 BMC5221 31.87 1.4 49.4 551 409 5 0.713 0.715 0.666 0 77 10 NA 
18 HH47 2.5 16 50.8 379 205 5 0.623 0.658 0.607 0.0108 77 10 0.77 
18 ILSTS54 0 16.8 66.8 552 89 2 0.239 0.248 0.217 0.1071 91.7 3 NA 
18 IDVGA30 0 29.5 83.6 533 150 2 0.257 0.344 0.285 0.3782 110.5 2 NA 
is CSAP28E 113.1 558 261 4 0.461 0.439 0.393 0.0169 121.6 5 0.62 
19 	- PZ963 12.91 16.9 0 549 350 6 0.65 0.618 0.574 0 10.6 22 NA - (a 

03 
(co7t1nued) (a 
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Chromosome" Marker Two-point LOD" Inter (cM) Pos' (cM) .V' Infrvlei' No. alP H(0)' H(E) PLC' Est err rate' Pos" 

IMF map'  

No. all,  PlC' 

19 AE 119 3.98 21.6 16.9 523 298 3 0.535 0.513 0.459 0 27.7 8 0.76 
19 CSSM41 9.33 0 38.5 551 151 2 0.385 0.39 0.314 0.0219 NA NA NA 
19 BM3628 2.47 40.1 38.5 499 264 5 0.515 0.511 0.47 0 43.3 4 NA 
19 FCB304 78.6 577 352 4 0.591 0.586 0.506 0 66 9 0.54 
20 BM1815 6.78 24.8 0 544 255 3 0.504 0.521 0.405 0.0867 26.8 6 NA 
20 OLADRB 48.16 0 24.8 529 478 8 0.79 0.819 0.794 0.0149 52.2 13 NA 
20 OI.ADRBps 23.85 5.6 24.8 263 203 6 0.795 0.786 0.752 0.014 NA NA NA 
20 OMHCI 4.58 22 30.4 294 222 5 0.568 0.597 0.564 0.0325 NA NA NA 
20 BM 1818 6.45 19.2 52.4 533 388 8 0.657 0.678 0.629 0.0848 64.9 10 NA 
20 BM1905 71.6 562 320 2 0.528 0.488 0.369 0 77.8 2 NA 
21 BMS1787 7 11 0 524 438 4 0.716 0.711 0.656 0 15.5 16 0.84 
21 RM044 5.07 9.8 11 520 125 3 0.26 0.251 0.23 0 22.1 10 0.83 
21 CSAP30E 4.62 23.1 20.8 540 269 3 0.48 0.508 0.401 0 29.1 15 0.79 
21 MCM135 2.84 22.9 43.9 493 399 5 0.996 0.676 0.618 0.0093 46 13 0.85 
21 BMC1206 66.8 538 212 2 0.522 0.499 0.374 0 58.1 6 0.67 
22 BMS907 48.34 10.1 0 498 480 7 0.815 0.838 0.817 0.0083 13.8 12 0.83 
22 HEL11 24.14 9.1 10.1 531 509 8 0.825 0.849 0.83 0.0154 30 17 NA 
22 BM1314 34.63 4.6 19.2 333 288 8 0.802 0.81 0.784 0 34.5 6 NA 
22 INRA81 29.94 12.9 23.8 504 420 7 0.734 0.772 0.733 0 35.7 22 0.85 
22 i(M4505 32.57 11.9 36.7 518 402 7 0.707 0.734 0.69 0.0058 43.5 11 NA 
22 BMS882 5.18 27.4 48.6 545 485 5 0.734 0.734 0.691 0 59.7 7 0.79 
22 MCM373 76 531 231 6 0.405 0.411 0.393 0.021 82.9 13 0.84 
23 BLO 8.13 20.8 0 520 310 7 0.619 0.636 0.576 0.0091 15.7 12 NA 
23 CSRD148 12.28 9.2 20.8 502 319 5 0.697 0.673 0.616 0 33.2 15 0.82 
23 BMS2270 9.05 11.7 30 557 224 5 0.361 0.361 0.339 0 37.7 8 0.79 
23 AGLA269 13.22 15.2 41.7 508 333 5 0.646 0.621 0.561 0 49.1 18 NA 
23 MA1--35 10.49 10.5 56.9 583 369 3 0.568 0.565 0.473 0 59.2 5 0.61 
23 MCi\'1136 0 37.6 67.4 552 438 5 0.37 0.743 0.694 0 67.6 8 0.83 
23 URB031 105 516 148 4 0.347 0.369 0.347 0.0567 97 7 0.62 
24 EPCDV03 45.75 3.6 0 529 344 4 0.59 0.565 0.508 0.0108 28.9 8 NA 
24 BP28 21.85 14.8 3.6 540 400 4 0.67 0.664 0.611 0.0143 38.5 18 0.92 
24 FIBROSN 1.9 31.4 18.4 549 421 4 0.727 0.724 0.674 0.0057 48.9 12 0.82 
24 EPCD152 49.8 525 439 5 0.985 0.656 0.587 0 83.2 6 NA 
25 MCMA7 12.21 8.4 0 528 224 3 0.422 0.391 0.337 0 31 12 0.9 
25 PERF3-2 16.39 6.8 8.4 525 382 5 0.714 0.671 0.615 0.0077 40 15 0.86 
25 V1-172 3.18 21.1 15.2 522 171 4 0.276 0.26 0.247 0 45.6 7 0.76 
25 AE54 3.97 15.1 36.3 402 231 5 0.617 0.632 0.567 0.0442 64 9 0.82 
25 RBP3 51.4 332 200 3 0.642 0.608 0.536 0 69.9 4 0.61 
26 BMS629 19.53 8 0 527 309 3 0.575 0.579 0.49 0 6.9 9 NA 
26 BM6526 26.85 2.3 S 541 336 4 0.534 0.536 0.48 0.0121 16.4 9 NA 

(con linved) 
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Chromosome 	Marker 	Two-point LOD' 	Inter (cM) Pos" (cM) N' InfMei' No. aIV H(0)' H (E) PlC' Est err rate' Pos" 

IMF map' 

No. all" PlC' 

26 	 LS41 	 7.1 	 18.1 10.3 535 310 4 0.624 0.617 0.542 0.0091 20.6 12 0.77 
26 	 CSRD163 	17.18 	 16.9 28.4 524 270 3 0.578 0.614 0.531 0.0097 39 8 NA 
26 	 jMP23 	 20.7 	 5.3 45.3 531 443 8 0.727 0.731 0.681 0.0058 53.5 13 NA ' 
26 	 JMP58 	 9.71 	 8.9 50.6 401 222 5 0.589 0.596 0.522 0.0263 51.4 9 0.67 
26 	 POLBF17 	11.2 	 14.8 59.5 497 328 7 0.678 0.669 0.641 0 61.5 11 0.82 
26 	 BM203 74.3 335 278 9 0.773 0.79 0.759 0.0424 71.1 10 NA 
X 	 MCM158 	4.27 	 34.6 0 528 397 7 0.714 0.648 0.599 0 0.8 12 0.88 
X 	 MAF45 	18.21 	 24.7 34.6 709 623 6 0.779 0.742 0.701 0 31.2 12 0.84 
X 	 ILSTS17 	66.49 	 5.1 59.3 530 543 3 0.577 0.47 0.41 0 66.8 11 0.79 
X 	 CP131 	 72.24 	 1.8 64.4 524 537 7 0.517 0.525 0.494 0 80.5 9 0.83 
X 	 MCM25 66.2 528 464 5 0.729 0.628 0.579 0 90.8 15 NA 

Average 	14.58 	 15.0 510 310 4.58 0.58 0.58 0.52 0.01 10.06 0.75 . 
SD 	 14.88 	 9.9 73 113 1.58 0.17 0.16 0.16 0.03 3.49 0.11 c, 

Chromosome number. 
LOD score for linkage between adjacent markers, 
lnternmarkcr spacing. 

"Chromosomal position. 
Number of sheep genotyped. - 

'Number of informative rncioscs detected at the marker locus. 
Number of alleles. 
Observed marker heterozygosity. 
Estimated marker heterozygosity. 
Polymorphism information content. 
Estimated error rate from mother-offspring pairs using CERVUS. 

'IMF map characteristics (Australian Sheep Gene Mapping website at http://rubens.its.unimelh.eclu.au/"jillm/jill.htm). 
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Abstract 

A genome-wide scan was performed to detect quantitative trait loci (QTL) for resistance to gastrointestinal parasites and ectoparasitic 
keds segregating in the free-living Soay sheep population on St. Kilda (UK). The mapping panel consisted of a single pedigree of 882 
individuals of which 588 were genotyped. The Soay linkage map used for the scans comprised 251 markers covering the whole genome 
at average spacing of IS cM. The traits here investigated were the strongyle faccal egg count (FEC), the coccidia faecal oocyst count 
(FOC) and a count of keds (Melophagus oumus). QTL mapping was performed by means of variance component analysis so that the 
genetic parameters of the study traits were also estimated and compared with previous studies in Soay and domestic sheep. Strongyle 
FEC and coccidia FOC showed moderate heritability (112 = 0.26 and 0.22, respectively) in lambs but low heritability in adults 
(/12 <0.10).  Ked count appeared to have very low h2 

 in both lambs and adults. Genome scans were performed for the traits with moderate 
heritability and two genomic regions reached the level of suggestive linkage for coccidia FOC in lambs (logarithm of the odds = 2.68 and 
2.21 on chromosomes 3 and X, respectively). We believe this is the first study to report a QTL search for parasite resistance in a free-
living animal population and therefore may represent a useful reference for similar studies aimed at understanding the genetics of host-
parasite co-evolution in the wild. 
© 2006 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved. 

Keiii'ords: QTL mapping; Soay Sheep; Parasitic nematodes; Variance components: Natural population 

1. Introduction 

The antagonism between host and parasite is thought to 
be a major force in ecology and evolution due to its poten-
tial to generate and maintain genetic variation. Parasites 
are often characterized by high potential for diversification 
due to their high speed of speciation (Dykhuizen, 1998), 
whereas the hosts they colonize constitute a rapidly chang-
ing environment (Huyse et al.. 2005). As a consequence, the 
host-parasite relationship generates continuously evolving 
host and parasite lineages (Nadler, 1995). In principle, this 

- Corresponding author. Tel.: +44 131 6513612; fax: --44 131 6506564. 
E-mail address: dario.berald©ed.ac.uk  (D. Beraldi). 

continuous battle can maintain genetic diversity in the 
antagonistic populations provided that a specificity 
between host and parasite genotypes is present (Haldane, 
1949). Parasite resistance is likely to be controlled by sever-
al loci and therefore it may receive a strong mutational 
input which generates genetic variation (Houle et al.. 
1996). Host-parasite co-evolution may maintain genetic 
variation if the additive genetic value of a host genotype 
changes when parasites evolve as a response to the selection 
induced by the host (Haldane. 1949). Antagonistic pleiot-
ropy may result in maintenance of genetic variation if the 
same genotype is positively selected for one fitness-related 
trait but negatively selected for another fitness-related trait 
(Roff and Mousseau, 1987). In the case of parasite resis-
tance, this last hypothesis is suggested by the finding that 

0020-7519/$30.00 © 2006 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved 
doi: 1(1.1(11 (i/).i)para.2006.09.007 
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sheep that are genetically resistant to intercellular infec-
tions may be more susceptible to infection from intracellu-
lar pathogens (Gill et al., 2000). 

In sheep and other domestic ruminants, gastrointestinal 
nematodes are one of the most important classes of parasite. 
Intensive effort, therefore, has been invested in understand-
ing, and exploiting through breeding programs, the genetic 
basis of parasite resistance and host-parasite co-evolution 
(Kaplan. 2004). Parasite resistance is complex in nature, hav-
ing polygenic and environmental components (Stear et al., 
1997; Bishop and Stcar, 2003). Resistance to infection by 
gastrointestinal nematodes has moderate heritability in 
domestic sheep ranging from 0.13 (McEwan et al., 1992) to 
0.53 (Baker et al.. 1991) and resistant or susceptible lines 
have been selected in various countries (Dominik, 2005). 

Quantitative trait loci (QTL) mapping can help to dis-
sect the complexity of parasite resistance by identifying 
candidate genomic regions affecting the trait variation. 
To this end, different linkage mapping projects have been 
undertaken to find QTL for parasite resistance (Doininik, 
2005). A genome scan was performed by Bch et al. (2002) 
using lines of sheep diverging for parasite resistance. Differ-
ent regions were detected as likely to carry genes for resis-
tance although no region was statistically significant after 
correcting for multiple tests. Davies et al. (2006) genotyped 
naturally infected lambs to scan regions previously identi-
fied as candidates for either genes for resistance or genes 
for other economical traits to determine whether these can-
didate regions could be confirmed in an independent data-
set. Evidence of linkage was found on chromosomes 2, 13, 
14 and 20. Recently, a genome scan performed by Craw-
ford et al. (2006) using divergent lines and naturally infect-
ed animals detected a significant QTL on chromosome 8. 
In general, such selected populations have the advantage 
of high quality pedigrees and phenotypic data in terms of 
sample size and accuracy. In order to increase the power 
of analysis, the populations used for mapping purposes 
are usually grown under controlled and uniform conditions 
designed to maximize the genetic contribution to the phe-
notype (Lymbery, 1996; Lynch and Walsh, 1998). Such 
experimental designs, however, may not accurately reflect 
the interactions between genes and environment that occur 
in natural populations (Erickson et al., 2004; Slate, 2005) 
and that could contribute to host-parasite co-evolution 
and host population dynamics (Gulland and Fox. 1992; 
Gulland Ct al.. 1993; Hudson et al., 1998). 

From an evolutionary perspective, it is of interest to 
know whether major genes for parasite resistance explain 
observed variation in natural populations in situ. Perhaps 
such genes can only be detected under highly controlled 
environmental conditions when genetic variation and sta- 
tistical power are maximised. In free-living populations, 
environmental noise and interactions between genetic var- 
iation and environmental variation may mask the effects 
of individual genes (Lynch and Walsh, 1998). In this paper 
we present a QTL analysis of parasite resistance in a free-
living sheep population. 

The free-living Soay sheep population on Hirta, St. 
Kilda, UK, is the subject of a long term project aimed 
at addressing a wide range of ecological and evolutionary 
issues (extensively documented in Clutton-Brock and 
Pemberton, 2004) including the genetics and evolution 
of parasite resistance in the wild. The Soay sheep is natu-
rally parasitized by several gastrointestinal nematode spe-
cies (Wilson et al.. 2004; Wimmer et al., 2004; Craig et al., 
2006), the most prevalent and abundant being strongyles 
(of which the predominant species are Te/adorsagia cir-
cumcincta, Trichosirongylus axei, Tric/iosirong v/us vitrinus; 
see Craig et al., 2006). Different species of protozoans also 
infect the intestinal tract of Soay sheep; these belong 
mainly to the genus Eimeria but Crvptosporidium parvum 
and Giardia duodena/is also occur (Wilson et al.. 2004: 
Craig et al., in press). Keds (Me/op/tagus ovinus) also par-
asitize the Soay sheep, living in the wool and feeding on 
blood, causing anaemia and irritation (Wilson et al., 
2004). 

The evolution of parasite resistance in Soay sheep has 
previously been addressed using two different population 
genetics strategies, the first being a quantitative genetics 
approach. Parasite resistance, measured as strongyle faccal 
egg count (FEC), is under directional selection (Coltman 
et al., 1999). In addition, there is a positive genetic correla-
tion between body traits and resistance to strongyles (Colt-
man et al., 2001a) so that resistant sheep also experience 
better growth. Because body size and parasite resistance 
are under directional selection, it is expected that in this 
population the allelic variants associated with small body 
size and/or low parasite resistance will be eliminated by 
selection and additive genetic (heritable) variation will be 
reduced to near zero (Fisher, 1958: Endler, 1986). Howev-
er, parasite resistance in Soay sheep has low but not null 
heritable variation - previous population-wide estimates 
based on an animal model found a heritability for FEC 
in summer of 0.11 + 0.02 in males and 0.13 + 0.01 in 
females (Coltman et al., 2001a). 

In a second approach, previous studies in Soay sheep 
have examined a number of candidate loci for parasite 
resistance in simple association studies. Three loci appear 
to be associated with parasite resistance: the interferon 
gamma gene (IFNG) on chromosome 3 (Coltman et al., 
2001b); the major histocompatibility complex (MHC) on 
chromosome 20 (Paterson, 1998: Paterson et al., 1998); 
and the adenosine deaminase gene (ADA) on chromosome 
13 (Gulland et al., 1993). It is of great interested to know 
whether these association studies can be supported in a 
more rigorous QTL search. 

Here, we make use of a previously established mapping 
pedigree and linkage map (Beraldi et al.. 2006; Beraldi 
et al., unpublished data) and phenotypic data for three 
classes of parasites (gastrointestinal nernatodes, coccidia 
and keds), to ask: (i) whether we can detect heritable vari-
ation for resistance; (ii) whether we can detect QTL for 
resistance; and (iii) whether any QTL found coincide with 
previous domestic sheep or Soay sheep studies. 

Please cite this article in press as: Beraicli, D. et al., Quantitative trait loci (QTL) mapping of resistance to strongyles .....hit. J. Para-
sitol. (2006). doi:10. I 016/j.ipara.2006.09.007 
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2. Materials and methods 

2.1. Study population 

The Soay sheep on the islands of Soay and Hirta (St. 
Kilda archipelago, North West Scotland, UK, 57°49'N, 
08°34'W) are feral populations of a breed regarded as the 
most primitive in Europe (Campbell, 1974: Doney et al., 
1974); nowadays, the sheep population of Hirta varies 
between 600 and 2000 individuals. Since 1985 regular expe-
ditions have been sent to St. Kilda to monitor the popula-
tion dynamics and to record the life histories of individuals 
living in Village Bay, Hirta (Clutton-Brock et al., 2004). No 
predators are present on St. Kilda. All animal handling was 
undertaken under the appropriate UK Home Office 
licences. 

2.2. Mapping pedigree and linkage map 

The whole Soay sheep pedigree file numbers more than 
3900 animals. Within this pedigree maternal links were 
assigned through observation of the animals in the field, 
whereas paternal links were inferred through molecular 
analysis (Overall et al., 2005). From the total pedigree, a 
panel of 588 animals was genotyped at 247 microsatellite 
and four isoenzyme markers. This subset comprised all 
the half-sibships with 10 or more individuals and their 
common parents. The ancestors of the genotyped individu-
als and the animals linking different sibships (n = 294) were 
not genotyped, but they were included in the mapping ped-
igree to improve the estimates of kinship and the identity 
by descent (TBD) coefficients in the variance component 
analysis. A more thorough description of the mapping ped-
igree and selection criteria is included in Beraldi et al. 
(2006). The Soay sheep map covers approximately 90% 
of the genome with an average inter-marker spacing of 
15 cM. Further details of the map characteristics and the 
technical procedures can be found in Beraldi et al. (2006). 

2.3. Plieno typic dataset and measures of parasitism 

Phenotypic records of the animals in the mapping pedi-
gree were retrieved from the Soay sheep database. The data 
analyzed in this study were collected between 1988 and 
2005 from animals born between 1979 and 2002. 

In the present study, the quantification of sheep resis-
tance to gastrointestinal parasites was based on the indirect 
measures of strongyle FEC and coccidia faecal oocyst 
count (FOC). The direct count of parasites would involve 
the sacrifice of animals and post-mortem examination: this 
alternative is not feasible because the Soay sheep are pro- 
tected and the sacrifice of animals would be in conflict with 
the study of the Soay sheep as a free-living population. 
However, previous work has shown a correlation between 
FEC and burden in island Soay populations (Wilson 
et al.. 2004). Strongyle FEC and coccidia FOC were deter-
mined as the number of parasite eggs (FEC) or oocysts 

(FOC) per gram (wet weight) of faeces using a modification 
of the McMaster technique (MAFF. 1986). Other distinc-
tive helminth species (Nematodirus spp., Moniezia expansa, 
C'apillaria Ion gipes and Trichuris ovis) are routinely classi-
fied and quantified in Soays but were not abundant enough 
for analysis. A few hosts that had previously been treated 
with either anthelminthics or hormones for experimental 
purposes were excluded from analysis. The count of keds 
was the total number of keds observed during a 1 mm 
search of the wool on a sheep's belly. The raw data (stron-
gyle FEC, coccidia FOC and ked count) were transformed 
into the natural logarithm to achieve a distribution closer 
to normality (all the measurements were increased by one 
unit before transformation, i.e. Ln(trait + 1), so that zero 
values remained unchanged after transformation). The 
genetic and environmental sources of variation of parasite 
resistance are expected to change with the age of the ani-
mals and time of year (Bishop et al., 1996; Coltman 
et al., 2001b). Therefore, only the samples collected in the 
August catch up, when most of the data are collected, were 
included in the analyses. In addition, each parasitic group 
was analyzed separately in lambs (4-month-old animals) 
and adults (animals older than 4 months). Sample sizes 
and summary statistics for each trait are reported in 
Table I. 

2.4. Definition offixed tjTects 

Fixed effects influencing the study traits were fitted in 
the variance component models. In order to facilitate com-
parisons with previous studies in Soay sheep, the fixed 
effects fitted for strongyle FEC were the same as those fit-
ted by Coltman et al. (2001b). For consistency, coccidia 
FOC was also analyzed with the same model. A general lin-
ear model analysis implemented in Minitab 14.1 (Minitab 
Inc.) was applied to determine the amount of variation 
explained by each fixed effect (Table 2). 

2.5. Estimation of variance components 

Under the null hypothesis of no segregating QTL, the 
additive genetic variation of a trait is supposed to be com-
posed by many genes of small effect scattered across the 
genome. The trait can be modelled as a combination of 
fixed and random effects (Lynch and Walsh, 1998; Williams 
and Blangero, 1999): 

y = XP + Za + e 

where y is a vector of records on individuals; /3 is a vector 
of fixed effects; a is a vector of additive genetic effects (or 
breeding values) estimated on the basis of the coefficient 
of co-ancestry between any pair of individuals in the pedi-
gree; e is a vector of residual effects. X and Z are design 
matrices relating records to the appropriate fixed or ran-
dom effects. 

Heritability (/22), permanent environment effect (c2) and 
residual effect (e2) were calculated as the ratio of the rele- 
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vant variance component (VA, additive genetic variance; 
t. V, permanent environmental variance; VE, residual van- 

t 
00 ance) to total phenotypic variance (Vp), i.e. /2 = VA/Vp; 

c2 Vc/Vp;e2 =VE/Vp. 
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'0 CC 0 	0 Go Variance components were estimated by the restricted 
maximum likelihood procedure (Lynch and Walsh, 1998) 
implemented in the software package ASReml (Gilmour 
et al.. 2002). 

2.6. QTL mapping 

To map putative segregating QTL, an IBD (identity by 
descent) matrix estimated at any given map position was 
fitted in the model des,cribed above as an additional ran- 
dom effect (George et al., 2000): 

CC 
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C/C Go Go 	NGoGo z z z 	z z where q is a vector of additive QTL effect. IBD sharing 

statistics 	were 	estimated 	using 	pedigree 	relationships, 
- marker data and map distances described above and in 
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I and variance components were estimated every 10cM. 
Putative QTL regions, 	i.e. 	those reaching a logarithm 
of the odds (LOD) score of at least 1, were then scanned 
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Table 2 

Fixed effects for the study traits fitted in the polygenic and quantitative trail loci models 

Trait Dataset Sex Litter size Birth year Collection year Weight Collection age Total deviance explained (dl) 

Strongyles Lambs 4.2 (I) 0.3 (2)' - 17.4 (14) 3.5 (1) NF 25.5 (18) 
Coccidja Lambs 0.7 (1) -.0 (2) - 20.8 (9) 5.6 (I) NF 27.4 (13) 
Ked count Lambs 5.8 (1) 3.1 	(2) - 4.1 (14)" NF NF 13.0 (17) 

Strongyles Adults 13.2 (I) NF NF 4.0(17) 0.4(t) NF 21.2 (22) 
Coccidia Adults 1,4(l) NF NF 13.4 (12) 1.2(1) 2.1 	(1) 18.2 (15) 
Ked count Adults NF NF 4.1 (22) 5.8 (16) NF NF 9.9 (38) 

the deviance explained (in percentage) and the degrees of freedom used by each term (in brackets) are reported 
NF, Not fitted, 

Effect non-significant (P >0.05) but fitted for consistency with previous analyses. 

3. Results and discussion 

Six (non-independent) traits reflecting the resistance of 
Soay sheep to gastrointestinal strongyles, coccidia and keds 
at ages 4 months and 16 months or older were modelled. 

3.1. Variance component analysis 

Results of the variance component analysis under the 
polygenic model are presented in Table I. In lambs, the 
additive genetic component of strongyle FEC and coccidia 
FOC accounted for a moderately high proportion of the 
phenotypic variation although the estimates were not very 
precise due to the large standard deviations. The beritabil-
ities of strongyle FEC and coccidia FOC in lambs were 
similar, being 0.26 + 0.12 and 0.22 + 0.21. respectively. In 
adults, no genetic variation was detected for strongyle 
FEC and very low heritability was detected for coccidia 
FOC (/2 

= 0.0610.03).  The estimates of heritability 
reported by Coltman et al. (2001a) for strongyles FEC in 
Soay sheep were between 0.11 and 0.14. The inconsistency 
between results from Coltman et al. and the present study 
could be explained by differences in the pedigree and data 
selection. In particular, the estimates of Coltman et al. 
(2001a) are based on animals of any age whereas in this 
study we differentiated between lambs (4-months-old ani-
mals) and adults (animals older than 4 months). Also, high-
er estimates of heritability in this study may be explained 
by more reliable inference of parentage. The genotyping 
of more than 200 markers in the genome scan allowed 
the detection of pedigree errors that can downwardly bias 
the estimate of genetic parameters (Charmantier and 
Reale, 2005). With respect to domestic sheep, the estimates 
of FEC heritability in Soay sheep reported here do not par-
ticularly differ from farmed or experimental populations. 
However, as heritability is a property of the population 
and not the species, care should be taken in comparing 
Soay and domestic sheep because of the differences in life 
history and environment between a free-living population 
and managed, selected flocks. 

With respect to the coefficients of variation, the CVA  of 
strongyle FEC in lambs was about three times the CVA  of 
coccidia FOC in lambs (18.08 and 6.32, respectively) 
although the heritability of the two traits was similar  

(0.26 and 0.22, respectively). This suggests that there is 
greater genetic variation responsible for strongyle FEC 
than coccidia FOC, but also that the phenotypic variation 
of strongyle FEC is higher than that of coccidia FOC. 

The adult datasdts of strongyle FEC, coccidia FOC and 
ked count in both lambs and adults showed little or zero 
heritable variation (Table I). However, the CVA  in adult 
coccidea FOC (10.66) is higher than in lambs (6.32). This 
suggests the genetic variation in adults is overwhelmed by 
environmental variation so that the genetic component 
makes little contribution to phenotype. The same specula-
tion could be applied to strongyle FEC and ked count but 
in this case the fact that the means and variances are 
similar and close to zero make the coefficient of variation 
difficult to interpret due to its mathematical properties. 

3.2. Variance component QTL mapping 

Genome scans were performed for strongyle FEC and 
coccidia FOC in lambs, the two traits with moderate heri-
tability. The LOD score profiles for these traits are shown 
in Fig. I and characteristics of LOD scores higher than 1 
are listed in Table 3. 

Three LOD scores above I but below the suggestive 
threshold were detected for strongyle FEC (Table 3). These 
were located on chromosomes 6 (LOD = 1.58), 12 
(LOD = 1.49) and I (LOD = 1.43). Beh et al. (2002) 
detected a suggestive QTL for resistance to Trichostrongy-
ins coiubrformis in 20-week-old sheep on chromosome 6 
and a pointwise significant peak (significant at P < 0.05 
but unadjusted for multiple tests) for 27-week old animals. 
This group also identified one region on each of chromo-
somes 1 and 12 reaching the pointwise significance in 27-
week-old animals. The scan published in that study does 
not report the position of the LOD peaks so that it is not 
possible to determine whether their peaks correspond to 
those presented here. To the best of our knowledge no 
study, other then that mentioned above, detected QTL 
for parasite resistance in the regions reported here. 

The scan for coccidia FOC in lambs produced two LOD 
scores exceeding the suggestive threshold (chromosome 3 
with LOD = 2.68 and support interval of approximately 
30 cM, and chromosome X with LOD = 2.21 and support 
interval of approximately 17 cM: Table 3 and Fig. 2), and 
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Genome scan - Strongyle FEC and coccidia FOC (lambs) 
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Cumulative map (Morgan) 

Fig. I. Whole genome scans of strongyle faecal egg Count (FEC; dashed line) and coccidia faecal oocyst count (FOC; continuous line) in lambs. 
Logarithm of the odds (LOD) score values (ordinate) were plotted against genetic position (abscissa, Morgan scale). Dotted horizontal lines show the 
gcnome-wide significance threshold (3.3); dashed lines are the suggestive significance threshold (1.9). Vertical lilies mark the chromosome boundaries and 
chromosome names are displayed at the top. 

Table 3 
Logarithm of the odds (LOD) scores higher than 1 detected for strongyle faecal egg count and coccidia faecal oocys( count in lambs 
Trait 	 Dataset 	LOD Chr. Position (cM) Flanking markers (cM)' 
Strongylcs 	Lambs 	 1.58 6 74 BMS360 (4) McMI40 (4) 

1.49 12 44 CSSM3 (I) MCMA52 (19) 
1.43 I 79 BM6465 (7) CSAP36E (I) 

Coccidia 	 Lambs 	2.68k  3 328 CSAP39E (17) CSSME76 (0) 
2.21 X 3 McMI58 (3) MAF45 (32) 
1,52 3 127 RM96 (6) BM2818 (14) 
1.13 2 89 CSSM37 (7) FCBI28 (3) 

In parentheses the distance (cM) of the flanking markers from the quantitative trait loci peak 
Suggestive linkage (LOD >1.9). 
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3 

2.5 
a) 

32 

1.5 

0.5 

0 

two LOD scores exceeding the value of I (chromosome 3 
with LOD = 1.52 and chromosome 2 with LOD - 1.13; 
Table 3). The LOD score peak for coccidia FOC in lambs 
on chromosome X is in the vicinity of one of the telomeres. 
No previous studies have investigated chromosome X for 
parasite resistance QTL or genes. Davies et al. (2006) iden-
tified three regions on chromosome 3 likely to be linked to 
different traits related to parasite resistance (IgA activity, 
Neinalodirus FEC in August, and strongyle FEC in Octo-
ber) and one region on chromosome 2 linked to Nematodi-
ru,s' FEC in September. Although the support intervals of 
the present study and that of Davies et al. (2006) overlap, 
the statistical significance of the results and the differences 
in the two approaches make it difficult at this stage to 
understand whether the two studies have identified the 
same regions. Other studies in domestic sheep did not iden-
tify QTL in the regions detected here. 

Candidate regions identified in previous association 
studies in Soay sheep did not produce any evidence of link-
age in our genome scans. It is known that the IFNG region 
on chromosome 3 is related to strongyle parasite resistance 
in domestic sheep (Paterson et al.. 1999) and Soay lambs 
(Coltnian et al.. 2001b). The IFNG region, located at  

approximately 244 cM on the Soay map, did not produce 
any particular evidence of linkage and it is outside the sup-
port interval of the suggestive QTL identified for coccidia 
FOC. The effect of IFNG on strongyle FEC in Soay sheep 
was estimated by Coltman et al. (2001b) in a dataset larger 
than the one analyzed here and using a general linear mod-
el in which the two alleles of a microsatellite in the IFNG 
gene were fitted as a fixed factor (Coltman et al., 2001b). 
The association between FEC and microsatellite alleles 
was significant at P = 0.047 but the variation explained 
by the microsatellite was very low (0.5'Yo of the total devi-
ance). Consequently, it is not surprising that no QTL was 
detected in this region considering the differences in data-
sets and methods of analysis. Similarly, the ADA locus, 
mapped to chromosome 13 (Beraldi et al., 2006), and the 
MHC region on chromosome 20 did not produce any evi-
dence of linkage. As with IFNG, the association between 
the MHC region and strongyle FEC was detected using a 
larger dataset with a generalized linear model. Failure to 
detect linkage could be due to insufficient power of the cur-
rent sample size or lack of informative markers in the tar-
get regions although good marker coverage was achieved in 
the putative regions (Beraldi et al.. 2006). However, associ- 
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