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The purpose of this project was to explore tools that could help identify genomic regions that contribute to a breed’s unique characteristics without the need to measure and genotype large numbers of animals in a mapping experiment. The potential to do this arises because current breeds have been shaped by past selection. Where genes of moderate or large effect (i.e. those that could be detected in a mapping study) have been fixed in the process of breed selection, they will leave the trace of this past selection in the genome. Thus if genetic analysis can be used to identify these ‘footprints’ of selection, it will point to the regions of the genome that are important in shaping breed characteristics. Where selection on an allele has occurred, it will have moved an initially rare allele (originally there may have been only a single allele, representing the founding mutation) through the population to fixation. This allele will carry with it a section of chromosome carrying alleles that are in linkage disequilibrium. This can result in a section of chromosome in which there is little variation within a breed, although if other breeds are fixed for alternative alleles, there may be substantial differences between breeds. Where breeds have not been affected by selection in a particular region, variation will not have been reduced other than by the effects of genetic drift. Thus if we examine genetic variation around a gene where selection has contribute to breed characteristics, we expect to see reducing variation within breed, possible accompanied by increasing variation between breed, as we approach the gene of interest. Consequently, if we can identify regions showing this pattern, they point to genes of importance and value. 

The objective of this project is to focus on a region where selection is known to have taken place in order to characterise the size of the resulting footprint, the density of markers required to identify the footprint and the data analysis required to identify the footprint. We use variation around the KIT locus for this purpose. This locus has been identified as responsible for colour variation in pigs, in particular harbouring the dominant white (e.g. in Large White and Landrace breeds) and belted alleles (e.g. in Hampshire and Saddleback), with the wild-type allele being present in coloured pigs such as the Tamworth and Large Black). The mutations responsible for these different alleles have been characterised and it is likely that the individual mutations producing the white and belted phenotypes have only occurred once. Thus it is likely that there would be three major clades, representing the white, belted and coloured phenotypes. We would expect to see major differentiation between the clades at and around the KIT locus, with limited variation at this locus within the white and belted clades (representing descendants of a single allele) and more variation in the coloured clade, which should represent a sample of the variation in the original wild boar population. 
This study focused on samples of up to 50 animals from breeds carrying the “white” allele (Large White, Pietrain and Middle White), the “belted” allele (Hampshire and British Saddleback) and the coloured allele (Large Black, Tamworth and Wild Boar). Four Chinese Meishan animals were included for comparison in some studies. Markers used included single nucleotide polymorphisms (SNPs) identified within the c-KIT locus and new and pre-existing markers, mainly microsatallites, close to the c-KIT locus and up to 30 cM distant from it.

Patterns of haplotypes for SNP markers within the c-KIT locus itself bear out the original premise of the study, that is that the white and belted breeds would carry distinctive haplotypes whereas the coloured breeds would be more variable and carry haplotypes representative of the original wild boar population. Thus the three breeds with the dominant white allele (Large White, Middle White and Pietrain) uniformly carry the same haplotype. The belted breeds (Hampshire and Saddleback) carry a very similar but distinct haplotype. Within the coloured breeds a wider range of haplotypes occur including the haplotype found in the white breeds (the explanation for this being that the mutation producing the white allele occurred within this haplotype. The Chinese Meishan breed carries a haplotype that is distinct in the cKIT-p05F region from any alleles found in the wild boar. This latter haplotype is however found in the Tamworth and Large Black, perhaps representing introgression of genes from Asian pigs which occurred in the 17-18th century.

Linkage disequilibrium (LD) between various microsatellite markers used in this study was detected in all eight pig breeds examined. The patterns of LD across SSC8 approaching the c-KIT locus showed clustering of LD 0.6cM to 3.4cM at the p-arm and at 0.5cM to 6.2cM of the q-arm. There does not appear to be a particular clustering of significant LD values for the markers closest to c-KIT (although this could be due to lower heterozygosity and hence lower ability to detect LD for these markers in some breeds). In addition, the highest levels of LD (as indicated by the number of significant pairwise estimates) was highest in a coloured breed, the Tamworth, followed by the wild boar and the Saddleback. Thus in this sample the present of significant LD values does not appear to be associated with intense selection on c-KIT and thus is not diagnoistic of the occurrence of a past selective sweep.

The levels of expected heterozygosity from microsatellite loci and SNP data obtained from individual pig breeds were plotted against the log-transformed genetic distances (in cM) from the c-KIT locus. The results indicated that in the colour breeds (LW, WB and TW) the levels of expected heterozygosity showed no particular patterns across the 32cM chromosomal distance investigated.  In general, the levels of heterozygosity detected across the regions of chromosome investigated were relatively high. In the white breeds (i.e., Large White and Middle White), the belted breeds (Hampshire and British Saddle Back) and the spotted breed (Pietrain), a significant relationship existed between the expected levels of heterozygosity and microsatellite loci distances from the c-KIT gene.  Plotting the expected heterozygosity against the log-transformed genetic distance from the c-KIT locus indicated that there was a significant deficiency of heterozygotes at the c-KIT locus, increasing in heterozygosity with distance from the c-KIT locus.  The decrease of heterozygosity detected in the white and belted breeds occurred at approximately 0.1cM to the c-KIT gene, while in Pietrain this occurred at approximately 0.5cM from the c-KIT locus.

Thus these regressions bear out the prediction that heterozygosity in microsatellite markers will be reduced in populations that have undergone a selective sweep. Thus the white and belted breeds, where individual single alleles have been under intense selective pressure at the cKIT locus show low levels of heterozygosity for microsatellite markers close to cKIT. In the coloured breeds and the wild boar there is no strong correlation between heterozygosity and distance from cKIT.
In conclusion, the study indicates that intense selection on individual loci within livestock populations can leave its distinctive footprint on the genome. This evidence of a selective sweep can be seen in breeds carrying the separate and distinctive “dominant white” and “belted” alleles at the c-KIT locus. Evidence is found firstly in the distinctive and uniform haplotypes identified within the gene for breeds carrying the selected alleles compared to the greater variation in populations carrying the ‘wild type’ allele that allows expression of uniform colour. Secondly, microsatellite loci close to the selected locus in white and belted breeds show reduced levels of heterozygosity. Linkage disequilibrium, at the resolution studied here, does not appear to be distinctive. The present evidence suggests that the region affected by reduced heterozygosity is short, although further study is required to confirm the exact size. If this proves to be the case, relatively high-density marker scans will be required to identify regions of reduced heterozygosity and such scans are likely to require markers that can be more easily identified and genotyped at high-densities such as SNP markers. 

The research initiated within this project is now being continued within an EC funded research project in which the regions being studied have been increased to include a number of QTL containing regions. These studies will be using high-density SNP genotyping in an attempt to more closely define the size of regions affected by a selective sweep and hence define optimum strategies for identifying such regions and hence the potentially valuable functional loci they contain.
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Background

Breeds of livestock are genetically distinct for physical characteristics, such as colouration, and for performance and other commercially important traits such as product quality, growth efficiency and disease resistance. These characteristics make different breeds of livestock valuable in their own right and also for the particular alleles they may possess. However, the genes and alleles that underlie phenotypic differences are for the most part unknown. Some progress has been made in the identification of genes controlling colour variation and gene and QTL mapping studies are beginning to locate genomic regions associated with breed differences in performance and other traits and this may ultimately lead to the identification of the genes of value. However, mapping studies require the production of F2 crosses between pairs of breeds, followed by the measurement of the F2 population for the traits of interest and genotyping of markers across the genome. Hence it is not practical to use the mapping approach to assess the genes controlling differences more than a few pairs of breeds.

In contrast to the mapping approach, genetic markers can be used to assess overall genetic differences between several or many breeds. Such studies can be used to determine between and within breed variation, elucidate the relationships between breeds and identify the genetically most distinct breeds and so may contribute to decisions on the allocation of resources to breed conservation. However, these studies do not presently identify the particular genomic regions that contribute to the differentiation between breeds at the phenotypic level. Hence they cannot be used to identify genes that make breeds distinct and which may be of value in breeding programmes. The UK is particularly rich in breed resources and it is important to assess the potential value of these breeds, not only in their own right, but also for the potential they have to contribute towards improvement in commercial breeds for example through unique alleles they may possess.

The purpose of this project was to explore tools that could help identify genomic regions that contribute to a breed’s unique characteristics without the need to measure and genotype large numbers of animals in a mapping experiment. The potential to do this arises because current breeds have been shaped by past selection. Where genes of moderate or large effect (i.e. those that could be detected in a mapping study) have been fixed in the process of breed selection, they will leave the trace of this past selection in the genome. Thus if genetic analysis can be used to identify these ‘footprints’ of selection, it will point to the regions of the genome that are important in shaping breed characteristics. Where selection on an allele has occurred, it will have moved an initially rare allele (originally there may have been only a single allele, representing the founding mutation) through the population to fixation. This allele will carry with it a section of chromosome carrying alleles that are in linkage disequilibrium. (In the extreme case, selection will drag with it a section of the gamete in which the original mutation occurred). This can result in a section of chromosome in which there is little variation within a breed, although if other breeds are fixed for alternative alleles, there may be substantial differences between breeds. Where breeds have not been affected by selection in a particular region, variation will not have been reduced other than by the effects of genetic drift. Thus if we examine genetic variation around a gene where selection has contribute to breed characteristics, we expect to see reducing variation within breed, possible accompanied by increasing variation between breed, as we approach the gene of interest. Consequently, if we can identify regions showing this pattern, they point to genes of importance and value. 

Ultimately the approach developed here may be applied to scan the complete genomes of a series of diverse breeds in order to identify regions that show the footprint of past selection. This will require:

1) knowledge of the marker density required for the scan and the appropriate means to analyse the data (to be developed in this project)

2) a source of markers at sufficient density to undertake the scan, and 

3) samples from the array of breeds of interest.

This project aimed to tackle the first of these points. The markers of choice for such a scan are likely to be microsatellites, or in future, single nucleotide polymorphisms (SNPs). SNPs at sufficient density are likely to be produced outside this project in the next few years. Taking well-structured and representative breed samples has proved to be difficult in the past. However, such samples were taken as part of an EC project  (PigBioDiv1 – full title: “CHARACTERISATION OF GENETIC VARIATION IN THE EUROPEAN PIG TO FACILITATE THE MAINTENANCE AND EXPLOITATION OF BIODIVERSITY”). Roslin Institute was part of this project, and therefore had access to samples from all the British breeds as well as a number of commercial lines through our British collaborators in this project, PIC and the Rare Breeds Survival Trust.

It will not be possible to undertake a genome scan to identify novel footprints of past selection in this study. Rather, the objective is to focus on a region where selection is known to have taken place in order to characterise the size of the resulting footprint, the density of markers required to identify the footprint and the data analysis required to identify the footprint. We use variation around the KIT locus for this purpose. This locus has been identified as responsible for colour variation in pigs, in particular harbouring the dominant white (in Large White and Landrace breeds) and belted alleles (in Hampshire and Saddleback), with the wild-type allele being present in coloured pigs such as the Duroc and Large Black). Leif Andersson’s group in Uppsala together with PIC have characterised the mutations responsible for these different alleles and their work shows that it is likely that the individual mutations producing the white and belted phenotypes have only occurred once. Thus it is likely that there would be three major clades, representing the white, belted and coloured phenotypes. We would expect to see major differentiation between the clades at and around the KIT locus, with limited variation at this locus within the white and belted clades (representing descendants of a single allele) and more variation in the coloured clade, which should represent a sample of the variation in the original wild boar population. 

The ongoing development of large numbers of SNP markers in livestock together with methods to genotype large numbers of such markers rapidly will allow the approach developed in this project to be applied on a large scale. This will allow the approach to be use to scan large areas of the genome for novel ‘footprints’ representing previously unknown genes of importance and to assess breeds for the novel alleles they may contain.
Objectives

1) Establish and consolidate existing resources (breed samples, KIT genotypes, comparative map information, existing microsatellite markers)

2) Select available microsatellite markers linked to KIT locus, isolate closely linked SNP markers

3) Develop additional microsatellite and SNP markers using comparative approach

4) Map selected markers in region around KIT

5) Screen breed samples with selected markers and analyse results.


Note: This last objective and associated milestones 9 and 10 were relevant in the event that the project was extended from 2 to 3 years. This extension did not occur, nonetheless much of the work on this objective was funded from other resources and results are reported here to give a more complete picture.

1. Establish and consolidate existing resources (breed samples, KIT genotypes, comparative map information, existing microsatellite markers)

Domesticated European pig DNA samples used in the present study included the following pig breeds: Large White (LW), Pietrain (PT), British Saddle Back (BS), wild boar (WB) (obtained from Pig Improvement Company, PIC, currently Sygen International plc.), Middle White (MW), Hampshire (HS), Large Black (LB) and Tamworth (TW) (from the Rare Breed Society Trust, RBST).  The PIC line LW, PT and SB breeds consisted of 24 pairs of full sibs, and approximately half of the pigs in these three breeds were previously used in the EC funded PigBioDiv1 study.  The pig breeds included in the study can therefore be classified as: the coloured breeds (i.e., TW, LB and WB), the white breeds (LW and MW), the belted breeds (BS and HS) and the spotted breed (PT). In addition samples from the Chinese Meishan breed were included as an outlier in some analyses.

2.  Select available microsatellite markers linked to KIT locus, isolate closely linked SNP markers

Markers within the KIT locus were identified. This involved isolation of cloned sequences from the gene followed by a study of sequence variation between breeds in these cloned sequences.

Isolation of pig c-KIT gene.  The pig c-KIT gene is a Hardy-Zuckerman 4 feline sarcoma viral (v-KIT) oncogene homologue, and is homologous to the human v-KIT gene.  Human v-KIT I.M.A.G.E. clone (I.D. 1914093) was obtained from the U.K. HGMP Resource Centre.  A single v-KIT I.M.A.G.E clone was re-grown in 7ml of LB (supplemented with 50µg/mL ampicillin) at 37(C for 16 hours.  DNA from a total of 4.5mL (divided into 3x 1.5mL) of the overnight v-KIT I.M.A.G.E. clone culture was prepared for digestion using the Wizard Plus SV Minipreps DNA Purification System (Promega, Cat. No. A1460).  Plasmid/DNA insert was then sequenced using the sequencing primers T3 and T7.  The sequence identity of I.M.A.G.E. clone 1914093 was confirmed as the human v-KIT by BLAST search against the GenBank database.  The human v-KIT DNA insert was excised from the I.M.A.G.E. clone plasmid DNA vector using 5-fold excess of restriction enzymes NOT I and Hind III (New England BioLabs).  The digested DNA fragment was separated from the plasmid DNA in 1x TBE 1% agarose gel.  The v-KIT DNA fragment was then excised and cleaned up using MinElute™ Gel Extraction Kit (Qaigen; Cat. No. 28604) following manufacturer’s instructions.  The human v-KIT DNA fragment was then used as DNA probe for isolating pig BAC clones from the PigEBAC library with an average DNA insert size of approximately 100Kb  [Anderson, 2000 #2172] that contained the pig c-KIT DNA insert (i.e., approximately 0.1cM from the gene of interest).
A single colony of the PigEBAC clone (I.D. 180D21) identified by the human v-KIT DNA probe as containing the pig c-KIT homologue was grown in 3mL of LB with 0.1% chloramphenicol (12.5µg/mL) for 16 hours at 37(C.  500µL of the 3mL pig BAC culture was re-grown in 500mL of LB (0.1% chloramphenicol; 12.5µg/mL) for 16 hours at 37(C prior to maxi-prep isolation of pig BAC DNA using the Qiagen plasmid protocol with slight modification.  Purified plasmid DNA containing the pig c-KIT DNA inserts was re-suspended in 400µL of 1X TE buffer and stored at -20(C until needed.  3.5µg of maxi-prep pig BAC DNA was digested in 0.375 units of starred-activity CVIJ1 restriction enzyme (CAMBIO) at 37(C for 50 minutes.  CVIJ1 Restriction digest reaction was terminated by adding 1.0µL of 0.5M EDTA.  Partially digested DNA was run out on 1% 1X TBE agarose gel and DNA fragments between 1.8Kb to 2.5Kb were excised and gel purified using QIAEX® II Gel Extraction kit (Qiagen).  Purified DNA fragments were eluded in 60µL of 1X TE buffer prior to being ligated into PBlue II vector DNA and transformed into XL2-Blue ultra competent cells (Stratagene).  Transformed XL2-Blue cells were grown at 37(C for 16 hours on LB agar plates supplemented with 0.1% ampicillin (10mg/mL water), 0.1% x-gal (40mg/mL DMF) and 0.1% IPTG (120mg/mL water).  Sixty transformed XL2-Blue colonies were grown individually in 3mL LB with 0.1% ampicillin (10mg/mL) for 16 hours at 37(C.  Ligated pig DNA-PBlue II plasmid vector from individual cell cultures were purified using Promega’s Wizard® Plus SV Minipreps DNA Purification System.  Sequencing primers M13F and M13R were used for sequencing the sixty DNA-plasmid vectors.  We obtained 10 partial pig sequences that ranged between 3559bp to 207bp.  BLAST search of the 3559bp DNA fragment within the NCBI GenBank database showed homologies with the human nucleotide NT_006318 (corresponded to positions 637057 – 639619 on the human chromosome 4), between the human v-KIT mRNA exon 7 (633009 – 633124) and exon 8 (647169 – 647283).

Identifying the pig c-KIT gene in PigEBac library. The DNA sequence obtained from the PigEBac library was found to be partially similar to the Human v-KIT intron 7 sequence by BLAST search against the genome database in GenBank.

SNP identification, PCR and Sequencing.  Two sets of primer pairs flanking the 5’ and 3’ ends (primers cKITpSNP-p01F and R; cKITpSNP-p05F and R, respectively) of the largest BAC DNA contig were designed for PCR amplification of selected pig breed DNA samples used in the current study to identify single nucleotide polymorphisms near and within the c-KIT (Table 1).  These primers were designed using the primer-designing program Oligo 5.0 with the criteria of minimal false priming sites, hairpin structure formation and primer-dimers.  PCR amplification used the following reagents in 50µL PCR volume: 125ng genomic DNA template 200µM each nucleotide; 1.25 units Taq DNA polymerase (Roche); 1x PCR buffer (Roche); 1.5mM Mg2+, and 50pmol each forward and reverse primers at appropriate primer annealing temperature.  All PCR amplifications used the following PCR profiles: one cycle initial denaturation at 95(C for 2.5 minutes, followed by one minute each of 95(C; specific primer annealing temperature of between 45(C to 66(C (Table 1), and extension at 72(C for 35 cycles.  Individual PCR products were purified using QIAquick® PCR purification kit (Qiagen; Cat. No. 28104) prior to sequencing.  Purified DNA samples were eluded in 25µL sterile water and stored at -20(C until needed.  Sequencing of individual purified PCR DNA samples were carried out in using the ABI PRISM® BigDye® Terminator v3.1 Cycle Sequencing Kit (AB Applied Biosystems) and sequenced using the ABI Prism® 3100 Genetic Analyzer (Applied Biosystems/Hitachi).

Table 1: Oligonucleotide primers and their corresponding annealing temperatures used in PCR amplification of c-KIT intron regions in the European domesticated pig breeds.  Ta: annealing temperature.
	Primer Name
	Primer Sequence (5’ ( 3’)
	Ta ((C)
	Fragment name
	Fragment size

	cKITpSNP_p01F

cKITpSNP_p01R
	ATTTTCCTCCCAAGTTTGACCTG

GGATGAAAGGAATTGTGCTCTGC
	53


	cKITp01
	652 bp

	cKITpSNP_p05F

cKITpSNP_p05R
	CTACGGTCTATTCAAATCAAAGT
AGTACATGGTTTCCCAGTTC
	52


	cKITp05
	699 bp


Contiguous assembly and sequence alignment. We used Pregap 4 and Gap 4 from the Staden genetic analysis program package (version 2001.0) to process the quality of trace sequence data and to assemble contigs for the human v-KIT gene from the I.M.A.G.E clone, the PigEBAC clone as well as for all DNA samples sequenced for the intron/intergenic regions from the eight European pig breeds.  The c-KIT intron regions chosen in this study was non-variable in length between all breeds, and alignment of sequences was unambiguously and easily accomplished by eye.

3.  Develop additional microsatellite and SNP markers using comparative approach/BAC contig

Microsatellite markers. From the PigEBac library clone 180D21 three (CA) repeat units ((CA)11, (CA)18 and (CA)3) were identified.  Microsatellite primers µ180D21c-F/R and µ180D21f-F/R were successfully designed for (CA)18 and (CA)3 repeats respectively.  The (CA)11 repeat unit was found next to LIM3 repeat (LINE/L1 repeat class), PRE1_SS (a member of the Pig SINE), SSMER1 repeat and LIM3 repeat (LINE/L1 repeat class).  Primers designed for the (CA)11 microsatellite repeat failed to produce reliable genotype data from the pig samples.  This (CA)11 microsatellite locus was therefore excluded in any of the analysis although the primer sequences µ180D21b-F/R will be reported.  

All remaining pig microsatellite markers used in this study (see Table 2) were obtained from published data <http://www.thearkdb.org/browser?species=pig>.  Published microsatellite DNA markers were selected at approximately 0.5, 1.5, 2.1, 2.7, 3.4, 6.2, 14.3, 15.2, 31.8 and 33.6 centimorgan (cM) from the pig cKIT locus, and either the forward or reverse primer of all selected microsatellite markers were modified with the attachment of a fluorescent end label (Hex; Fam or Ned).  All published primers used were as described with the exception of marker SW268b, SW853Bb, SW206b, SW1953b and SW916b, where initial tests showed poor amplification and redesigning of primers was necessary. 

Table 2: List of microsatellite DNA markers used, modifications (fluorescent end-labelled) attached, the expected PCR fragment length and the number of alleles reported/observed, microsatellite repeat units detected and the expected distances in centimorgan (cM) from the c-KIT locus.  Primers with ‘b’ in bold have been re-designed based on published sequences.  DNA sequences for all primers were as published with the exception of markers µ180D21c and g which were isolated in current study.  The mapped primer position and corresponding abbreviated names of genes detected are also presented.

	Primers
	Modifi-cation
	Primer sequences
	length
	# alleles
	microsatellite repeat units
	cM from cKIT

	SW268b
	F- [Hex]
	CCTGTTGCCTTTCTTCATATTTT
	211 bp
	7
	(TG)18
	31.8

	
	R
	GATCAAAAGCCCTTCCCTTAA
	(214 bp)*
	
	
	

	SW1037
	R - [Hex]
	As published
	192 bp
	4
	(CA)3.A.(CA)26
	14.3

	SW444
	R - [Ned]
	As published
	161 bp
	10
	(TG)32
	6.3

	SW206b
	F
	CCGTGAATATCAACAAAATCAG
	224 bp
	6
	(CA)15
	3.4

	
	R - [Hex]
	AATACTGGCAGCACATTACAATA
	(405 bp)*
	
	
	

	SW7
	R - [Ned]
	As published
	180 bp
	7
	(TG)4.N12.(TG)17
	3.4

	SW1070
	F - [Fam]
	As published
	363 bp
	8
	(TG)24
	2.7

	SW2174
	R - [Hex]
	As published
	158 bp
	8
	(TG)8.T.(TG)11.T. (TG)5
	2.7

	SW29
	F - [Ned]
	As published
	189 bp
	9
	(TG)21
	2.1

	SW1953b
	F - [Fam]
	ATATTCAAATCGTGTTCCAGCCA
	159 bp
	7
	(TG)27
	0.6

	
	R
	GTGTCTACAGCCTCCGTCT
	(186 bp)*
	
	
	

	SW916b
	F
	GCAGTGGTGTCTCAGGAGGT
	189 bp
	4
	(TG)18
	0.6

	
	R - [Fam]
	TAGAATGAATTGATGAAGTGAAG
	(239 bp)*
	
	
	

	µ180D21b(‡)
	F
	CCGCCTGTGATTCTTGATTTGA
	238 bp
	
	(CA)11
	0.1   (†)

	
	R - [Ned]
	GGTATGGAAACGACCTAAATGTCC
	
	
	
	

	µ180D21c
	F
	CCCAGCGGCCCAGTATCTC
	138bp
	
	(CA)18
	0.1   (†)

	
	R - [Hex]
	TCTACAAATACTCGGAGGCTG
	
	
	
	

	µ180D21f
	F - [Fam]
	AGACCCATTTAACTCCTGACTTG
	250bp
	2
	(CA)3
	0.1   (†)

	
	R
	TGCTTAATGGATTCGGCTGTGAG
	
	
	
	

	SW368
	F - [Ned]
	As published
	207bp
	5
	(TG)17
	0.5

	SWR750
	F - [Ned]
	As published
	209 bp
	5
	(TG)14
	0.5

	S0017
	F - [Hex]
	As published
	166bp*
	7
	(AC)19
	1.6

	SW1679
	R - [Fam]
	As published
	309 bp
	3
	(CA)11
	6.2

	SW853b
	F- [Fam]
	TGCATCTTAACCTCCTGACTTCT
	170 bp
	5
	(CA)11
	15.2

	SW763
	F- [Hex]
	As published
	194 bp
	4
	(TG)5.CG.(TG)14
	33.6

	
	R
	GTAATTTCCACTGCATTGTGAAG
	(174 bp)*
	
	
	


(†) Markers distance from cKIT locus is estimated at approximately 0.01 cM because these repeats were isolated from PigEBAC clones that contained the cKIT insert.  * Published allele length; n.a.: not determined; (‡) primers excluded in current study .

4.  Map selected markers

We determined the mapped positions of the published microsatellite loci with respect to known mapped positions of various genes on SSC8.  Six microsatellite markers (SW368, SWR750, S0017, SW1679, SW853b and SW763) tested in the present study have previously been mapped to the SSC8 q-arm.  Five of these six loci (i.e., except SW1679) also mapped close to known quantitative trait loci (QTL) genes (i.e., SW368 and SWR750 to CSN10; S0017 to CHGA, CSN1S1, CSN1S2 and CSN2; SW853b toEGF, and SW763 to SPARC1; see Table 3).  Because of the high incidence of SSC8 q-arm markers mapping to known QTL, these six microsatellite loci were therefore excluded from heterozygosity studies. A linkage map showing a subset of the markers listed in Table 2 is shown in Figure 1 below on the right-hand side. The microsatellite markers (in green highlighting) are shown in relation to the KIT locus with map distances as estimated in the Roslin mapping population. On the left-hand side is shown the USDA linkage map of this chromosome.

Figure 1. Linkage map of microsatellites on pig chromosome 8 focussed on the region around the KIT locus.
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5.  Screen breed samples with selected markers and analyse results.

Analysis of Microsatellite data. Microsatellite data of the domesticated pig breeds were analysed using the programme Microsatellite Analyser (MSA) [Dieringer, 2003 #2620].  Levels of both observed and expected heterozygosity from individual markers as well as the mean number of alleles per locus were estimated for all pig breeds.  Genepop Version 3.3 [Raymond, 1995 #102] was used to carry out exact test for genotypic disequilibrium in microsatellite loci used within individual pig breeds and for deviation from Hardy-Weinberg equilibrium.  For regression analysis of levels of heterozygosity within individual pig breeds against marker distances from the c-KIT locus we used loci that were in Hardy-Weinberg equilibrium and were not significantly linked (see below); while from each group of loci that were significantly linked within individual pig breeds, we included one locus with the highest number of alleles, and where the numbers of alleles between two linked loci were the same we followed the treatment of Hauser et al. (2002) and used the locus with the higher level of observed heterozygosity.

Linkage Disequilibrium (LD). Genepop Version 3.3 [Raymond, 1995 #102] was also used to calculate the probabilities associated with coefficients of linkage disequilibrium for all microsatellite marker pairs within individual pig breeds based on Fisher’s exact test and Markov Chain methods with default settings.
Analysis of SNP data. From the primers cKITpNSP-p01F & R and cKITpSNP-p05F & R two DNA fragments (cKITp01 and cKITp05 respectively) were amplified from a proportion of pigs within the sampled pig breeds to identify single nucleotide polymorphics (SNP’s) sites.  SNP data at individual polymorphic sites from pig samples sequenced were re-coded for analysis using MSA3.12 to enable calculation of Nei’s unbiased estimator for gene diversity (hs) [Nei, 1987 #111] (p. 164).  The average hs values from cKIT intron DNA fragments (i.e., averaged over 12 and 10 SNP sites in DNA fragments cKITp01 and cKITp05 respectively) were subsequently used together with that obtained for microsatellite data.

We used the statistical program StatView Version 5.0.1 to carry out regression analysis of microsatellite and SNP heterozygosity levels against marker distances from the pig c-KIT gene.  Log-transformation of genetic distance was carried out for individual pig breeds due to the increased density of markers sampled approaching to the c-KIT locus.  The line of best fit from individual regression analyses was tested for significant deviation from zero using t-test.  R2 and adjusted R2 values were determined by StatView and reported.
Numbers of pigs analysed by sequencing and by microsatellite markers. The c-KIT intron DNA fragment cKITp01 sequenced consisted of 21 individuals from each of the following breed: Large White (LW); Hampshire (HS); Large Black (LB); Pietrain (PI) and Middle White (MW); 20 individuals from the following breeds: British Saddle Back (SB) and Tamworth (TW); and 10 Wild Boar (WB).  For the c-KIT  intron sequence cKITp05, we sequenced 21 individuals from all of the breeds listed above, with the exception of TW where only 20 pigs were sequenced.  The average number of individuals from each of the breeds analysed by microsatellite analyses ranged from 38 to 45 (Table 3).

Table 3: Sus scrofa breeds used in the current study. N(µsat) is the average number of individuals tested by 18 microsatellite markers, N(seq) is the average number of individuals where intron sequences cKITp05 and cKITp01 were obtained for SNP analyses (refer to Appendix I for the identifies of all pigs tested with microsatellite markers and the identities of sequenced individuals).

	Breed
	Code
	N(µsat)
	N(seq)

	Tamworth
	TW
	41.50
	20.0

	Large White
	LW
	43.56
	21.0

	Pietrain
	PT
	45.78
	21.0

	Large Black
	LB
	40.06
	21.0

	British Saddleback
	BS
	40.44
	20.5

	Middle White
	MW
	38.06
	21.0

	Hampshire
	HS
	45.72
	21.0

	Wild Boar
	WB
	38.17
	15.5


SNP analysis. Cross sequence alignment between the eight pig breeds indicated that there were 12 polymorphic sites in the 652bp c-KIT intron DNA fragment cKITp01 amplified by the primers cKITpSNP-p01F & R primers.  For DNA fragments cKITp05 amplified using the primers cKITpSNP-p05F & R we identified ten polymorphic sites over 699bp.  The average expected heterozygosity values from SNP data identified within this cKIT intron sequence ranged from zero in the Large White, Middle White, Hampshire and Pietrain breeds to 0.125 in British Saddle Back, 0.159 in Wild Boar, 0.252 in Tamworth and 0.459 in Large Black for the cKITp05 DNA fragment.  In the 652bp c-KIT intron DNA fragment cKITp01 (amplified using the cKITpSNP-p01F and R primers) a total of 13 SNP sites were identified.  The average expected heterozygosity within individual pig breeds ranged from zero in LW, MW and PI to 0.07 in SB, 0.136 in HS, 0.202 in LB, 0.307 in TW and 0.359 in WB. A summary of the joint haplotypes identified in these two regions is shown in Figure 2 below.

Figure 2. Summary of KIT haplotypes identified within pit breeds. Nucleotide variant shown at each identified polymorphic site. The code o represents a deletion and ? represents unknown.
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The results presented in Figure 2 bear out the original premise of the study, that is that the white and belted breeds would carry distinctive haplotypes whereas the coloured breeds would be more variable and carry haplotypes representative of the original wild boar population. Thus in the above figure it can be seen that the three breeds with the dominant white allele (large White, Middle White and Pietrain) uniformly carry the same haplotype. The belted breeds (Hampshire and Saddleback) carry a very similar but distinct haplotype. Within the coloured breeds a wider range of haplotypes occur including the haplotype found in the white breeds (the explanation for this being that the mutation producing the white allele occurred within this haplotype. The Chinese Meishan breed carries a haplotype that is distinct in the cKIT-p05F region from any alleles found in the wild boar. This latter haplotype is however found in the Tamworth and Large Black, perhaps representing introgression of genes from Asian pigs which occurred in the 17-18th century.

Hardy-Weinberg (HW) Disequilibrium in Microsatellite loci. Within individual breeds the expected heterozygosity for the 18 microsatellite markers obtained were tested for Hardy-Weinberg disequilibrium against the observed heterozygosity using Genepop v3.  Overall, Hardy-Weinberg disequilibrium in various markers within individual breeds were detected, although most were non-significant after Bonferroni correction (Table 4).  Loci that remain significant were excluded in subsequent analysis for linkage disequilibrium.

Linkage disequilibrium (LD). LD between various markers used in this study was detected in all eight pig breeds examined, although no groups of markers were in LD across all eight pig breeds, suggesting that overall the loci segregated independently.  Approximately half of the LD detected remained significantly after Bonferroni correction (Table 5).  Base on our selection criteria for linked loci (i.e., select from individual groups of linked loci the locus with the largest number of alleles, or the locus with the higher level of expected heterozygosity when the number of alleles are the same between two or more loci), as well as excluding markers located on the SSC8 q-arm, the numbers of microsatellite markers used in regression analyses in LW, WB, TW, MW, HA, PI, LB and SB breeds were 9, 6, 5, 8, 8, 10, 6 and 5 respectively (refer to Table 4 for specific markers and distances from the cKIT locus).  

The patterns of LD across SSC8 approaching the c-KIT locus showed clustering of LD 0.6cM to 3.4cM at the p-arm and at 0.5cM to 6.2cM of the q-arm (Table 5). There does not appear to be a particular clustering of significant LD values for the markers closest to c-KIT (although this could be due to lower heterozygosity and hence lower ability to detect LD for these markers in some breeds). In addition, the highest levels of LD (as indicated by the number of significant pairwise estimates) was highest in a coloured breed, the Tamworth, followed by the wild boar and the Saddleback. Thus in this sample the present of significant LD values does not appear to be associated with intense selection on c-KIT.  

Regression Analysis. The levels of expected heterozygosity from microsatellite loci and SNP data obtained from individual pig breeds were plotted against the log-transformed genetic distances (in cM) from the c-KIT locus.  For each breed, a line of best fit was determined and its regression coefficient tested for significant deviation from zero by simple regression analysis and t-statistics (Figure 3). The results indicated that in the colour breeds (LW, WB and TW) the levels of expected heterozygosity showed no particular patterns across the 32cM chromosomal distance investigated.  In general, the levels of heterozygosity detected across the regions of chromosome investigated were relatively high although in WB the level of heterozygosity for marker SW268b at 31.8cM was unexpectedly low.  Excluding this significantly altered the R2 and R2* values (0.477 and 0.390 respectively) although its P-value remained insignificant at just above the 5% level (t = 2.341; P = 0.0578).

In the white breeds (i.e., Large White and Middle White), the belted breeds (Hampshire and British Saddle Back) and the spotted breed (Pietrain), a significant relationship existed between the expected levels of heterozygosity and microsatellite loci distances from the c-KIT gene.  Plotting the expected heterozygosity against the log-transformed genetic distance from the c-KIT locus indicated that there was a significant deficiency of heterozygotes at the c-KIT locus, increasing in heterozygosity with distance from the c-KIT locus.  The decrease of heterozygosity detected in the white and belted breeds occurred at approximately 0.1cM to the c-KIT gene, while in Pietrain this occurred at approximately 0.5cM from the c-KIT locus.  The fit of the data to the log regression curve is especially significant in LW (P = 0.0052) and PI (P = 0.0031); while in MW, HA and SB the P-values were significant at 0.0142, 0.0203 and 0.0390 respectively.

Thus these regressions bear out the prediction that heterozygosity in microsatellite markers will be reduced in populations that have undergone a selective sweep. Thus the white and belted breeds, where individual single alleles have been under intense selective pressure at the cKIT locus show low levels of heterozygosity for microsatellite markers close to cKIT. In the coloured breeds and the wild boar there is no strong correlation between heterozygosity and distance from cKIT. The distance over which heterozygosity is reduced appears from inspection of figure 3 to be small –markers 1 cM from cKIT appear to have normal levels of heterozygosity. 

Table 4: Expected heterozygosity values (He). Bold He values are deviation from Hardy-Weinberg equilibrium, *:He values that remained significant after Bonferroni correction at P < 0.05.

	
	cM from
	
	Pig breeds

	microsatellite
	c-KIT
	 
	BS
	LB
	PI
	HS
	MW
	TW
	LW
	WB

	SW268b
	31.8
	N
	43
	46
	47
	46
	39
	43
	45
	40

	
	
	Ho
	0.791
	0.761
	0.468
	0.630
	0.692
	0.415
	0.682
	0.050

	
	
	He
	0.742
	0.794
	0.404
	0.604
	0.636
	0.449
	0.599
	0.050

	
	
	n(alleles)
	8
	5   (†)
	3   (†)
	4   (†)
	5   (†)
	3   (†)
	8   (†)
	3   (†)

	
	
	
	
	
	
	
	
	
	
	

	SW1037
	14.3
	N
	34
	42
	46
	34
	34
	40
	38
	38

	
	
	Ho
	0.235
	0.190
	0.630
	0.147
	0.242
	0.525
	0.684
	0.486

	
	
	He
	0.535*
	0.212
	0.581
	0.424*
	0.220*
	0.491
	0.611
	0.615

	
	
	n(alleles)
	4
	2   (†)
	3   (†)
	5
	3
	2   (†)
	3   (†)
	3   (†)

	
	
	
	
	
	
	
	
	
	
	

	SW444
	6.3
	N
	43
	46
	47
	47
	39
	42
	45
	40

	
	
	Ho
	0.680
	0.696
	0.404
	0.277
	0.821
	0.714
	0.533
	0.450

	
	
	He
	0.845
	0.798
	0.542
	0.330
	0.770
	0.687
	0.489
	0.426

	
	
	n(alleles)
	10   (†)
	7   (†)
	3   (†)
	3   (†)
	5   (†)
	5
	4
	8

	
	
	
	
	
	
	
	
	
	
	

	SW206b
	3.4
	N
	16
	23
	47
	46
	39
	42
	29
	35

	
	
	Ho
	0.667
	0.348
	0.391
	0.000
	0.205
	0.095
	0.586
	0.114

	
	
	He
	0.703
	0.625*
	0.644*
	0.000
	0.329
	0.341*
	0.482
	0.210

	
	
	n(alleles)
	5   (†)
	4
	3
	1   (†)
	3   (†)
	2
	3
	3   (†)

	
	
	
	
	
	
	
	
	
	
	

	SW7
	3.4
	N
	43
	45
	46
	46
	38
	43
	45
	40

	
	
	Ho
	0.581
	0.533
	0.717
	0.130
	0.737
	0.605
	0.578
	0.750

	
	
	He
	0.662
	0.535
	0.663
	0.161
	0.702
	0.569
	0.580
	0.823*

	
	
	n(alleles)
	8   (†)
	5   (†)
	5   (†)
	2   (†)
	4
	4
	5   (†)
	8

	
	
	
	
	
	
	
	
	
	
	

	SW1070
	2.7
	N
	42
	44
	37
	46
	39
	42
	44
	37

	
	
	Ho
	0.786
	0.705
	0.541
	0.478
	0.667
	0.595
	0.892
	0.273

	
	
	He
	0.804
	0.639
	0.586
	0.466
	0.674
	0.559
	0.752
	0.236

	
	
	n(alleles)
	6
	4
	4   (†)
	4   (†)
	5
	4
	4   (†)
	8   (†)

	
	
	
	
	
	
	
	
	
	
	

	SW2174
	2.7
	N
	42
	46
	46
	46
	39
	41
	46
	39

	
	
	Ho
	0.833
	0.891
	0.304
	0.391
	0.718
	0.683
	0.652
	0.795

	
	
	He
	0.832
	0.834*
	0.264
	0.450*
	0.748
	0.678
	0.646
	0.781

	
	
	n(alleles)
	11   (†)
	8
	3
	7
	6   (†)
	5   (†)
	5   (†)
	8

	
	
	
	
	
	
	
	
	
	
	

	SW29
	2.1
	N
	42
	46
	46
	47
	39
	41
	46
	37

	
	
	Ho
	0.619
	0.522
	0.000
	0.085
	0.410
	0.683
	0.283
	0.649

	
	
	He
	0.616
	0.657*
	0.000
	0.124
	0.439
	0.655
	0.285
	0.507

	
	
	n(alleles)
	5
	7
	1   (†)
	4   (†)
	3   (†)
	6   (†)
	4
	7

	
	
	
	
	
	
	
	
	
	
	

	SW1953b
	0.6
	N
	41
	45
	46
	47
	33
	40
	44
	39

	
	
	Ho
	0.707
	0.600
	0.022
	0.106
	0.788
	0.575
	0.767
	0.821

	
	
	He
	0.707
	0.682*
	0.022
	0.199*
	0.767
	0.652
	0.664
	0.828*

	
	
	n(alleles)
	9
	6
	2   (†)
	4
	6   (†)
	9   (†)
	5   (†)
	10

	
	
	
	
	
	
	
	
	
	
	

	SW916b
	0.6
	N
	43
	46
	47
	47
	39
	42
	46
	39

	
	
	Ho
	0.186
	0.696
	0.000
	0.000
	0.000
	0.452
	0.000
	0.179

	
	
	He
	0.235
	0.630
	0.000
	0.000
	0.000
	0.426
	0.000
	0.214

	
	
	n(alleles)
	4
	3   (†)
	1   (†)
	1   (†)
	1   (†)
	3
	1   (†)
	4

	
	
	
	
	
	
	
	
	
	
	

	µ180D21c
	c. 0.1
	N
	41
	45
	47
	46
	39
	42
	45
	35

	
	
	Ho
	0.878
	0.622
	0.043
	0.891
	0.949
	0.810
	0.227
	0.200

	
	
	He
	0.676
	0.528
	0.042
	0.655*
	0.566*
	0.684*
	0.230
	0.241

	
	
	n(alleles)
	5   (†)
	6   (†)
	3   (†)
	6
	5
	4
	4   (†)
	7   (†)

	
	
	
	
	
	
	
	
	
	
	

	µ180D21f
	c. 0.1
	N
	43
	45
	42
	43
	39
	42
	46
	40

	
	
	Ho
	0.070
	0.489
	0.000
	0.000
	0.026
	0.571
	0.087
	0.050

	
	
	He
	0.154*
	0.433
	0.000
	0.000
	0.026
	0.496
	0.125
	0.096

	
	
	n(alleles)
	3
	2
	1   (†)
	1   (†)
	2   (†)
	2
	3   (†)
	2   (†)


Table 4 continues

	
	cM from
	
	Pig breeds

	microsatellite
	c-KIT
	 
	SB
	LB
	PI
	HS
	MW
	TW
	LW
	WB

	SW368
	0.5
	N
	43
	45
	47
	47
	39
	43
	47
	37

	
	
	Ho
	0.744
	0.089
	0.809
	0.891
	0.667
	0.814
	0.872
	0.432

	
	
	He
	0.607
	0.128
	0.487*
	0.513*
	0.466*
	0.661*
	0.526*
	0.418

	
	
	n(alleles)
	4
	3
	2
	3
	3
	3
	3
	6

	
	
	
	
	
	
	
	
	
	
	

	SWR750
	0.5
	N
	43
	46
	47
	47
	39
	42
	44
	40

	
	
	Ho
	0.488
	0.652
	0.000
	0.511
	0.667
	0.500
	0.295
	0.325

	
	
	He
	0.520
	0.525
	0.000
	0.468
	0.590
	0.635
	0.317
	0.456

	
	
	n(alleles)
	3
	3
	1
	3
	3
	3
	3
	3

	
	
	
	
	
	
	
	
	
	
	

	S0017
	1.6
	N
	42
	45
	47
	47
	39
	42
	47
	38

	
	
	Ho
	0.738
	0.644
	0.000
	0.468
	0.590
	0.190
	0.574
	0.711

	
	
	He
	0.759
	0.604
	0.000
	0.467
	0.570
	0.237
	0.546
	0.689

	
	
	n(alleles)
	7
	6
	1
	2
	4
	3
	5
	6

	
	
	
	
	
	
	
	
	
	
	

	SW1679
	6.2
	N
	42
	46
	45
	47
	36
	37
	46
	39

	
	
	Ho
	0.405
	0.130
	0.000
	0.362
	0.639
	0.000
	0.478
	0.538

	
	
	He
	0.374
	0.267*
	0.000
	0.420
	0.504
	0.000
	0.471
	0.575

	
	
	n(alleles)
	3
	3
	1
	3
	2
	1
	2
	3

	
	
	
	
	
	
	
	
	
	
	

	SW853b
	15.2
	N
	43
	46
	47
	47
	39
	42
	47
	40

	
	
	Ho
	0.512
	0.109
	0.000
	0.638
	0.128
	0.524
	0.064
	0.050

	
	
	He
	0.558
	0.104
	0.000
	0.571
	0.169
	0.505
	0.102
	0.097

	
	
	n(alleles)
	3
	2
	1
	3
	3
	2
	2
	3

	
	
	
	
	
	
	
	
	
	
	

	SW763
	33.6
	N
	42
	46
	47
	47
	37
	41
	34
	34

	
	
	Ho
	0.429
	0.500
	0.191
	0.000
	0.000
	0.000
	0.029
	0.294

	
	
	He
	0.419
	0.473
	0.175
	0.000
	0.000
	0.000
	0.029
	0.311

	
	
	n(alleles)
	4
	3
	2
	1
	1
	1
	2
	5


(†) Marker used in regression analysis 
Figure 3: Regression analysis of expected heterozygosity (Y-axis) versus log-transformed genetic distances (in cM) of microsatellite loci from the c-KIT locus on SSC8 (X-axis) from individual pig breeds.  R2*: adjusted R2 value. n.a: not applicable

(a) LW: t-value = 3.659; P = 0.0052
(b) WB: t-value = 0.765; P = 0.4694

R2 = 0.598; R2* = 0.553

R2 = 0.077; R2* = n.a







(c) TW: t-value = 1.104; P = 0.3197
(d) MW: t-value = 3.121; P = 0.0142

R2 = 0.196; R2* = 0.035

R2 = 0.549; R2* = 0.493







(E) HA: t-value = 2.885; P = 0.0203
(F) PI: t-value = 3.863; P = 0.0031

R2 = 0.510; R2* = 0.449

R2 = 0.599; R2* = 0.559







(G) LB: t-value = 1.017; P = 0.3483
(H) SB: t-value = 2.779; P = 0.0390

R2 = 0.147; R2* = 0.005

R2 = 0.607; R2* = 0.528







Conclusions

This study indicates that intense selection on individual loci within livestock populations can leave its distinctive footprint on the genome. This evidence of a selective sweep can be seen in breeds carrying the separate and distinctive “dominant white” and “belted” alleles at the c-KIT locus. Evidence is found firstly in the distinctive and uniform haplotypes identified within the gene for breeds carrying the selected alleles compared to the greater variation in populations carrying the ‘wild type’ allele that allows expression of uniform colour. Secondly, microsatellite loci close to the selected locus in white and belted breeds show reduced levels of heterozygosity. Linkage disequilibrium, at the resolution studied here, does not appear to be distinctive. The present evidence suggests that the region affected by reduced heterozygosity is short, although further study is required to confirm the exact size. If this proves to be the case, relatively high-density marker scans will be required to identify regions of reduced heterozygosity and such scans are likely to require markers that can be more easily identified and genotyped at high-densities such as SNP markers. 

The research initiated within this project is now being continued within an EC funded research project in which the regions being studied have been increased to include a number of QTL containing regions. These studies will be using high-density SNP genotyping in an attempt to more closely define the size of regions affected by a selective sweep and hence define optimum strategies for identifying such regions and hence the potentially valuable functional loci they contain.
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