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ABSTRACT:  The presence of the recessive black coat color gene in sheep flocks is of considerable economic importance.  Producers receive low prices for black wool sold commercially because the textile industry requires unpigmented wool that can absorb dyes.  It is difficult to eliminate the production of colored sheep in some breeds because the gene for black coat color is recessive, and carriers are phenotypically indistinguishable from homozygous white animals.  The objective of this project is to identify the gene responsible for recessive black pigmentation in sheep.  To determine which gene might cause the expression of pigmented fleece, samples were collected from a pedigree of crossbred sheep (50% Dorset, 25% Rambouillet, 25% Finnsheep) in which the recessive black gene was segregating.  Genotypes of these animals were obtained for microsatellite markers near the loci of three genes involved in coat color production.  This analysis revealed that the agouti locus is a candidate for recessive black pigmentation; markers mapped to ovine chromosome 13 that flank the presumed location of agouti segregated with the coat color alleles in the pedigree.  Further analysis of the agouti gene showed that the causative mutation may lie in exon 2.  PCR was performed on genomic DNA of animals from the pedigree using primers for agouti exon 2.   Subsequent electrophoresis of these PCR products revealed different banding patterns in homozygous black versus white animals, suggesting that the mutation might be associated with this region of the gene.  Further efforts will be directed towards characterizing this difference.
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Introduction

Every year a proportion of fleeces produced in sheep flocks are colored, which leads to significant financial losses for wool breeders (Pattison and Hanson, 1993).  There is little demand for black wool on a commercial level because the textile industry requires uncolored fibers that can be efficiently dyed.  However, niche markets for naturally pigmented fleeces have developed with the growing popularity of handcrafts.  It is difficult to control the production of colored sheep in some breeds because the gene for black coat color is recessive; carriers are phenotypically indistinguishable from homozygous white animals.  Identifying the mutation responsible for recessive black pigmentation will lead to the development of a genetic carrier test that can assist breeders in establishing breeding schemes to meet their marketing goals. 

The objective of this project is to identify and characterize the gene responsible for recessive black coat color in sheep.  Pigmentation studies in other species indicate that agouti is a strong candidate gene.  In mice, the top dominant agouti allele encodes for the agouti signaling protein (ASP), which competitively inhibits the binding of (-melanocyte stimulating hormone ((-MSH) to the melanocortin 1 receptor (MC1R), resulting in phaeomelanin (white, tan, or red pigment) production in epidermal melanocytes.  The murine recessive black gene encodes for defective ASP that cannot bind to MC1-R, causing production of an entirely eumelanic (black or brown) coat in homozygotes (Bultman et al., 1992).  An agouti mutation is also responsible for recessive black pigmentation in the fox (Våge et al., 1997).  The biological mechanism of pigment production in sheep is expected to be similar because of genetic homology among mammalian species.  Furthermore, Parsons et al. (1999a) found evidence of linkage between recessive black pigmentation and the microsatellite marker HUJ616 located on ovine chromosome 13 (OAR13) near the presumed location of the agouti locus.  

Materials and Methods


Animals.  Blood samples were collected from a pedigree of crossbred sheep at Virginia Polytechnic Institute and State University in which the gene for recessive black coat color was segregating.  The pedigree was obtained from a composite line of 50% Dorset, 25% Rambouillet, and 25% Finnsheep breeding (Fossceco and Notter, 1995).  Animals of these breeds are normally white, but coloration of the entire wool coat is inherited in a recessive fashion (Roberts and White 1930).  Black animals were easily identified, and their white parents were obligate carriers of the recessive black coat color gene.  Sires used for several breeding seasons who never produced any black lambs were assumed to be homozygous white.  In total, 28 animals were involved in the study.  This included five rams that sired one to four full-sib families, each consisting of one or two progeny.  Four of these sires formed a continuous great-grandfather-grandfather-father-son four-generation lineage.  Genomic DNA from all animals was extracted using standard protocols (Miller et al., 1988).


Microsatellite Genotyping.  Microsatellite markers were selected from ovine and bovine maps [sol.marc.usda.

gov/, www.ri.bbsrc.ac.uk/cgi-bin/arkdb/browsers/browser.

sh? and locus.jouy.inra.fr/] based on their proximity to the KIT, MC1R or agouti loci.  The KIT (mast cell growth factor receptor) gene has been mapped to OAR6 (Broad et al., 1994).  The location of MC1R (melanocortin 1 receptor) on OAR14 was extrapolated from its known map position on homologous bovine chromosome 18 (Klungland et al., 1995).  The position of agouti on OAR13 was deduced from the linkage analysis by Parsons et al. (1999a).  The positions of bovine microsatellite markers that have not been mapped in sheep were inferred based on locations of mapped markers common to both species.  Genotypes were obtained for five markers that cover 19.1 centiMorgans (cM) of OAR6 and flank the KIT locus.  A 12 cM region of OAR14 located slightly proximal to the putative MC1R position was investigated with four microsatellite markers.  Another four markers spanning 26.1 cM on OAR13, which contains agouti, were also genotyped (Figure 1).  All genotyping was done according to procedures described by Cockett et al. (1996).  


Segregation Analysis.  Haplotypes of each animal were inferred for all three chromosomal regions by determining the segregation of marker alleles among relatives.  Coat color genotypes were established for each animal based on the inheritance pattern of black pigmentation in the pedigree.  The haplotypes were then compared to the coat color alleles segregating in each family.  Because each animal possessed two haplotypes for each chromosomal region, a total of 56 marker haplotypes for each of the three loci were available.  However, the haplotypes of dams producing only one offspring in the pedigree were uninformative in the final analysis.  Although these were useful for determining the parental origin of progeny marker haplotypes, they were not included in the segregation analysis.  Likewise, in cases where complete haplotypes could not be inferred from marker genotypes, the haplotypes were either carefully interpreted or removed from the final analysis. 


PCR and Electrophoresis of Agouti.  Exons encoding ASP and the intervening sequences were amplified using primers designed from the ovine agouti cDNA sequence (Parsons et al., 1999b) using the Primer3 software [www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi] (Figure 2).  Each 20 μL PCR reaction contained 40 ng of template DNA, 50 mM KCl, 10 mM Tris-HCl (pH 8.4), 0.01% (w/v) gelatin, the appropriate MgCl2 concentration, 0.2 mM of each dNTP, 0.5 μM of each primer, and 0.5 U AmpliTaq DNA Polymerase (PE Applied Biosystems, Foster City, CA).  A final concentration of 1.5 mM MgCl2 was used to amplify exon 2 and exon 4, while the intron 2 and intron 3 reactions required 2.0 mM MgCl2 and 2.5 mM MgCl2, respectively.  Primer pairs are depicted in Figure 2, and primer sequences are reported in Table 1.  Amplification was on a Perkin Elmer GeneAmp 9600 Thermocycler with the following profile:  1 cycle of denaturation at 95˚C for 5 min, annealing for 2 min, and extension at 72˚C for 2 min; followed by 30 cycles of denaturation at 95˚C for 30 s, annealing for 30 s, and extension at 72˚C for 1 min.  Optimal annealing temperatures were 50ºC, 55ºC, 60ºC, and 65ºC for intron 3, exon 4, intron 2, and exon 2, respectively.  Products were loaded on standard 6% polyacrylamide gels and run at 240 V for 1.5 h.

Results and Discussion

There are over 70 genes involved in the production of mammalian coat color (Jackson, 1994).  Three genes (KIT, MC1R, and agouti) were chosen for preliminary investigation in this study because of their importance in melanogenesis and their known effects in several species.  The product of the KIT gene is a tyrosine kinase receptor that binds the mast cell growth factor and promotes migration of melanoblasts from the neural crest to the basal epidermis of the skin during embryonic development.  A KIT mutation is responsible for dominant white coat color in swine (Johansson Moller et al., 1996).  The MC1R gene encodes for the melanocortin 1 receptor, a melanocyte-specific G-protein coupled receptor that binds α-MSH and stimulates eumelanogenesis.  Mutations in MC1R are responsible for dominant black coat color in the Norwegian Dala breed of sheep (Våge et al., 1999) and red pigmentation in Holstein cattle (Joerg et al., 1996).  The ASP protein, encoded by the agouti gene, antagonizes α-MSH and leads to phaeomelanogenesis.  Alleles at the agouti locus are responsible for a wide array of coat colors in mice (Bultman et al., 1992) and in fox (Våge et al., 1997).  Thus, KIT, MC1R, and agouti were considered candidate genes for recessive black pigmentation in sheep, and microsatellite markers neighboring these genes were tested for segregation with black coat color in a pedigree of crossbred sheep.  

Our segregation analysis excluded KIT and MC1R as candidate genes for recessive black coat color.  Of 35 informative marker haplotypes spanning the KIT locus in 21 animals, four were inconsistent with the inheritance pattern of coat color alleles in the pedigree.  In addition, seven of the 35 informative MC1R-adjoining marker haplotypes from 21 animals conflicted with coat color allele transmission.  It is unlikely that recombination between MC1R and the marker UWCA28 caused the discrepancies because their deduced proximity was only 0.9 cM.  Nevertheless, this possibility must be mentioned because no markers distal to the putative MC1R location were genotyped.  In contrast, the segregation pattern of 34 informative agouti-flanking haplotypes in 20 animals was consistent with the coat color alleles in the pedigree.  Because the families were closely related, we could trace the transmission of alleles in several families through multiple generations, and this provided greater support for the conclusions of our segregation analysis. A crossover was detected within the 20.0 cM region between markers BM4509 and RM327 on OAR13; this excluded the HUJ616 to BM4509 interval from containing the coat color gene and localized the mutation near RM327 (Figure 1).

Further investigation of the agouti gene was then undertaken to search for a candidate mutation that might cause recessive black pigmentation in sheep.  The agouti gene consists of four exons, the last three of which encode for ASP.  PCR amplification of these three exons and the intervening sequences was performed on genomic DNA from homozygous black and white animals (Figure 2).  Gel electrophoresis showed that a single PCR product was amplified for both intron 3 and exon 4 primer pairs, and bands were the same length in black and white animals.  However, electrophoresis of agouti exon 2 and intron 2 PCR products revealed different banding patterns in black and white animals (Figure 3).  The expected exon 2 product of 142 bp was present in all animals, but it was accompanied by longer bands of approximately 230 bp and 255 bp in homozygous white animals and a very faint band of 230 bp in black animals (Figure 3A).  Amplification of intron 2 produced an additional doublet in homozygous white animals that was absent in black animals (Figure 3B). It is important to note that the same forward primer was used in both reactions, so the intron 2 PCR product was expected to include the exon 2 sequence.  Because the annealing temperatures were 60ºC or 65°C for these reactions, it is highly unlikely that the extra bands were nonspecific PCR products.  Thus, the presence of additional PCR products associated with exon 2 in homozygous white animals suggests that this coding region of the agouti gene is associated with recessive black coat color in sheep.

Implications


This work provides an excellent basis for further characterization of the agouti gene, which likely contains a mutation responsible for recessive black coat color in sheep.  Efforts are ongoing to obtain sequences of the entire ovine agouti gene from black and white animals and to compare these sequences for differences.  Once a candidate mutation is identified in this pedigree, it will be verified in other flocks that are segregating for the recessive black gene.  Finally, a genetic carrier test will be developed so that commercial wool breeders can utilize sires carrying only white alleles, thereby insuring the production of an entirely white lamb crop.  Thus, the financial losses that wool breeders incur because of unintentional production of colored fleeces will be minimized.
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igure 1.  

Microsatellite markers used in the segregation analysis.  Numbers between adjacent loci correspond to approx

i-

mate map distances in centiMorgans (cM).  Markers with dotted lines have not been mapped in sheep; their positions were 

inferred

 from bovine maps based on distances between markers common to both species.  
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Figure 2.

  The 

agouti

 gene consists of four exons, the last 

three of which encode for ASP.  Locations of primers 

used in PCR amp

lification are designated by double

-

headed arrows.  Primer pairs are linked by dotted lines, 

denoting regions of expected PCR am

plification in the 

agouti 

gene.   
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Table 1.

  Primer sequences used for PCR

 

                amplification of the 

agouti

 gene

 

Primer

 

Sequence (5'

-

3')

 

15F

 

CTTACTCCTGGCTACCTTGCTGGT

 

156R

 

GATAGAGACAGAAGGGAAATCCAACA

 

188R

 

CTGATCTTTTTGGATTTCTTGTTCAGTG

 

161F

 

CACTGAACAAGAAATCCAAAAAGAT

 

257R

 

GTCCGTGCCACGTTCTTCATCG

 

231F

 

GGCTCCGATGAAGAACGTGG

 

360R

 

GAAGAAGCGGCACTGGCAGAAG
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igure 3.  

PCR amplification of genomic DNA from three homozygous black (BB) and white (WW) animals.  

A.  

Primers 

15F and 156R we

re used to amplify exon 2 of the 

agouti 

gene.  A very faint band at approximately 230 bp was also present 

in each black animal, but these are not visible here.  

B.  

Intron 2 was amplified with primers 15F and 188R.  The size mar

k-

ers are 

φχ

174 DNA digested with 

Hae

III.
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