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ABSTRACT

Mutations in KIT encoding the mast/stem cell growth factor receptor (MGF) are responsible for coat
color variation in domestic pigs. The dominant white phenotype is caused by two mutations, a gene
duplication and a splice mutation in one of the copies leading to skipping of exon 17. Here we applied
minisequencing and pyrosequencing for quantitative analysis of the number of copies with the splice
form. An unexpectedly high genetic diversity was revealed in white pigs. We found four different KIT
alleles in a small sample of eight Large White females used as founder animals in a wild boar intercross.
A similar number of KIT alleles was found in commercial populations of white Landrace and Large White
pigs. We provide evidence for at least two new KIT alleles in pigs, both with a triplication of the gene.
The results imply that KIT alleles with the duplication are genetically unstable and new alleles are most
likely generated by unequal crossing over. This study provides an improved method for genotyping the
complicated Dominant white/KIT locus in pigs. The results also suggest that some alleles may be associated

with negative pleiotropic effects on other traits.

HERE has been selection for white-colored domes-

tic pigs at least since medieval times (WISEMAN 1986).
White pigs with pigment spots are usually eliminated
from breeding in white breeds like Landrace and Large
White. Despite a strong selection for white color for at
least 100 years breeders have not been able to com-
pletely fix the desired phenotype, white coat without
pigment spots. Our studies of the inheritance of the
dominant white coat color in an intercross between the
European wild boar and Large White domestic pigs have
revealed that the dominant white phenotype is caused
by the combined effect of two mutations in KI7, one
duplication of the entire coding sequence and one
splice mutation (JOHANSSON el al. 1992; JOHANSSON
MOLLER et al. 1996; MARKLUND et al. 1998).

KIT encodes the mast/stem cell growth factor recep-
tor (MGF). Normal expression of KIT and its ligand
MGEF is essential for migration and survival of neural-
crest-derived melanocyte precursors. Mutations in this
gene cause pigmentation disorders in mice, called Domi-
nant white spotting/W (CHABOT et al. 1988; GEISSLER el
al. 1988), and in humans, called piebald trait (FLEISCH-
MAN et al. 1991; GIEBEL and SpriTz 1991). Structural
KIT mutations in mice are often lethal or sublethal in
the homozygous form, exhibit pleiotropic effects on
the development of melanocytes, hematopoietic cells,
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primordial germ cells, and interstitial cells in the small
intestine, and may affect hearing.

Four alleles have so far been identified at the porcine
Dominant white/KIT locus: the recessive i allele for nor-
mal color, the semidominant /” allele for the Patch pheno-
type, the fully dominant /allele for the Dominant white
phenotype, and I for the dominant Belt phenotype.
The Patch phenotype has white and fully colored
patches separated by sharp borders. It has been shown
that the 7and " alleles are both associated with a dupli-
cation of KIT (JOHANSSON MOLLER ¢t al. 1996). The size
of the duplication is ~450 kb and includes the complete
coding sequence (our unpublished results). The dupli-
cation most likely acts as a regulatory mutation. This
could be a simple dosage effect due to the expression
of two gene copies or could be because the duplicated
copy lacks some regulatory elements and is dysregu-
lated. The altered KIT expression may affect ligand avail-
ability, which in turn disturbs the migration of melano-
cyte precursors. The high sequence identity between
the two KIT copies (>99%) is consistent with the dupli-
cation being a recent event, which is likely to have oc-
curred after domestication (MARKLUND et al. 1998). In
addition to the duplication, the I allele has a splice
mutation—a G to A substitution—in the first nucleotide
of intron 17 in one KIT copy (MARKLUND et al. 1998).
This splice mutation disrupts the highly conserved GT
dinucleotide at the 5’ splice site, leading to skipping of
exon 17, and is therefore a structural mutation. Exon
17 encodes 41 amino acids of a highly conserved region
of tyrosine kinases, comprising the catalytic loop and
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parts of the activation loop (HUBBARD et al. 1994). There
is clear evidence that the receptor form with splice muta-
tion is expressed in a variety of cells in white pig embryos
and we assume that this mutant receptor has normal
ligand binding but absent tyrosine kinase activity (MAR-
KLUND et al. 1998). A reduced number of white blood
cells in 1/I homozygous pigs was also observed, sug-
gesting mild pleiotropic effects on hematopoiesis. The
Belt phenotype constitutes a white belt across the shoul-
ders and forelegs. The I* allele does not contain the
duplication or the splice mutation, and no suggestive
causative mutation was identified by sequencing the en-
tire coding sequence (GIUFFRA ef al. 1999). We assume
that Belt is due to a regulatory KIT mutation.

It is difficult to genotype the KIT locus in pigs since
the only known difference between some genotypes is
quantitative rather than qualitative. The difference be-
tween the /I, 1/i, and I/I genotypes is that the ratio
between the splice mutation and the normal form at
the first nucleotide of intron 17 is 25, 33, and 50%,
respectively. The objective of the present study was to
apply pyrosequencing (RoNAGHI et al. 1998) and mini-
sequencing (SYVANEN ef al. 1993) for quantification of the
ratio of the wild-type/mutant nucleotide at the splice site.

MATERIALS AND METHODS

Animals: An intercross pedigree comprising 2 European
wild boar and 8 Large White founders, 23 F;, and 178 F,
animals was used. This pedigree has been extensively used
for studies on coat color genetics (JOHANSSON et al. 1992;
JOHANSSON MOLLER et al. 1996; MARIANI et al. 1996; Kijas et
al. 1998; MARKLUND et al. 1998). The distribution of KiT alleles
in commercial populations was investigated using samples of
33 Swedish Large White and 48 Swedish Landrace pigs.

PCR amplification: Parts of exon 17 and intron 17 of KIT
were amplified using the PCR primers KIT21 5-GTATTCACA
GAGACTTGGCGGC-3" and KIT35 5-AAACCTGCAAGGAA
AATCCTTCACGG-3" (MARKLUND et al. 1998). Primer KIT35
was b'-biotinylated to allow capture of the PCR products onto
avidin-coated solid supports. PCR reactions were carried out
in a total volume of 50 wpl containing 40 ng genomic DNA,
1.5 mm MgCl, 50 mm KCl, 10 mm Tris-HCl (pH 8.3), 200
pm dNTPs, 1.25 units AmpliTaq Gold DNA polymerase (PE
Applied Biosystems, Foster City, CA), and 10 pmol of both
forward and reverse primer.

Pyrosequencing: Biotinylated PCR product (25 pl) was im-
mobilized onto streptavidin-coated paramagnetic beads (Dy-
nal AS, Oslo) using binding-washing buffer (5 mm Tris-HCI,
1 M NaCl, 0.5 mm EDTA, 0.05% Tween 20, pH 7.6) in a total
volume of 90 pl at 43° for 30 min. Single-stranded (ss) DNA
was obtained by incubating the immobilized PCR product in
50 wl of 0.5 M NaOH for 1 min and washing the beads once
in 100 pl of binding-washing buffer. A total of 15 pmol of
detection primer KitSeq (5-TAATTACXTGGTCAAAGGAA
AGC-3', Xrepresents inosine), designed with its 3" end immedi-
ately upstream of the splice mutation, was allowed to hybridize
onto ssDNA in 40 pl of annealing buffer (20 mm Tris-Acetate,
5 mm MgAc,, pH 7.6) at 80° for 2 min with subsequent cooling
down to room temperature. Pyrosequencing was carried out
using the PSQ96 instrument and the SNP Reagent kit con-
taining dATPaS, dCTP, dGTP, dTTP, enzyme mixture (DNA

polymerase, ATP sulfurylase, luciferase, and apyrase), and sub-
strate mixture (APS and luciferin; Pyrosequencing AB, Upp-
sala, Sweden). The result of the pyrosequencing assay was
expressed as the ratio between the signals from the incorpo-
rated dATPaS and dGTP.

Minisequencing: Four 10-ul aliquots of each PCR product
were mixed with 40 pl of binding buffer (50 mm phosphate
buffer, pH 7.5, containing 0.15 mm NaCl and 0.1% Tween
20) in streptavidin-coated microtiter plate wells (Combiplate
8, Labsystems, Helsinki, Finland) and incubated at 37° for 1.5
hr in a shaker (Thermomix 1415, Labsystems). The wells were
washed with 40 mwm Tris-HCI (pH 8.8), 1 mm EDTA, 50 mm
NaCl, and 0.1% Tween 20 in an automatic plate washer (Well-
wash, Labsystems). The nonbiotinylated strand of the PCR
product was removed by denaturation with 60 pl of 0.1 m
NaOH for 3 min. After washing as above, 50 ul of a mini-
sequencing reaction mix, containing DNA polymerase buffer,
0.2 units of Tag polymerase (PE Applied Biosystems), 0.1 wCi
of ["H]dATP (TRK 633, 57-76 Ci/mmol) or [’"H]dGTP (TRK
627, 24-34 Ci/mmol; Amersham Pharmacia Biotech, Amer-
sham, England), and 10 pmol of the detection primer KitSeq,
was added to the wells. The plates were incubated at 50° for
10 min. The unincorporated label was removed by washing
as above, and the sequencing primers were released with 100
pul of 0.1 M NaOH and measured in a liquid scintillation
counter (1414, Wallac, Turku, Finland). The result of the
minisequencing assay was expressed as the average ratio be-
tween the signals from the incorporated ["H]dATP and
[PH]dGTP from duplicate assays.

Relative quantification of KIT copy number using real-time
PCR: The copy number of KIT in different genotypes was
estimated as previously described (GIUFFRA et al. 1999) using
the comparative Cr method based on PCR amplification of
the target KIT gene and the single copy control gene (ESR,
estrogen receptor gene) in separate tubes. The PCR primers
for KIT were forward 5'-CTACCTTTGCCATACCATGCA
TTT-3' and reverse 5'-TTGCATGCCCTCTAATTACACAATT-3'
and, for ESR, forward 5'-GCAGCTGCCAACCTATTCCA-3'
and reverse 5" TGGGTTTAGGATGCAGCATTG-3'. The PCR
reaction was performed using the ABI7700 instrument (PE
Applied Biosystems) in 25-pl reaction volumes using the Tag-
Man universal PCR Master Mix (PE Applied Biosystems). The
KIT specific TagMan probe 5-TGCAAAAGCACACTTCATC
TGACGGCT-3" was labeled with 6-carboxy fluorescein at its
5" end and the ESR specific probe 5'-CATCTGCACCCTACAC
CACAGCTCACA-3" was labeled with VIC at its 5" end. The
time and temperatures in the thermal cycling were an initial
2-min hold at 50° and a 10-min hold at 95° for AmpErase and
AmpliTaq Gold activation, respectively (PE Applied Biosys-
tems), followed by 40 cycles of 15 sec at 95° and 1 min at 60°.
Duplicate DNA samples were tested for each animal.

RESULTS

Segregation analysis of Dominant white/KIT alleles in
the wild boar/Large White intercross reveals additional
KIT alleles: Minisequencing and pyrosequencing were
used to determine the ratio between the KIT sequence
containing the splice mutation and the KIT sequence
with the normal nucleotide at the first position in intron
17 in all animals in the wild boar/Large White intercross.
The following four groups of ratios were expected: 0%
splice variant (i/i, I"/i), 25% (I/I"), 33% (I/i), and 50%
(I/I). By plotting the ratios obtained by the two meth-
ods, clusters consistent with our previous interpretation
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Ficure 1.—Quantitative
analysis estimating the ratio
[A/(A + G)] of splice muta-
tion (A) to normal (G) at
the first nucleotide of in-
tron 17 in the KIT gene us-
ing pyrosequencing (PS)
and minisequencing (MS)
in a wild boar/Large White
intercross (a—d) and in com-
mercial populations  of
Large White and Landrace
pigs (e—f). The symbols rep-
resent the estimated ratio
for the splice mutation (a—
c). There is not a 1:1 rela-
tionship between the ob-
served ratio and the true
ratio since the efficiency of
the incorporation of A and
G nucleotides is not abso-
lutely identical; the expla-
nation for the animals with

0% splice mutation showing
aratio of ~20% using pyro-
sequencing is that the A nu-
cleotide to some extent is
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of the composition of KIT alleles in this pedigree were
observed (Figure 1). However, clear evidence for addi-
tional allelic heterogeneity was observed. The founder
animals (Figure la) were assigned to five different clus-
ters on the basis of the observed ratios and segregation
data: 0% splice, the two wild boars being i/i; 25% splice,
one Large White sow (W8) being heterozygous for the
Patch allele I/I"; 33%, a single Large White sow (W6)
being heterozygous for an allele carrying a single KIT
copy and no splice mutation; 40%, three females that
were heterozygous for anew allele with three KIT copies;
50%, only three out of eight Large White sows appeared
to be homozygous /1.
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The transmission of the I” allele from the W8 female
was evident from the analysis of F; animals (Figure 1d,
W8 = ['/I"). The interpretation that the W6 female
carried a novel allele with only one copy and no splice
mutation was confirmed by our observation that two of
its F; progeny and a proportion of its F, grand progeny
did not carry the splice mutation at all. We can conclude
that this allele is not identical to the wild-type allele (3)
since none of the F, animals carrying this allele showed
the wild-type color. Since we cannot formally exclude
the possibility that this allele is identical to the Belt allele
(1), we suggest that it be given the same allele desig-
nation until molecular characterization or informative
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pedigree material can reveal whether these are two dis-
tinct alleles. This allele was recessive to Dominant white
since I/I™ heterozygotes were white. The F, animals,
being heterozygous I*/i, showed two different pheno-
types due to interaction with the Extension/MCIR locus
segregating in this cross (see Kijas et al. 1998; GIUFFRA
et al. 1999). F, animals with the genotype I*/i, E*/—
showed a distinct Roan phenotype characterized by white
hairs intermingled with pigmented hair whereas F, ani-
mals with the genotype I*/i, E'/E" were predominantly
white with some black spots.

Three of the Large White founder sows (W4, W5, and
WI10) showed a proportion of A vs. G at the splice site
of ~40%, clearly distinct from the 50% expected for I/T
homozygotes (Figure la). This observation, together
with the observed segregation data described below,
showed that these founders were heterozygous for a
variant Dominant white allele designated I? with three
copies of KIT, only one of which carries the splice muta-
tion; the I’ allele has two copies of KIT, one normal
and one with the splice mutation. The F, progeny from
the I'/I? founders tended to form two groups with 25
and 33% of A, whereas the F, progeny from I'/I' homo-
zygotes were found in the 33% cluster only (Figure
1d). This interpretation was supported by a significantly
higher average splice ratio among progeny from I'/I’
founders (x = 0.48 *= 0.006, n = 8) than from I'/I°
founders (x = 0.43 = 0.015, n = 8; P = 0.02, Student’s
ttest). Further support for the presence of the 7% allele
was obtained by comparing the splice ratio of I'/i (x =
0.49 * 0.003, n = 48) and I*/i (x = 0.40 = 0.007,
n = 16) F, animals, for which the genotype had been
predicted using the assumed genotype of founders and
F, animals in combination with the segregation data on
linked genetic markers previously typed in this pedigree
(MARKLUND et al. 1996). The difference in average splice
ratio between the two groups was highly significant (P <
0.001, Student’s ttest).There was no clear phenotypic
difference between the two forms of the Dominant white
allele.

In general, there was a good agreement between the
predicted and observed ratio of the splice mutation
among the F, animals (Figure 1c). The extensive varia-
tion in the splice ratio was interpreted to reflect the
presence of six different classes of splice ratios: 0% (all
possible genotype combinations of the 7, /%, and I” al-
leles), 20% (I?/I"), 25% (I*°/i, I?/I*, and I'/I"), 33%
(I'/i, I'/1*, and I*/1%, 40% (1'/I%, and 50% (I'/I').
The assignment of F, individuals into the various classes
in Figure 1c was based on both the observed splice ratio
and segregation data.

The constitution of the observed KIT alleles is com-
piled in Figure 2. The order along the chromosome of
the different copies with or without the splice mutation
has not been determined; this is difficult because the
duplication is very large (~450 kb) and the different

copies show a very high sequence identity (our unpub-
lished results).

The variability in gene copy number among KIT alleles
is confirmed by quantitative real-time PCR analysis: To
exclude the possibility that part of the observed variabil-
ity in the ratio of the splice mutation is due to a biased
PCR amplification (e.g., due to a polymorphism in a
primer site), we tested our interpretation of the number
of gene copies in different KIT alleles using real-time
PCR analysis. The test was carried out by amplifying KI'T
and a single copy control sequence (ESR). The copy
number of KIT and ESR sequences in samples of geno-
mic DNA correlates with the Ct values, which are esti-
mates of the number of cycles needed to reach a given
fluorescence threshold. The difference in Ct(ESR) and
Ct(KIT) was plotted against the predicted number of
KIT copies in different genotypes according to our inter-
pretation of all animals in the wild boar intercross (Fig-
ure 3). Although there was a large overlap between geno-
type classes, the Ct(ESR)-Ct(KIT) difference showed a
highly significant positive correlation to the predicted
copy number (P < 0.0001). The estimated means for
the Ct difference for different genotype classes were as
follows (means * SE): two copies, —0.57 = 0.17; three
copies, —0.18 = 0.13; four copies, 0.36 = 0.17; five
copies, 1.19 = 0.40. This result is in good agreement
with the theoretical expectation of a ACt value of —1.0
when the copy number of a DNA sequence is doubled.
The results confirm our interpretation of variation in
copy number among KI7 alleles and the existence of a
KIT triplication. The large overlap in ACt values be-
tween genotype classes makes this assay unsuitable for
genotyping, at least with the experimental procedures
used in this study.

Extensive allelic diversity in commercial white popula-
tions: Our observation of the presence of at least four
different alleles (I, I?, I*, and I") at the KIT locus
among only eight Large White founder animals
prompted us to investigate the allelic diversity in com-
mercial white populations. Genomic DNA samples from
33 Swedish Large White pigs and 48 Swedish Landrace
pigs were subjected to pyrosequencing and minisequen-
cing analysis (Figure 1, e and f). The results revealed
a considerable allelic diversity in both populations. It is
not possible to deduce exactly which alleles are segregat-
ing in these two populations without any pedigree data,
but it is obvious that alleles without the splice mutation
(I*, I, and/or i) are segregating in both populations.
Evidence for a sixth allele at the Dominant white/KIT
locus was obtained since four Large White animals
showed asignificantly higher ratio of the splice mutation
(~60%) than any of the genotype combinations formed
by the alleles described above. Real-time PCR analysis
using KI7T and ESR indicated that these four animals
carried five copies of KIT. We therefore postulate that
they are heterozygous for a KIT allele with three gene
copies of which two carry the splice mutation. We have
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designated this allele I° (Figure 2). Two of the four
animals carrying the I° allele were half-sibs and all four
shared a common grandsire, suggesting that they had
inherited I’ from this common ancestor.

If we assume that the animals in the 50% cluster are
homozygous I'/I', a rough estimate of the frequency
of this allele can be obtained as the square root of
the frequency of this genotype class. This gives allele
frequency estimates of 0.49 and 0.58 for I' in these
Large White and Landrace populations, respectively.
These are most likely slight overestimates since other
possible genotype classes also give a 50% ratio.
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FiGURE 3.—Relative quantification of genomic copy num-
bers of KIT with real-time PCR using ESR as a single copy
control. The material comprises a European wild boar/Large
White intercross: founders, n = 10; F;, n = 23; F,, n = 178.
The xaxis represents the predicted copy number using the
quantification of the splice mutation and family segregation
analysis. The y-axis represents the Ct(ESR)-Ct(KIT), reflecting
the relative difference in copy number of KIT and ESR in
genomic DNA samples. The data points are ACt = SE.

DISCUSSION

This study revealed an extensive genetic diversity at
the Dominant white/KIT locus in the Swedish Landrace
and Large White breeds. This seems to be a general
feature in populations carrying the Dominant white allele
since limited screening of several other independent
commercial white lines revealed a very similar degree
of variation in the ratio of the splice mutation (our
unpublished results). These findings were unexpected
considering the strong selection for white color for
more than 100 years. It was also unexpected from the
literature on pig coat-color genetics in which it is as-
sumed that white breeds are homozygous 1// (e.g., LEG-
AULT 1998). However, the result is entirely consistent
with the common observation of a variability in coat
color among progenies from matings between white
(L/I) and colored (¢/i) commercial lines even though
all progeny are expected to be heterozygous I/i and
white. The present study clearly indicates that the Domi-
nant white/KIT locus is genetically unstable. The reason
for this is most likely that the duplication is large (~450
kb) and that the two copies show a very high sequence
identity (>99%) facilitating the generation of new al-
leles by unequal crossing over and possibly by gene
conversion. This is a very well-documented phenome-
non for tandemly duplicated DNA fragments (OHTA
1990). For instance, unequal crossing over between the
tandem copies of the genes for red/green eye pigment
genes on the human X chromosome has generated hap-
lotypes associated with color blindness (NErTz and NEITZ
1995).

We have now documented at least six different Domi-
nant white/KIT alleles. Itis an open question whether the
alleles associated with the Belt phenotype in Hampshire
pigs and the Roan phenotype in our wild boar intercross
are identical. Both alleles contain a single KIT copy
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without the splice mutation. We have designated the
allele associated with these two phenotypes I” to be
conservative and will not introduce a new allele designa-
tion without compelling evidence for the allele being
distinct from previously described alleles. The reason
for our caution is that the phenotypic expressions of
KITalleles show interaction with other genes, in particular
the MCIR/Extensionlocus (MARKLUND ¢t al. 1998; GIUFFRA
et al. 1999; this study). We have so far not observed the
Belt-associated allele and the Roan-associated allele on
the same genetic background.

It is possible that the presence of multiple KIT alleles
in white pig breeds is explained simply by a high muta-
tion rate. However, balancing selection may contribute
to the maintenance of allelic diversity. It is well docu-
mented in the mouse that structural KIT mutations are
associated with pleiotropic effects on hematopoiesis and
fertility and that loss-offunction homozygotes are lethal
(Jackson 1994). It is very likely that the splice mutation
present in 7 alleles is a complete loss of function as
regards KIT signaling since certain missense mutations
in the corresponding exon in the mouse are nonfunc-
tional and homozygous lethal. We have reported that
1/I homozygotes had a lower number of white blood
cells than //i and i/i animals in our wild boar intercross,
suggesting that the /allele is associated with mild nega-
tive effects on hematopoiesis (MARKLUND et al. 1998).
It will therefore be of considerable interest to investigate
hematopoietic parameters and possibly fertility traits
among different KIT genotypes, in particular the pheno-
typic effect in I’/ ° homozygotes in which 66% of the
expressed KIT protein is expected to possess the splice
form lacking 41 amino acids of the tyrosine kinase do-
main. Itis also possible that an allele containing a single
KIT copy and the splice mutation occurs at a low fre-
quency in some white populations and this allele is ex-
pected to be homozygous lethal.

One of the objectives of this study was to compare
the power of minisequencing and pyrosequencing for
resolving small differences in the splice ratio. The mini-
sequencing assay has previously been applied to distin-
guish between one, two, and three copies of an allele
on human chromosome 4 (LAAN et al. 1995) and to
accurately quantify alleles present in ratios ranging from
1 to 99% in pooled DNA samples (OLsSON et al. 2000).
This study shows that the pyrosequencing method also
provides an excellent quantification of the incorporated
nucleotides and there was a very good agreement be-
tween the two methods. In future applications it will be
sufficient to use one of these methods but we recom-
mend that duplicate samples from two independent
PCR reactions be analyzed. The methods described in
this study are major improvements with regard to KIT
genotyping. Neither real-time PCR nor quantification
of PCR-restriction fragment length polymorphism frag-
ments that have previously been used for quantitative
analysis of KIT alleles is able to resolve the allelic diver-

sity to the same extent as reported here. The diagnostic
test can be used to ensure that white boars are homozy-
gous I/I and thus also breed true for white color in
crosses with colored lines; in many markets there is a
strong consumer preference for pig meat with white
skin. However, the test described here is not able to
resolve all possible genotype combinations. A further
improvementin resolution would be obtained by adding
an accurate quantification of the KIT copy number.
Real-time PCR in our hands has not given sufficient
resolution to reliably quantify the copy number of indi-
vidual animals although highly significant differences
are observed between groups of animals (Figure 3). We
have recently cloned the KI7T duplication breakpoint
(our unpublished results), allowing us to establish a test
for the presence/absence of the duplication break-
point, and a test for quantification of the copy number
is under development. However, even with this improve-
ment, there will be some genotype combinations (e.g.,
/i vs. I’/ I; see Figure 2) that will require pedigree
information to be resolved.

The present study implies that the genetic instability
at the KIT locus causes a cost in pig breeding because
part of the selection potential is devoted to maintaining
the white color. The economic consequences are proba-
bly small in each generation but could be substantial
when summed over many generations.

We thank James Kijas for his help during the initiation of this project
and Anders Alderborn (Pyrosequencing AB, Uppsala, Sweden) for
valuable assistance with the quantification of the pyrosequencing data.
Quality Genetics AB kindly provided the samples from the commercial
population as part of the EC-funded PigQTech project (BIO4-CT97-
2243). The work was also supported by the Swedish Research Council
for Forestry and Agriculture.

LITERATURE CITED

CHABOT, B., D. A. STEPHENSSON, V. M. CHAPMAN, P. BESMER and A.
BERSTEIN, 1988 The proto-oncogene c-kitencoding a transmem-
brane tyrosine kinase receptor maps to the mouse W locus. Nat-
ure 335: 88-89.

FLEiscHMAN, R. A., D. L. SALTMAN, V. STASTNY and S. ZNEIMER, 1991
Deletion of the ¢-kit protooncogene in the human developmental
defect piebald trait. Proc. Natl. Acad. Sci. USA 88: 10885-10889.

GEISSLER, E. N., M. A. Rvyan and D. E. HousmaN, 1988 The dominant
white spotting (W) locus of the mouse encodes the ckit proto-
oncogene. Cell 55: 185-192.

GIEBEL, L. B., and R. Spr1TZ, 1991 Mutation of the KIT (mast/stem
cell growth factor receptor) protooncogene in human pie-
baldism. Proc. Natl. Acad. Sci. USA 88: 8696-8699.

GI1UFFRA, E., G. Evans, A. TORNSTEN, R. WALES, A. DAY et al., 1999
The Belt mutation in pigs is an allele at the Dominant white (1/
KIT) locus. Mamm. Genome 10: 1132-1136.

HussaRrpD, S. R., L. WEIL, L. ELLIs and W. A. HENDRICKSON, 1994 Crys-
tal structure of the tyrosine kinase domain of the human insulin
receptor. Nature 372: 746-754.

Jackson, 1.].,1994  Molecular and developmental genetics of mouse
coat color. Annu. Rev. Genet. 28: 189-217.

JonanssonN, M., H. ELLEGREN, L. MARKLUND, U. GUSTAVSSON, E.
RINGMAR-CEDERBERG ¢l al., 1992 The gene for dominant white
color in the pig is closely linked to ALB and PDGFRA on chromo-
some 8. Genomics 14: 965-969.

JoHANSSON MOLLER, M., R. CHAUDHARY, E. HELLMEN, B. HOYHEIM,
B. CHOWDHARY ¢t al., 1996 Pigs with the dominant white coat



High Allelic Diversity at the KIT Locus 311

color phenotype carry a duplication of the KIT gene encoding
the mast/stem cell growth factor receptor. Mamm. Genome 7:
822-830.

Kijas, J. M. H., R. WALES, A. TORNSTEN, P. CHARDON, M. MOLLER et
al., 1998  Melanocortin receptor 1 (MCIR) mutations and coat
color in pigs. Genetics 150: 1177-1185.

LaaN, M., K. GRON-VIRTA, A. Saro, P. Aura, L. PELTONEN et al.,
1995  Solid-phase minisequencing confirmed by FISH analysis in
determination of gene copy number. Hum. Genet. 96: 275-280.

Lecaurrt, C., 1998 Genetics of colour variation, pp. 51-69 in The
Genetics of the Pig, edited by M. F. RoTHscHILD and A. RUVINSKY.
CAB International, Oxon, UK.

MARIANI, P., M. J. MOLLER, B. HoyHEIM, L. MARKLUND, W. DAVIES,
et al., 1996 The extension coat colour locus and the loci for
blood group O and tyrosine aminotransferase are on pig chromo-
some 6. J. Hered. 87: 272-276.

MARKLUND, L., W. DAviEs, H. ELLEGREN, M. FREDHOLM, B. HOYHEIM
el al., 1996 A comprehensive pig linkage map based on a wild
pig-Large White intercross. Anim. Genet. 27: 255-269.

MARKLUND, S., J. Kijas, H. RODRIGUEZ-MARTINEZ, L. RONNSTRAND,
K. FuNa et al., 1998 Molecular basis for the dominant white
phenotype in the domestic pig. Genome Res. 8: 826-833.

NEITZ, M., and J. NEITZ, 1995 Numbers and ratios of visual pigment
genes for normal red-green color vision. Science 267: 1013-1016.

Onra, T., 1990 How gene families evolve. Theor. Popul. Biol. 37:
213-219.

OLssoN, C., E. WALDENSTROM, K. WESTERMARK, U. LANDEGREN and
A.-C. SyvANEN, 2000 Rapid determination of the frequencies
of ten alleles in Wilson’s disease gene (ATP7B), in pooled DNA
samples. Eur. J. Hum. Genet. 8: 933-938.

RoNacHI, M., M. UHLEN and P. NYREN, 1998 A sequencing method
based on real-time pyrophosphate. Science 281: 363-365.

SYVANEN, A.-C., A. SAJjaNTILA and M. LUkka, 1993 Identification of
individuals by analysis of biallelic DNA markers using PCR and
solid-phase minisequencing. Am. J. Hum. Genet. 52: 46-59.

WISEMAN, ., 1986 A History of the British Pig. Ebenezer Baylis & Son,
Worcester, UK.

Communicating editor: C. HALEY



