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Abstract. The Dominant White (I/KIT) locus is one of the
major coat color loci in the pig. Previous studies showed that
the Dominant White (I) and Patch (I”) alleles are both asso-
ciated with a duplication including the entire KIT coding se-
quence. We have now constructed a BAC contig spanning the
three closely linked tyrosine kinase receptor genes PDGFRA—
KIT-KDR. The size of the duplication was estimated at about
450 kb and includes KIT, but not PDGFRA and KDR. Se-
quence analysis revealed that the duplication arose by unequal
homologous recombination between two LINE elements
flanking KIT. The same unique duplication breakpoint was
identified in animals carrying the 7 and I” alleles across breeds,
implying that Dominant White and Patch alleles are descen-
dants of a single duplication event. An unexpected finding was
that Piétrain pigs carry the KIT duplication, since this breed
was previously assumed to be wild type at this locus. Com-
parative sequence analysis indicated that the distinct pheno-
typic effect of the duplication occurs because the duplicated
copy lacks some regulatory elements located more than 150 kb
upstream of KIT exon 1 and necessary for normal KIT ex-
pression.

Introduction

Dominant White (/) is one of the major coat color loci in the
pig and is equivalent to the KIT locus. KIT encodes the mast/
stem cell growth factor receptor. KIT and its ligand (MGF)
have a crucial role for the survival and migration of neural-
crest-derived melanocyte precursors, and for the development
of hematopoietic cells, primordial germ cells, and interstitial
cells in the small intestine. Structural and regulatory KIT
mutations cause dominant white spotting in a number of
mammalian species including mouse (MGI:96677, http://
www.informatics.jax.org), human (OMIM *164920, http://
www.ncbi.nlm.nih.gov), pig (Giuffra et al. 1999; Johansson
Moller et al. 1996; Marklund et al. 1998), and most likely also
horse (Marklund et al. 1999) and cattle (Reinsch et al. 1999).
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In the mouse, loss-of-function mutations are associated with
limited white spotting (often a belly spot and spot in the
forehead) in heterozygotes, but they are often lethal or suble-
thal in the homozygous condition owing to pleiotropic effects
on hematopoiesis. Many regulatory mutations are dominant
and have more drastic effects on pigmentation in heterozyg-
otes, causing large areas of white coat as observed in Sash
(W*"), Banded (W), and Patch (Ph). Regulatory mutations
primarily affecting melanocyte development may be fully via-
ble in the homozygous condition. Several of the regulatory
mouse mutations are associated with chromosomal rear-
rangements that affect presumed regulatory elements located
20-200 kb upstream of Kit (Berrozpe et al. 1999; Hough et al.
1998).

Four different Dominant White/KIT alleles with distinct
phenotypic effects have been described so far (Giuffra et al.
1999; Johansson Moller et al. 1996; Marklund et al. 1998); the
wild type (i), present in the Wild Boar and in colored breeds;
Patch (I"), causing patches of white color, found in Landrace
and Large White pigs; Dominant White (I) causing a fully
dominant white color in Landrace and Large White pigs; and
Belt (1), causing a white belt across the shoulders and front
legs in Hampshire pigs and most likely in other breeds with the
Belt phenotype. I and I” are associated with a duplication of the
entire KIT coding sequence (Johansson Moller et al. 1996). We
assume that the duplication acts as a regulatory mutation and
that the phenotypic effect is due to overexpression or ectopic
expression of KIT. The Dominant White (I) allele carries, in
addition, a splice mutation at the first nucleotide of intron 17 in
one of the two KIT copies. The splice mutation leads to skip-
ping of exon 17 and the expression of a truncated form of KIT
that is expected to lack tyrosine kinase signaling (Marklund et
al. 1998). Our previous RT-PCR analysis and immunocyto-
chemistry showed that both KIT copies are expressed in em-
bryonic and adult tissues. Thus, the fully dominant white
phenotype is due to the combined effect of a regulatory muta-
tion (the duplication) and the structural splice mutation. The
Belt allele contains a single KIT copy and is most likely caused
by a regulatory mutation (Giuffra et al. 1999).

The aim of this study was to construct a BAC contig of the
Dominant White/KIT locus and to clone and characterize the
duplication breakpoint. We report here that the duplication is
about 450 kb in size and occurred by unequal homologous
recombination between two LINE elements flanking KIT.

Materials and methods

Pulsed field gel electrophoresis (PFGE) and Southern blot analysis.
DNA plugs were prepared from fresh or frozen blood of Duroc (i/i),
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Hampshire (7%¢/1%¢), and Large White (I/I) pigs. White cells were
prepared by isotonic lysis, washed two to three times in PBS, resus-
pended at a concentration of 25 x 10° cells/ml, and mixed with an
equal volume of 1.5% low-melting agarose in PBS cooled to 50°C.
Aliquots of the agarose-cell suspension were placed in plug molds (Bio-
Rad Laboratories, Hercules, Calif.) and allowed to solidify at 4°C.
Plugs were digested for 1-2 days at 50°C with constant shakingin 0.5 M
EDTA, pH 8.0, 1% Sarkosyl, 0.5 mg/ml Proteinase K. After equili-
bration in TE, plugs were incubated in TE containing 1 mM phen-
ylmethylsulfonyl fluoride to inactivate residual Proteinase K activity.
After extensive washing, the plugs were stored at 4°C in 0.5 M EDTA
or used directly for restriction digestion. Each plug was divided into
two parts of approximately 35 ul and equilibrated for about 34 h on
ice in the restriction buffer provided by the manufacturer (New
England Biolabs Inc., Beverly, Mass.). The buffer was replaced
by fresh buffer containing about 50 U of enzyme, and the enzyme
was allowed to diffuse into the plug for 16 h at 16°C. After incubation
at 37°C for 16 h, about 20 U of enzyme was added, allowed to dif-
fuse into the plug for 4-5 h at 16°C, and incubated at 37°C for an
additional 5-6 h.

PFGE of the digested plugs was performed in a CHEF Mapper XA
apparatus (Bio-Rad Laboratories) at 14°C in a 1% agarose gel in
0.5 x TBE. Electrophoresis conditions were set by the Auto Algorithm
Mode to obtain the optimal resolution for the expected fragment sizes,
typically between 50 and 800 kb (pulse times of 6 s to 1.3 min, in an
electric field of 6 V/cm for 27 h). Yeast chromosomes and Lambda
ladder (Bio-Rad Laboratories) were used as size markers. DNA sep-
arated by PFGE was transferred to Hybond N+ membranes (Amer-
sham Pharmacia Biotech, Uppsala, Sweden).

Hybridizations were performed in ExpressHyb hybridization so-
lution (Clontech, Laboratories Inc., Palo Alto, Calif.). The DNA
probes used were: a 2.4-kb BamHI/Sall fragment of pig KIT cDNA
(Marklund et al. 1998); a 3.4-kb BamH] fragment of human PDGFRA
cDNA (Claesson-Welsh et al. 1989); a 4.5-kb Xhol/Xbal fragment of
human KDR cDNA (GenBank AF063658); a 229-bp KIT intron 18
PCR fragment (Johansson Moller et al. 1996); and four STS probes
from the BAC contig: STS 1000D25’, STS 211E125, STS 645D53,
and STS 953F113’. Probes were labeled with *P-dCTP by using the
Megaprime DNA Labelling System (Amersham Pharmacia Biotech).
Hybridized blots were exposed in a Phosphorlmager (Molecular Dy-
namics, Sunnyvale, Calif.) for at least 16 h.

Southern blot analysis of HindIl1-digested BAC DNA and genomic
DNA was carried out as previously described (Johansson Moller et al.
1996). An 897-bp PCR product from the 3.9-kb subclone pUC953H4
containing the 3’-5” duplication breakpoint was used as probe.

BAC contig. The porcine BAC library (Rogel-Gaillard et al. 1999)
was screened by PCR, and the BAC end sequences were determined by
direct sequencing of both the 5" and 3’ ends of selected BACs as de-
scribed (Jeon et al. 2001). The BAC end sequences defined new Se-
quence Tagged Sites (STSs) that were used to screen the library again
and expand the contig. All gene-specific and STS primers used in this
study are provided in Table 4. The order and overlap of the BAC
clones were determined by screening the STSs against all clones in the
contig. The overlap and physical distances between BAC clones were
also estimated by restriction mapping. The rare cutting enzymes Smal
and Notl (Amersham Pharmacia Biotech) were used for complete and
partial digestions. FISH analysis of BAC clones was carried out as
previously described (Chowdhary et al. 1995).

The obtained BAC sequences were masked for interspersed repeats
and low complexity DNA sequences using RepeatMasker (A.F.A.
Smit and P. Green, unpublished data; http://ftp.genome.washing-
ton.edu/cgi-bin/RepeatMasker). The mammalian library of repeats
provided with the program was updated with a consensus pig SINE
sequence and other pig-specific repeats. Masked sequences were sub-
jected to BLAST (Altschul et al. 1990) searches against DNA data-
bases (nr, month, and dbest) at NCBI by using the advanced BLAST
version 2.0 network service (http://www.ncbi.nlm.nih.gov/). Subse-
quently, masked and unmasked sequences were used to screen the non-
redundant tiling path of the human draft genome sequence at http://
www.enseml.org.

PCR amplification of the duplication breakpoints. Fragments
spanning the breakpoints were amplified from pig genomic DNA
samples representing the Wild Boar, Large White, Landrace, Piétrain,
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Berkshire, Duroc, Hampshire, Linderdéd, and Meishan breeds. The
primers 832F2 (5-CCA CAA TAT ACC TAC CAG AAT TAC) and
953R2 (5-AAC CTG TGG ATC AAA TCT GGT C) were used to
amplify 968 bp spanning the 5’ breakpoint present in BAC832E11;
953F1 (5-GTT CAA TCC AGC AAT CAC AAC C) and 953R2 were
used to amplify 864 bp spanning the 3’-5" breakpoint present in
BAC953F11; and 953F1 and 1041R1 (5-TTT TAA TCC TCT TAA
GGA CCA AC) were used to amplify 1022 bp spanning the 3’
breakpoint present in BAC 1041B3. The PCR reactions were per-
formed in 10-pl reactions including 1.5 mM MgCl,, 0.2 mM of each
dNTP, 2.5 pmol of each primer, 5% DMSO, 25 ng genomic DNA,
Ix PCR GOLD buffer, and 0.75 U Ampli7ag GOLD polymerase (PE
Applied Biosystems, Foster City, Calif.). Thermocycling was carried
out with a PTC 200 instrument (MJ Research, Watertown, Mass.). The
temperature conditions in the first cycle were 94°C for 10 min, 55°C for
30 s, and 72°C for 90 s, whereas the remaining cycles were performed
at 94°C for 30 s, 52°C for 30 s, and 72°C for 90 s. The PCR products
were directly sequenced as described above.

The primers 953F9 (5-TAA GTG AAA GAA GTC AAT CTG
AG) and 953R3 (5-GGC AGT CAT GTA ACT ATC ACC) were
used to generate a 152-bp product spanning the 3’-5" breakpoint as a
diagnostic test for the duplication. The product was separated by
standard agarose gel electrophoresis.

Results

Pulsed field gel electrophoresis (PFGE). DNA samples from
Duroc, Hampshire, and Large White pigs representing the
three Dominant White/KIT genotypes i/i, I%¢/1%, and I/I, re-
spectively, were used. DNA plugs were digested with three
rare-cutting enzymes Narl, BssHII, and Pmel. The digested
DNAs were separated by PFGE and blotted to hybridization
membranes. The membranes were first hybridized with KIT
probes and cDNA probes for PDGFRA and KDR, which are
flanking KIT in the human genome (Spritz et al. 1994). The
results showed, as expected, that KIT hybridized to the du-
plicated region since two to three fragments were obtained for
both Narl and BssHII in Large White pigs, but only a single
fragment in non-white pigs (Fig. 1A; Table 1). The PDGFRA
probe hybridized to a single fragment with all enzymes and in
all genotypes, indicating that the duplication does not involve
this gene, in agreement with our previous FISH analysis (Jo-
hansson Moller et al. 1996). Similarly, the KDR probe hy-
bridized to a single fragment in Large White pigs with all three
enzymes.

The results indicated that one duplication breakpoint is
located between PDGFRA and KIT, while another is located
between KIT and KDR. Two STS fragments 645D53" and
211E125 from the region between KIT and PDGFRA were
hybridized to the PFGE blots. The results showed that the
breakpoint is located between these two STSs, since only the
latter hybridized to duplicated fragments (Fig. 1B; Table 1).
The observation of three restriction fragments for some en-
zyme/probe combinations may be explained by restriction site
polymorphisms, incomplete digestions, or the presence of
haplotypes with three KIT copies as recently documented to
occur quite frequently in white breeds (Pielberg et al. 2002). It
is also worth noticing that the Belt allele (I%) present in
Hampshire pigs was associated with a difference in restriction
fragment sizes compared with Duroc (i/i) with all three re-
striction enzymes when the KIT intron 18 probe was used
(Table 1). The observation may be relevant for the identifica-
tion of the causative mutation for Belt as several Kit alleles in
mice are due to chromosomal rearrangements (Berrozpe et al.
1999; Hough et al. 1998).

BAC contig. The BAC library was constructed from a Large
White pig assumed to be homozygous I/I. We have arbitrarily
designated the normal gene copy KIT1 and the copy contain-
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Fig. 1. Results of PFGE analysis of the PDGFRA-KIT-KDR region in
pigs. (A) Southern blot analysis of Narl-digested genomic DNA hy-
bridized to a KIT intron 18 probe. Samples from Duroc (D) KIT-i/i,
Hampshire (H) KIT-%/1%¢, Large White (LW) KIT-I/I, a Duroc/
Hampshire crossbred animal, and a Hampshire/Large White crossbred
animal were used. The estimated sizes of fragments are given to the
right in kilobase pairs. (B) Schematic figure summarizing the inter-

pretation of the PFGE data with the non-duplicated chromosome
above and the duplication below. The locations of restriction sites are
indicated by vertical lines; B = BssHII, N = Narl, and P = Pmel.
The approximate locations of the duplication breakpoints are indi-
cated by arrows, and the locations of the gene and STS probes used for
hybridization are indicated by boxes.

Table 1. Restriction fragment sizes observed in PFGE analysis of the PDGFRA-KIT-KDR region on pig Chromosome 8.

Probe
Restriction PDGFRA STS STS KIT intron 18 STS KDR
enzyme Breed CDNA 645D53" 211E125 (and cDNA) 953F113" cDNA
Narl D 450 450 450 450 - 450
H 450 450 450 480 - 480
Lw 450 450 450,590,620 480,590,620 - 480
BssHIT D 450 450 450 200 320 320
H 450 450 450 225 320 320
LW 450 450 450,400 210,215,225 320,400 320
Pmel D - 130 130 410 410 225
H - 130 130 240 240 225
Lw - 130 130,100 240 240 225
D = Duroc; H = Hampshire; LW = Large White; “-” = not tested.

ing the splice mutation KI/T2. The construction of the BAC
contig was initiated by screening the library with primers
amplifying KIT exons. We were able to assign these BAC
clones as KIT1 or KIT?2, using the diagnostic test for the splice
mutation (Fig. 2), but we do not know in which order the two
copies occur in relation to PDGFRA and KDR. The contig was
expanded on both sides by chromosome walking with STSs
developed by BAC end sequencing. Clone 211E12 contains
KIT exon 1 and parts of the upstream region, while clone
549C3 represents the KIT downstream region. We were unable
to assign these clones to the KI7'1 or KIT2 region owing to the
lack of diagnostic polymorphisms.

The closely linked PDGFRA gene was chosen as a second
starting point for building the BAC contig. PCR primers were
designed with PDGFRA sequences conserved between human
and mouse. Two positive clones were identified (Fig. 2). The
BAC ends were sequenced and used to develop new STS
primers that in turn were used to expand the contig on both
sides of PDGFRA. Six additional clones were identified and
subjected to BAC end sequencing. BLAST searches using the
STS 642D43" revealed a highly significant similarity to the
human PDGFRA promoter region. The result provided an
orientation of the subcontig, and the chromosome walking was
continued from the 3"-end of PDGFRA with the assumption
that PDGFRA and KIT are oriented head-to-tail in pigs as in
humans (Spritz et al. 1994). BAC screening with STS 645D53’
identified two new clones; one of these, 832E11, overlapped
with clone 211E12, showing that the PDGFRA-KIT contig was
closed (Fig. 2). The distance between the two genes was esti-

mated at 350 kb, very similar to the corresponding estimate for
the mouse (Hough et al. 1998).

The PFGE data indicated that one duplication breakpoint
should be located between STS 645D53” and 211E125’. These
two STSs are about 100 kb apart and both present in BAC
832E11, which should thus contain the 5 breakpoint. The
BAC library was, therefore, screened with STS 211E125" on
the assumption that this STS should be able to identify BACs
from the 5" breakpoint as well as from the 3’-5” breakpoint (see
Fig. 2). The characteristic feature of the latter types of clones
would be that they should contain one end not belonging to
the PDGFRA-KIT interval. Three new clones were isolated by
using STS 211E125’, and new STSs were generated by BAC-
end sequencing. PCR screening of the BACs from the contig
revealed that both 763F13” and 953F113” were only positive
with themselves, indicating that the corresponding clones po-
tentially represented the 3’-5" breakpoint. FISH analysis of
763F1 showed that this clone was chimeric with one end from
the KIT region Chromosome (Chr) 8 and the other end orig-
inating from Chr 5. However, FISH analysis of clone 953F11
only resulted in a signal from the KI7T region on SSC8q12. STS
953F113" was then used to isolate four new BACs (391B8,
460F10, 568E1, 1041B3; Fig. 2). BAC-end sequencing and
BLAST searches against GenBank revealed a highly significant
hit between the 3’-end of clone 1041B3 and the KDR coding
sequence in different species; the highest score was obtained
against human KDR, AF063658 (94% sequence identity over
93 nucleotides, P = 1e™3?). This, together with the PEGE data
showing that KDR is not duplicated, provided evidence that
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Fig. 2. Map of the BAC contig of the PDGFRA-KIT-KDR region on
pig Chr 8. The orientation of the genes has been determined for
PDGFRA, KITI1, and KIT2, while the orientation of KDR is given
according to the one established in human (Spritz et al. 1994). The
presence of the splice mutation in K772 is marked with an arrowhead.
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clone 953F11 contains the 3’-5" duplication breakpoint and
that 1041B3 contains the 3" breakpoint (Fig. 2). PCR screening
using the STSs isolated from BAC 549C3 from the 3’-region of
KIT revealed that the 5 STS was positive, with 391B8 and
568E1 showing that the KIT-KDR contig had been closed. This
allowed us to estimate the distance between KIT and KDR to
250 kb and the size of the entire duplication to about 450 kb.

Characterization of the duplication breakpoint. A Southern
blot of Hindlll-digested DNA from the three BAC clones
832E11, 953F11, and 1041B3 containing the three duplication

The duplication breakpoints are indicated by vertical arrows. Exons
(boxes) and STSs (circles) are indicated. The BAC clones marked by
asterisks are present twice because it remains to be established whether
they belong to KIT1 or KIT2. The chimeric 3’ end of BAC 763F1 (see
text) is marked by an open circle.

Fig. 3. Southern blot analysis of HindIII-digested
BAC clones from the KIT region and HindllI-di-
gested pig genomic DNA. (A) BAC clones 832E11
(lane 1), 953F 11 (lane 2 and 3), and 1041B3 (lane 4)
hybridized with BAC DNA from clone 953F11.
The unique 3.9-kb Hindlll fragment present at the
duplication breakpoint is marked. (B) Genomic
Southern blot of founder animals from a Wild
Boar/Large White intercross hybridized with a
PCR fragment from the duplicated region. 1: W1, i/
i W2, i/ iy W5, I/I; W6, I/15¢, W7, I/I, W8, I/I”. The
unique 3.9-kb HindlIll fragment from the duplica-
tion breakpoint is indicated. The 9.0-kb fragment
was monomorphic and originates from the region
represented in BAC 832E11.

breakpoints was hybridized with clone 953F11; HindIIl was
chosen, since partial Hindlll digestions were used for the li-
brary construction. BAC 953F11 contained a unique 3.9-kb
HindIIl fragment, whereas all other fragments were also
present in 832E11 or 1041B3, or in both, as regards fragments
representing the BAC vector (Fig. 3A). The results confirmed
our interpretation that BAC953F11 represents the 3’-5
breakpoint. The duplication appears to be a recent event, since
the data show that no HindllI restriction site has been gained
or lost and no large insertions/deletions have occurred since
the duplication event. BAC 953F11 contains a small region



E. Giuffra et al.: A large duplication at the porcine KIT locus 573
A SSSINEI
LIM4_orf2
LIMCI LIM4_otf2 PREI_SS
[ :::-—-I
104133 T T T T T T T T T T T T
200 400 &00 800 1000 1200 1400 1600 1800 2000 2200 2400 Z600 bp
LIM4_orf2 + 1 2 3 4 5
I:::-l%::_ LIMEl  MERSSB PRE1_SS B = Ruen SR s Lian Chssivel MER 104
= </ = A — L —— L
953F11 T T T T Ll L L T T ] L Ll 1 T ] T L] L] L L
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400 bp
1 2 3 4 5
LIM4_arf2 B Emm = @ o
LAk MERSS8B  PREI_SS SSMERI PREI_SS LI_An  SSSINEI
832E11 |:::=- < = e — T — -|=;}=
Ll Ll Ll T Ll 1 ] L L) T T
ZOO 400 500 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 bp
LIM4_orf2 Al F rich
l::} LIME] MERSSB 2 3 5
AC0320102.12 < #‘
L 1 1
700 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 800 3000 bp
- &d ¥
Human-Pig W f‘w"" \ £ /./‘-“ "\L /W‘r\;ﬂ"j ﬂ/\ o 75,5,
, v Y M.
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 bp
B
10 20 30 40 50 60
953F11 ATCTGAGAAGGCTACATACTGTATGATTCCAAGGGTCATGGCTTGAAAAAGAGACTGACC
1041B3  —-—--mmmmm e C-A-ATGACA--CTGG--AT-G-AA-A-
832E11 CAGAT-AC-TAAAG--G-TCAGTG-T-G-—=——=—— e e

Fig. 4. Sequence analysis of the unique 3’-5” duplication breakpoint in
the porcine KIT gene isolated from BAC953F11. The sequence is
compared with the corresponding regions in BACs 1041B3 and
832EI11. (A) Annotation of the sequences. A vertical black arrow in-
dicates the location of the duplication breakpoint. Filled boxes (1-5)
indicate sequences with highly significant similarity to the corre-
sponding region in the human genome (sequence contig
AC0320010212). The locations of repetitive sequences are indicated by
open arrows. LINE repeats: LIM4_orf2, LIMCI, LIMEI, LIME2
and L1_art (Smit et al. 1995); MER repeats: MERS8B (Kaplan et al.
1991), MER 104 and SSMERI1 (porcine MER1); porcine SINE repeats:

upstream of KIT not present in BAC832El11, implying that
the 3.9-kb Hindlll fragment potentially represented this re-
gion. However, the subsequent sequence analysis, as well as
Southern blot analysis of genomic DNA, convincingly dem-
onstrated that it constitutes the duplication breakpoint (see
below).

The 3.9-kb HindlIl fragment from 953F11 was subcloned
into pUCI18 to generate clone pUC953H4. The fragment was
sequenced with vector primers and primer walking. The cor-
responding sequences from BAC 832E11 and 1041B3 were
generated by PCR amplification and direct sequencing. The
sequence comparison confirmed that 953F11 is a hybrid be-
tween the sequences of 832E11 and 1041B3. Bioinformatic
analysis revealed that the 3.9-kb fragment contains several
repetitive elements and that the duplication breakpoint is a
hybrid LINE element corresponding to partial LINE elements
in 832E11 and 1041B3 (Fig. 4). BLAST analysis showed that a

PREI_SS and SSSINEI1 (Frengen et al. 1991). The scale provided is in
base pairs. A comparative annotation of the corresponding human
sequence in contig AC0320010212 is also shown. A sequence identity
plot obtained with VISTA (Mayor et al. 2000) at http://www-
gsd.Ibl.gov for the comparison of the pig and human sequence is
shown at the bottom. Percentage identity was calculated with a win-
dow length of 100 bp. Conserved sequences are shown relative to their
positions in the human sequence, and the percentages of identities
(50%—-100%) are indicated on the vertical axes. (B) Sequence alignment
of the 60 bp around the duplication breakpoints in the three BAC
clones. A dash indicates identity to the master sequence.

region about 1 kb 3’ of the duplication breakpoint and also
present in 832E11 showed several highly significant hits to the
corresponding region in the human genome (GenBank
AC03201212). The human region is located about 150 kb
upstream of KIT exon 1, in excellent agreement with the lo-
cation of this region in the pig (Fig. 2). A comparison of un-
masked sequences showed that the L1 repeats and the
MERSSB repeat located at or very close to the duplication
breakpoint were conserved between pigs and human as regards
both content and orientation of repeats. The output from the
VISTA program reveals a striking overall sequence similarity
between pig and human (Fig. 4A).

A sequence comparison of 1,195 bp of 953F11 and the
corresponding region in 1041B3 revealed no sequence differ-
ence, and a comparison of about 2450 bp in 953F11 and the
corresponding region in 832E11 revealed two differences, one
extra nucleotide at a mononucleotide repeat and a single base
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Table 2. Sequence variation at the 5" and 3" KIT duplication breakpoints among pig breeds.

Distance from duplication breakpoint®

5’ breakpoint -334 -98 10 46 209

376 412 445 474 502 1697 2653

832E11° A
953F11°

Wild boar - -
Hampshire - -
Duroc - -
Meishan Nig G
Piétrain - -
Large White - -
Landrace - -

O
@}
—

[aRalaoRakaly
>
Q

a

C C T A Ay C
- - - - Ao T

Distance from duplication breakpoint®

3’ breakpoint =213 —168 =52 40 82

1041B3° C C T C C
953F11° - - -

Wild boar - - - - -
Hampshire - - -
Duroc - T C
Meishan
Piétrain - - -
Large White - -/T -/C -/T -/T
Landrace - -/T -/C -/T -/T

—
Vg

T g6 T G
JT -G T e

% A negative value indicates that the position is located 5" of the actual duplication breakpoint according to the orientation given in Fig. 2.

® BAC clones.

¢ A dash indicates identity to the master sequence; -/G, etc. indicates heterozygosity; blank indicates that the position is not present (BAC 953F11) or that the position

was not investigated with genomic DNA.

Table 3. Presence of the unique K/7T duplication breakpoint associated with Dominant White color in different breeds of pigs.

Presence of duplication

Presumed

Population Coat color genotype® + - Total
Wild boar Wild type ili 0 2 2
Large White White rr 11 0 11
Landrace White rr 4 0 4
Piétrain White/black spots ili 4 1 5
Berkshire Black/white points ili 0 7 7
Duroc Red ili 0 4 4
Hampshire Black/white belt 1%/ 5 0 4 4
Linderod Red/black spots ili 0 1 1
Meishan Black ili 0 3 3

2 I indicates that the allele may be 7 or I”, both carrying the KIT duplication.

substitution (Table 2). The results indicate that the KIT du-
plication occurred recently or that the sequences have been
homogenized by gene conversion.

Distribution of the KIT duplication among pig breeds. Southern
blot analysis of Hindlll-digested genomic DNA was used to
exclude the possibility that BAC 953F11 was a cloning artifact.
A PCR fragment free of repetitive sequences from subclone
pUC953H4 was used as probe. The results showed that the
unique 3.9-kb Hindlll fragment was present in Large White
and Landrace animals carrying various Dominant White alleles
but not in the Wild boar (Fig. 3B). A considerable variation in
the hybridization signal of the 3.9-kb fragment was observed,
consistent with our recent observation of a variation in KIT
copy number in Large White and Landrace pigs using a
quantitative test for the splice mutation (Pielberg et al. 2002).

PCR screening showed that the KIT duplication was
present in Large White and Landrace animals but not in Wild
boar, Berkshire, Duroc, Hampshire, Linderéd, or Meishan
pigs as expected (Table 3). Unexpectedly, four out of five
Piétrain pigs were positive for the duplication. Interestingly,
the single Piétrain pig that did not carry the duplication was
atypical for the breed and almost entirely black. Its parents
had the usual color and carried the duplication. All Piétrain

pigs with the duplication were negative for the splice mutation,
indicating that they carry the I¥ allele.

A fragment of 864 bp from the 3’-5" duplication breakpoint
region (present in BAC 953F11) was PCR amplified from
Large White and Landrace animals carrying the I allele and
from Large White and Piétrain animals carrying the I” allele.
The sequences obtained from 10 animals were completely
identical, demonstrating that the 7 and I alleles originate from
the same duplication event. A similar sequence comparison
across breeds was carried out for 968 bp from the 5" duplica-
tion breakpoint (BAC 832EI11) and for 1022 bp from the 3’
duplication breakpoint (BAC 1041B3). The sequence of the
corresponding region in 953F11 was almost completely iden-
tical to the sequence obtained from the European Wild Boar
and several European domestic pig breeds. In contrast, the
sequence from the Chinese Meishan breed differed by 10 single
nucleotide substitutions and one 16-bp insertion/deletion from
the sequence of the European Wild Boar. Two divergent
haplotypes of the region corresponding to the 3’ duplication
breakpoint (BAC 1041B3) were observed among European
domestic pigs. The two haplotypes differed by as many as eight
substitutions within a region of about 600 nucleotides (Table
2). The two Landrace and Large White animals tested were
both heterozygous for these divergent haplotypes.
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Table 4. Gene-specific PCR primers and Sequence Tagged Sites (STS) from the PDGFRA-KTT-KDR region in pigs.

Gene/STS name Forward Primer 5'-3

Reverse Primer 5-3"

211E123" aatgttgcaggattcaccgtcac
211E125 gaacatggcctcagetcttgg
280B33’ tgcatttctattcagcacegg
280B35” aaccagcagtcatttgageca
280D75 ctccaccacagacagttcttete
311F43’ ctggttatggacggtggetgag
311F45 tgagtagtgggagtegcgggtg
S513A23 aatgcacatggcagctcacc
S513A25 aaggactcatgggettggg
549C33’ acatgcttcctcaagtagtte
549C35 gaagtcagcaagacagggcc
645D53’ gaagagttctagagtattctceg
7T17ER3" ctgggeattctgtgctaagg
7T17ER5" cttattccactcccagaace
723G23’ ccttggtgcacagetgaactt
723G25 ccectgtettatggatactagtca
757A83" getecgagectecageacac
763F13" tgcaggttcataaageecgaga
798C55 cttattccactcccagaacc
832E113" aatcctecctcatataagtteeeg
832E115" tececaagectcetattetgtagte
927C35" ttactgcaatccectgecte
953F113" agcctgaaccaccecattg
953F115 tccagggeactctttgatctg
1000D23" ttatggacactctggagece
1000D25 aaaagcattctgtceteteetg
1041B33" tectectgegtetetgacag
1044B123’ gcttcactatcaatattccage
KIT, exon 1 ggetetgggggcteggetttge
KIT, exon 17 gtattcacagagacttggegge
KIT, exon 2 tcaaccatctgtgagtccagggg
KIT, exon 6 aatgatggcgaggatgtggatc

PDGFRA, exon 22
PDGFRA, exon 23

ctggacttcctraagagtgacce
gacrggttccagyagttccace

getetgagececttggatcatg
agaagagactgcagctcgtacce
ggatgggtttcagaaagggc
ggatcagctcaagaaaaggea
caggaagcccaaaggatatacac
ggttagatgatgaagagtgggtg
geecgageaaagatgaagagaggtc
caaacagggcactggtcaacc
catcagaggtttctttgcagtgg
tccagagacaatagtgcage
geagatcagagcattceccac
tgtttgctttgeectetgtatg
agtcagattcatttccactge
tgettcgecaggecaaaggag
cagcaggatgaaggagcacac
gaagcatgcattctattccga
cagggatcgaacccacaacc
ttectaccacacatggeaget
tgcttcgecaggeaaaggag
tgctcteccaccaaggetgaagg
tttgatcacatgecctgeac
geactcagaaatggtttgtttttc
tgcacagggaggagtectgt
agggaagcaggaaaagaccac
gectgctaacaattatgeatg
tagcactgcaccatgaagggaac
tggctgacectgaacatete
ttagtttagtctcactttgtge
tgtctggacgegaageaagagetg
ggggctgeagttcgetaagttg
tgttggtgcacgtgtatttgee
tctcagacttgggataatcetee
tgytertccagrecaccytece
gaagctgtcytccaccaggte

y=c/t,r=alg

Discussion

This study demonstrates the power of comparative genomics
and is an advance in pig coat color genetics. We used human
map data during the construction of the BAC contig and
comparative mouse data when interpreting the phenotypic
effects of the KIT mutations. We show that the Patch (I”) and
Dominant White (I) alleles carry the same duplication. The
most likely evolutionary history is thus that the duplication
arose first, causing a partial dominant white phenotype, fol-
lowed by the occurrence of the splice mutation in one of the
copies, causing the fully dominant white phenotype. As ex-
pected, the KIT duplication breakpoint was found in Large
White and Landrace pigs but not in colored breeds. However,
an unexpected ﬁndin% was that Piétrain pigs carry the KIT
duplication and the I” allele. Piétrain pigs have a white coat
with black spots and have previously been assumed to have the
wild type (i/i) genotype (Legault 1998). The origin of the Pié-
train breed is somewhat obscure, but it has been proposed that
the Large White were one of the breeds used during the de-
velopment of the Piétrain (Jones 1998), which may explain the
presence of the KIT duplication. Piétrain and Berkshire pigs
are both homozygous for the E” allele at the E/MCIR locus,
causing a black-spotted phenotype, but Berkshire is almost
solid black (Kijas et al. 2001). Sewall Wright proposed as early
as 1918 that the black color of Berkshire is an extended form
of black spotting (Wright 1918). This study indicates that KIT
is a major modifying locus for the extension of black spotting.

The size of the duplication was estimated at about 450 kb
with the BAC contig. The duplication appears to be a “‘recent”
event that most likely occurred subsequent to domestication.
The restriction fragment analysis of BAC clones as well as the
sequence analysis of the breakpoint region showed that the
two copies are almost identical. However, the two copies may

show concerted evolution due to the occurrence of unequal
crossing-over and gene conversion. We have recently shown
that the number of KIT copies per chromosome varies between
one and three in white breeds (Pielberg et al. 2002). The
variation in copy number is most likely generated by unequal
crossing-over. The observation of an almost black Piétrain pig
without the KI/T duplication indicates that a similar variability
in KIT copies also occurs in Piétrain pigs.

Pigs have been domesticated from distinct subspecies of
Wild Boars in Europe and Asia (Giuffra et al. 2000). Fur-
thermore, Asian domestic pigs were introgressed into Euro-
pean breeds during the 18th and 19th centuries, and the white
breeds Large White and Landrace both have a considerable
proportion of Asian ancestry. The results in this study allowed
us to investigate whether the KIT duplication and the Domi-
nant White color first arose in Europe or Asia. The sequence of
the unique duplication breakpoint supports a European origin,
since it was almost identical to the corresponding sequences on
non-duplicated chromosomes from the European Wild Boar
but showed multiple differences to sequences from the single
Asian breed (Meishan) investigated in this study.

Repetitive elements are highly abundant in mammalian
genomes. Bioinformatic analysis of the human draft genome
sequence shows that about 45% of the human genome is de-
rived from transposable elements (International Consortium
2001). There are several examples of human disorders in which
the causative mutation constitutes an insertion of a SINE or
LINE element (Kazazian and Moran 1998), and a deletion in
the beige gene in the rat occurred by homologous recombi-
nation between two LINEI elements (Mori et al. 2001). Ret-
rotransposons may also act as a creative force by generating
new genes or altering the regulation of existing genes
(Kazazian 2000). As an example, the duplication of the y-
globin genes present in most primates originated by unequal



576

crossing-over between L1 elements (Fitch et al. 1991). This
study provides another example of an evolutionary novelty
created by a recombination event between two LINE elements
leading to a gene duplication with a phenotypic effect. The
duplication does not appear to have any major deleterious
effects, since millions of highly productive domestic pigs
around the world are homozygous for the duplication.

The order of the three protein tyrosine kinase genes
PDGFRA-KIT-KDR is conserved between human Chr 4 and
pig Chr 8. The three genes are organized head-to-tail in hu-
mans (Spritz et al. 1994), and we have shown that this is the
case also for KIT and PDGFRA in pigs. The tandem dupli-
cation involves the entire coding sequence of KIT, but not
PDGFRA and KDR. The location of the duplication break-
point in the 5" upstream region of KIT suggests a reasonable
explanation why the duplication causes a distinct phenotypic
effect. Chromosomal rearrangements in this region in the
mouse are associated with ectopic expression of KIT and
dominant pigmentation disorders (Berrozpe et al. 1999; Hough
et al. 1998). In fact, comparative sequence analysis shows that
the inversion breakpoint associated with Rump-white and the
deletion breakpoint associated with Patch in the mouse are
both located about 30 kb further upstream of KI7 than the pig
duplication breakpoint. Thus, the comparative data strongly
suggest that the duplicated copy in pigs is dysregulated, since it
does not contain all regulatory elements needed for normal
expression.

This BAC contig will be an excellent resource for com-
parative sequencing of the region between PDGFRA and KIT.
This is probably the most powerful approach for finding the
tissue-specific control elements upstream of KI7, postulated on
the basis of the observed association between dominant KIT
mutations and chromosomal rearrangements far upstream of
the coding sequence in pigs and mice (Berrozpe et al. 1999;
Hough et al. 1998). In the present study, we identified an
Evolutionary Conserved Region of about 1 kb between pigs
and human located close to one of the duplication breakpoints
(Fig. 4A). The sequences do not contain any obvious open
reading frames and do not show any significant sequence
similarity to other sequences in public databases. We therefore
assume that this conserved region represents a regulatory ele-
ment. The striking similarity in the content and orientation of
retrotransposons in this region between pig and human (Fig.
4A) implies that the integrations of the L1 and MERS58B ele-
ments predate their divergence from a common ancestor.
Furthermore, the surprisingly high sequence similarity between
the repeats in the two species suggests that they may have a
functional role and may have been maintained by selection.
Accumulating data suggest that the integration of LINE ele-
ments may influence gene regulation (Yang et al. 1998).
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