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Abstract

Background: White spotting patterns in mammals can be caused by mutations in the genes for
the endothelin B receptor and c-Kit, whose protein products are necessary for proper migration,
differentiation or survival of the melanoblast population of cells. Although there are many different
dog breeds that segregate white spotting patterns, no genes have been identified that are linked to
these phenotypes.

Results: An intercross was generated from a female Newfoundland and a male Border Collie and
the white spotting phenotypes of the intercross progeny were evaluated by measuring percentage
surface area of white in the puppies. The Border Collie markings segregated as a simple autosomal
recessive (7/25 intercross progeny had the phenotype). Two candidate genes, for the endothelin B
receptor (EDNRB) and c-Kit (KIT), were evaluated for segregation with the white spotting pattern.
Polymorphisms between the Border Collie and Newfoundland were identified for EDNRB using
Southern analysis after a portion of the canine gene had been cloned. Polymorphisms for KIT were
identified using a microsatellite developed from a bacterial artificial chromosome containing the
canine gene.
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Conclusions: Both EDNRB and KIT were excluded as a cause of the white spotting pattern in at least
two of the intercross progeny. Although these genes have been implicated in white spotting in other
mammals, including horses, pigs, cows, mice and rats, they do not appear to be responsible for the
white spotting pattern found in the Border Collie breed of dog.

Background

The genetics of coat color has been studied for many years in
a variety of mammals, and the inheritance patterns of many
of the relevant genes have been determined. Both scientists
and breeders have studied the range of color and pattern
that can be found in mammals. Dogs are uniquely suited for
the investigation of the inheritance of coat color and pat-
terns as the more than 200 different dog breeds are defined
in part by a specific set of colors and patterns. ‘White spot-

ting’ in mice, rats, dogs and horses is characterized by irreg-
ular white patches of skin and hair that are devoid of
pigment-producing melanocytes. White spotting in domestic
dog breeds has been postulated to be controlled by one
locus, called s, which has at least three alleles [1]. The three
alleles segregate in some breeds, while other breeds are
homozygous and show a standard spotting pattern. Although
the variation in coat colors and patterns in dogs is far greater
than in other species, the genes responsible for coat color in
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dogs have yet to be identified at the molecular level, with the
exception of that for the yellow coat color [2].

Genes responsible for white spotting in mice and horses and
for hypopigmentation defects in humans have been identi-
fied. One of these, EDNRB, encoding the endothelin B recep-
tor, causes white spotting in the Ednrb mouse [3]. Some
alleles of Ednrb are associated with more severe defects, such
as deafness and aganglionic megacolon. Mutations in the
endothelin B receptor gene are also responsible for Hirsh-
sprung disease in humans [4]. This disease is characterized
by intestinal aganglionosis, which is occasionally associated
with hypopigmentation and/or deafness. A similar syndrome
in horses, called lethal white foal syndrome, is due to a muta-
tion in the horse endothelin B receptor gene [5-7].

Mutations in a second gene, cKIT, which encodes a receptor
tyrosine kinase, cause the piebald trait in humans [8].
Piebaldism is characterized by white patches on skin and
hair. In horses, a similar phenotype, called Tobiano, is
caused by a mutation in either KIT or a closely linked gene
[9]. A duplication of KIT causes white spotting in pigs [10].
EDNRB and KIT are therefore two likely candidates for
white spotting in dogs.

Results and discussion

As a resource for building a dog genetic map and as a tool to
study the genes responsible for behavioral and morphologi-
cal differences in the dog, an intercross was created between
a male Border Collie and a female Newfoundland. The New-
foundland parent had a small patch of white on the chest
and was otherwise completely black (Figure 1a). The Border
Collie used in this cross had markings characteristic for the
breed - black with white markings on the face, chest, neck,
tail tip, ventral abdomen, all four digits, and extending up
the front legs to the carpals (Figure 1b). These markings
have many similarities to the white spotting patterns of
other mammals. The Border Collie’s sire and dam had the
same markings, consistent with homozygosity for the
causative loci. This cross provides the opportunity for ana-
lyzing the inheritance of the white spotting pattern exhibited
by the Border Collie. Six F1 animals were produced which
had medium-sized white patches on their chests. These six
dogs were intercrossed to produce 25 F2 progeny. In the F2
generation, 7/25 had markings like the Border Collie parent,
consistent with the phenotype being caused by a recessive
allele of a single locus.

To determine if EDNRB was responsible for the white spot-
ting pattern of the Border Collie, a portion of canine cDNA
was cloned. The amino-acid sequence of canine endothelin B
receptor was highly homologous to that of other mammalian
endothelin B receptors (Figure 2). The canine ¢cDNA clone
was used as a hybridization probe for DNA hybridization
blot experiments. A Pvull restriction fragment length

Figure |
A Newfoundland female (@) was bred to a Border Collie
male (b) to produce animals for the intercross.

polymorphism (RFLP) was identified between the Border
Collie grandparent and the Newfoundland grandparent of
the cross. Spotted F2 progeny carried at least one allele of
this polymorphism that was different from those carried by
the Border Collie parent, indicating that this locus was not
linked to white spotting pattern in this cross (Figure 3).

To evaluate the segregation of the second candidate for white
spotting, KIT, in this cross, a polymorphic simple-sequence
repeat was developed from bacterial artificial chromosome
(BAC) clones containing the KIT gene. Three of the four BACs
containing the KIT gene also contained this simple-sequence
repeat, as ascertained by PCR amplification of a product from
the BACs using primers flanking the simple-sequence repeat.
In addition, positive PCR amplification of a product using
both KIT genomic primers and the simple-sequence repeat
primers occurred in the same subset of radiation hybrid cell
lines from a dog/hamster panel from Research Genetics, Inc.
(Alabama, USA). This simple-sequence repeat marker was
polymorphic in the intercross and segregated independent of
the white spotting phenotype (Figure 4).

By analogy with mice and humans, mutations in both
EDNRB and KIT were excellent candidates for white spot-
ting in Border Collies; however, these data taken together
excluded both genes from being responsible for the distinc-
tive Border Collie coat color markings. Although it has been
postulated that all white spotting in dogs is due to the same
major locus, allelism tests between the spotting phenotypes
in all the different dog breeds have not been performed. It is
possible that either EDNRB or KIT could be responsible for
white spotting in other breeds. Extreme white spotting, an
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Human_EDNRB MQPPPSLCGR ALVALVLACG LSRIWGEERG FPPDRAT.PL LQTAEIMTPP
canine_EDNRB MQPLLSWCRR ALVALILACS GAGVQGEERG FPPARATVPL WGPGEITTPP
Bovine EDNRB MQPLPSLCGR ALVALILACG VAGIQAEERE FPPAGATQPL PGTGEMMETP

Rat_EDNRB MQSSASRCGR ALVALLLACG LLGVWGEKRG FPPAQATPSL LGTKEVMTPP
Consensus MQPLPSLCGR ALVALILACG LAG--GEERG FPPARAT-PL LGTGEIMTPP
51-100

Human_EDNRB TKTLWPKGSN ASLARSLAPA EVPKGDRTAG SPPRTISPPP CQGPIEIKET
canine_EDNRB TEASWSKGPN ASVPWSSAPP QMPKGGRTAG GPPRTLTPPP CEKSIEIKET
Bovine_EDNRB GRSN ASDP ATP QIP G IPPRT..PPP CDGPIEIKET

Rat_EDNRB TKTSWTRGSN SSLMRSSAPA EVTKGGRVAG VPPRSF.PPP CQRKIEINKT
Consensus T-TSWPKGSN ASLPRSSAP- -VPKGGRTAG -PPRT--PPP CQGPIEIKET
101-150

Human_EDNRB FKYINTVVSC LVFVLGIIGN STLLRIIYKN KCMRNGPNIL IASLALGDLL
canine_EDNRB FKYINTVVSC LVFVLGIIGN STLLRIIYKN KCMRNGPNIL IASLALGDLL
Bovine EDNRB FKYINTVVSC LVFVLGIIGN STLLRIIYKN KCMRNGPNIL IASLALGDLL

Rat_EDNRB FKYINTIVSC LVFVLGIIGN STLLRIIYKN KCMRNGPNIL IASLALGDLL
Consensus FKYINTVVSC LVFVLGIIGN STLLRIIYKN KCMRNGPNIL IASLALGDLL
151-200

Human_EDNRB HIVIDIPINV YKLLAEDWPF GAEMCKLVPF IQKASVGITV LSLCALSIDR
canine_EDNRB HIIIDIPITV YKLLAEDWPF GVEMCKLVPF IQKASVGITV LSLCALSIDR
Bovine_EDNRB HIIIDIPINT YKLLAKDWPF GVEMCKLVPF IQKASVGITV LSLCALSIDR

Rat_EDNRB HIIIDIPINA YKLLAGDWPF GAEMCKLVPF IQKASVGITV LSLCALSIDR
Consensus HIIIDIPINV YKLLAEDWPF G-EMCKLVPF IQKASVGITV LSLCALSIDR
201-250

Human_EDNRB YRAVASWSRI KGIGVPKWTA VEIVLIWVVS VVLAVPEAIG FDIITMDYKG
canine_EDNRB YRAVASWSRI KGIGVPKWTA VEIVLIWVVS VVLAVPEAIG FDMITIDYKG
Bovine EDNRB YRAVASWSRI KGIGVPKWTA VEIVLIWVVS VVLAVPEAIG FDIITSDHIG

Rat_EDNRB YRAVASWSRI KGIGVPKWTA VEIVLIWVVS VVLAVPEAIG FDVITSDYKG
Consensus YRAVASWSRI KGIGVPKWTA VEIVLIWVVS VVLAVPEA-G FDIITSDYKG
251-300

Human_EDNRB SYLRICLLHP VQKTAFMQFY KTAKDWWLFS FYFCLPLAIT AFFYTLMTCE
canine_EDNRB RYLRICLLHP TQKTAFMQFY KTAKDWWLFS FYFCLPLAIT AFFYTLMTCE
Bovine_EDNRB NKLRICLLHP TQKTAFMQFY KTAKDWWLFS FYFCLPLAIT ALFYTLMTCE

Rat_EDNRB KPLRVCMLNP FQKTAFMQFY KTAKDWWLFS FYFCLPLAIT AIFYTLMTCE
Consensus -YLRICLLHP TQKTAFMQFY KTAKDWWLFS FYFCLPLAIT AFFYTLMTCE
301-350

Human_EDNRB MLRKKSGMQI ALNDHLKQRR EVAKTVFCLV LVFALCWLPL HLSRILKLTL
canine_EDNRB MLRKKSGMQI ALNDHLKQRR EVAKTVFCLV LVFALCWLPL HLSRILKLTL
Bovine_EDNRB MLRKKSGMQI ALNDHLKQRR EVAKTVFCLV LVFALCWLPL HLSRILKLTL

Rat_EDNRB MLRKKSGMQI ALNDHLKQRR EVAKTVFCLV LVFALCWLPL HLSRILKLTL
Consensus MLRKKSGMQI ALNDHLKQRR EVAKTVFCLV LVFALCWLPL HLSRILKLTL
351-400

Human_EDNRB YNONDPNRCE LLSFLLVLDY IGINMASLNS CINPIALYLV SKRFKNCFKS
canine_EDNRB YDONDPNRCE LLSFLLVLDY IGINMASLNS CINPIALYLV SKRFKNCFKS
Bovine EDNRB YDQHDPRRCE FLSFLLVLDY IGINMASLNS CINPIALYLV SKRFKNCFKS

Rat_EDNRB YDQSNPQRCE LLSFLLVLDY IGINMASLNS CINPIALYLV SKRFKNCFKS
Consensus YDONDPNRCE LLSFLLVLDY IGINMASLNS CINPIALYLV SKRFKNCFKS
401-443

Human_EDNRB CLCCWCQSFE EKQSLEEKQS CLKFKANDHG YDNFRSSNKY SSS
canine_EDNRB CLCCWCQSFE EKQSLEEKQS CLKFKANDHG YDNF~~~~~~ ~~~
Bovine_EDNRB CLCCWCQSFE EKQSLEEKQS CLKFKANDHG YDNFRSSNKY SSS

Rat_EDNRB CLCCWCQSFE EKQSLEEKQS CLKFKANDHG YDNFRSSNKY SSS
Consensus CLCCWCQSFE EKQSLEEKQS CLKFKANDHG YDNFRSSNKY SSS
Figure 2

Amino-acid sequence alignment of mammalian endothelin B
receptors using the ‘pretty’ function from the GCG
Wisconsin package. Accession numbers for sequences used
for comparison: bovine EDNRB, S63513; human EDNRB,
JQ1042; rat EDNRB, 157950; canine EDNRB, AF276427.

additional allele of the s locus, segregates in the Boxer breed.
The markers developed in this study were not polymorphic
in available individuals of this breed, so we were unable to
test for linkage to this presumptive allele of the s locus. As
more genes are placed on the canine genetic map, it will be
possible to test other candidates for white spotting derived
from studies of coat color genetics in mice. White markings
are often associated with deafness in dogs, cats, and even
humans. They can also be associated with aganglionic mega-
colon in humans and horses. The link between white spot-
ting and lack of innervation to the distal colon is the neural
crest, from which melanocytes and enteric ganglia are both

http://genomebiology.com/2000/1/2/research/0004.3

S S S Nns ns ns
BC N F1 F2 F2 F2 F2 F2 F2

b .
=S80
3 |
. .

- - -
1/2 3/4 1/4 3/4 1/4 1/2 3/4 2/3 2/3

Figure 3

Segregation of EDNRB compared with the segregation of the
white spotting phenotype. Genomic DNA digested with
Pvull was probed with a radioactively labeled fragment of
EDNRB DNA which detected a Pwull restriction fragment
length polymorphism (RFLP) between the Border Collie and
Newfoundland grandparents. BC, DNA from the Border
Collie grandparent; N, DNA from the Newfoundland
grandparent. Fl, DNA from the first generation hybrids of
the Newfoundland % Border Collie cross; F2, DNA from the
progeny of intercrosses between the Fl hybrids; s, white
spotted; ns, not white spotted. The presumed genotypes for
the EDNRB locus are shown below the lanes.

derived. The exclusion of EDNRB as a candidate gene for
white spotting in Border Collies may explain why agan-
glionic megacolon is not associated with this trait in dogs.
The gene responsible for white spotting in dogs may shed
light on new genes involved in the differentiation and sur-
vival of the neural crest.

Materials and methods

A female Newfoundland dog was bred to a male Border
Collie. All dogs were placed in people’s homes as pets. Blood
was drawn for DNA extraction and photographs were taken
of the dogs. F1 progeny from this cross were intercrossed to
produce 25 F2 progeny. Seven of those 25 F2 progeny had
white markings similar to the Border Collie parent. To evalu-
ate the white spotting, the percentage of white based on
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Figure 4

Segregation of KIT compared with segregation of the white
spotting phenotype. Segregation of KIT was followed by
detection of a simple-sequence repeat polymorphic
difference between the Newfoundland and Border Collie
grandparents. BC, DNA from the Border Collie
grandparent; N, DNA from the Newfoundland grandparent;
F1, DNA from the first generation hybrids; F2, DNA from
the second generation intercrosses. s, white spotted; ns, not
white spotted. The presumed genotypes for the KIT locus
are shown below the lanes.
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surface area was compared between parents, F1 and F2
progeny. Photographs of the dogs were taken and the weight
of the white markings in the image was compared to the total
weight of the dog image after cutting, on a percent basis.

A portion of the EDNRB c¢DNA was cloned as a 1314 bp
product using the tri-clone kit (Invitrogen Corp., California,
USA) using primers designed from mouse and human
sequences (E1(ATG)F 5-CAG GTA GCA GCA TGC AGC-3’
and E3 5-GGA ACG GAA GTT GTC ATA TCC-3'). The clone
was sequenced (GenBank AF276427) and the deduced
amino-acid sequence was compared to that of the published
mammalian sequences using the ‘pretty’ program (GCG Wis-
consin Package; Genetics Computer Group, Wisconsin,
USA). The 1314 bp fragment was radioactively labeled and
used as a hybridization probe against genomic DNA digested
with Puull. Segregation of EDNRB was followed in the inter-
cross progeny by this Pvull RFLP (Figure 3).

To follow segregation of KIT in this pedigree, a simple-
sequence repeat in close proximity to KIT was isolated. A
portion of KIT was cloned by PCR using published primers
[11] and used to screen a canine BAC library (BAC-PAC
Resources, BACPAC Resource Center at the Children’s Hos-
pital Oakland Research Institute, California, USA). A GAAA
(18) repeat microsatellite marker was developed from one of
the BACs (KIT forward 5-GCA TGG AGC CTG CTT CTC-3’,
KIT reverse 5-AGA GCA TCC TTG GTC TGT CC-3"). PCR
amplification of the simple-sequence repeat from the inter-
cross animals is shown in Figure 4. PCR amplification prod-
ucts of the KIT microsatellite were separated by
electrophoresis on a 10% polyacrylamide gel and stained
with ethidium bromide before photography.
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