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The “Spotted” Locus Maps
to Bovine Chromosome 6 in
a Hereford-Cross Population

M. D. Grosz and M. D. MacNeil

The spolted loccus s responsible for sev-
gral phenotypically distinguishable pie-
tald patterns in caitle, including Hereford,
or white face (97), lineback {&°), and re-
cessive spotting (s), in addition o non-
spotted {57}, In a backcross mapping
pepulation, the Slocus has been mapped
by genetic linkags 1o bovine chromosome
g, between microsatellite markers BM4528
and ELO3. This region corresponds com-
paratively 1o a region on mouse chromo-
some 5 which houses several coat color
mutations, among which homology is pos-
sible with Hardy—Zuckerman 4 feline sar-
coma viral oncogene homologue (Kit),
patch (Phy, and rump white (Aw), Muta-
tions at these oc! resemble mutations at
the Dovine S locus in both phenotype and
mode of inheritance. Data are presented
which show genetic linkage between the
bovine § iocus and microsatedlite markers
on chromesome 8. Candidale genes for
the bovine & locus are discussed.

Spotting patterns in cattle have interested
breeders for hundreds of years. Histori-
cally, piebald patterns have been favored
in selection (Epstein 1971} Also, as
breeds were developed, certain breed con-
sistencies were favored as a method of
rapid and convenient identification (Olson
1692}, In addition to the aesthetic values
attributable to coat color varlation. there
are other, more economical reasons for in-
terest in coat color phenotypes. In partic-
ular, breeds that possess lighter coat color
and darker skin pigmentation tend to per-
form better in tropical climates and in-
creased levels of solar radiation (such as
Zebu breeds; Olson 1992},

An additional interest in coat color vari-
ation has arisen recently in the form of
price discrimination at the sale barn for
specific coat color patterns, in some cases
regardiess of the actual pedigree of the an-
imal. Animals can sel! at discounts or pre-
miums to cohorts of similar ancestry sim-
plyv because of coat color variations. Ak
though such discounts or premiums may
be temporary, one cannot dispute the ef-
fect of such economic selection on the
breeding decisions made by the cattle
rancher.

There are several genes which are
known to affect coat color and/or spotting
pattern. Included in this group {(as re
viewed by Olson 1992} are the £ locus
(red/black), 4 locus (removal of some red
and black pigmentation), Clocus (remowval
of red pigment with no effect on black pig-
ment), D locus (dilution series), Br (brin-
dle), and Bp (patterned blackish). Differ-
ent alielic combinations at these loci may
appear to lessen or heighfen the effect of
a particular gene,

White-spotting mutations are present in
a variety of cattle breeds (e.g., Hereford,
Pinzgauver, Helstein, Simmental, etc.}). Sev-
eral genes have been identified as playing
a role in the amount and pattern of white-
spotting (as reviewed by Olson 1992), and
inciude the S locus {(spotting), (s (color-
sided), R (roan, may be allelic with (s), B/
(blazey, Bc (brockling), and Bt (belted).
At least four alleles at the § locus have
been identified. The S" allele is present in
Hereford and is described as white face,
belly, feet, and tail, often with a white stri-
pe over the shoulder when homozygous.
This allele shows incomplete dominance
over the wild type, 5, in that 5%5" het-
erozygotes will have white areas generally
around the face only. The 57 allele is pres-
ent in Pinzgauer, Longhorn, and Florida
Cracker breeds and is expressed as vari-
ahle amounis of white appearing along the
dorsal and ventral areas extending for-
wared from the tail or rump. The s allele is
recessive and is expressed as irregular ar-
eas of pigment and white, with the feet,
tail, and beily usually white (as seen in the
Holstein breed). The s/s phenotype is also
classically known as “piebald” (Olson
15923,

As part of a larger study to identify
quantitative trait loci (QTL) affecting traits
of economic interest, a Hereford-sived bull
was bred e composite (CGC; ¥ Red An-
gus, 1/4 Tarentaise, 1/4 Charolais} and
Line { Hereford dams to produce 77 back-
cross offspring. The objectives of this re-
search were to identify the chromosomal
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location of the gene(s) causing dominant
spotting in Hereford cattle, and to assess
the viability of candidate loci based on the
available bovine-mouse comparative map.
Results of linkage analysis show that the
§ locus resides on bovine chromosome 6,
and also suggests that the gene causing
white spotting in cattle may be homolo-
gous to one of several coat color loci on
mouse chromosome 3, which produce
similar phenotypic observations, and lie
in a region of conserved synteny between
bovine and murine genomes.

Materials and Methods

An F, bull derived from a cross of Miles
City Line 1 Hereford bull (Line 1) and
Composite Gene Combination dam (CGC;
¥z Red Angus, 1/4 Tarentaise, 1/4 Charo-
lais) was mated to CGC and Line 1 dams
to produce backcross calves. The pheno-
type of Line 1 Herefords is the classic
Hereford pattern, with white face, belly,
feet, and tail, and white stripe over the
shoulder. Genotypically this pattern can
be defined as S"/5%. CGC cattle represent
all coat colors present in Red Angus, Char-
olais, and Tarentaise breeds, including
red, dilution, and brindle. None of the CGC
dams (nor any members of the CGC herd)
have ever presented a spotted phenotype.
Therefore the CGC dams are considered
genotypically §5-/5*, and the F, hull is 5"/
5+ Calves produced as a result of bread-
ing the F, bull to Line 1 Hereford dams
were not phenotyped for the § locus be
cause of the difficulty in reliably distin-
guishing between S%/S% and §%/5* pheno-
types. However, all caives (77 CGC back-
cross calves and 73 Line 1 Hereford back-
cross calves) were used for linkage
analysis concerning microsatellite mark-
ers.

The F, bull was mated to CGC dams by
artificial insemination to produce 77 off
spring. These offspring were genotypically
either 57/~ (completely nonspotted) or
§4/5° (white spotted on or arcund the
face). Calves were scored for the presence
(S"/87) or absence (5'/5") of white spot-
ting at approximately 1 month of age.
Three calves were solid white, making it
impossible to determine the extent of
their spotting. Solid white calves were not
scored for the § locus. Of the 74 scored
calves, 38 (51.35%) where scored as white
taced (5%/5*) and 36 {48.65%) were scored
as non-white faced (§°/5*), which is con-
sistent with a 1:1 ratio as expected for the
S locus.

Microsatellite  markers

were  pre-
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Table T Linkage analysis of S locus

BM143 BMS1242 BM4R2ZR 8 ELO3 BMS2460
BMi43 234 I eM. 43499 17eM 138 24 ¢M, 417 21 cM. 6.268 27 eM, 643
BMS1242 vz 206 7 cM, 135 24 ¢M, 44 23 M, 6.31 49 cM. 517
BM4524 144 150 172 G M, 1166 10 cM, i3.46 12 cM, 188
S 57 7 7 75 5 ¢, 13.59 13 cM. 18.69
ElLi3 160 105 44 69 130 T TR
BMS2460 187 173 161 73 109 230
Number of colnformative meluses are given below the diagonal, linkage distances {cM} and assoctated LOD scores

are given above the diagonal and total genotyped reioses on the diagonal. All microsatellite loci have been

previcusly mapped to chromosome 6,

screened by genotyping the F, sire by the
method of Bishap et al. {1994). Markers
that were informative were then used to
genotype calves, sires, dams, paternal
grandsires, and paternai grandans. Eighty-
four of 159 markers screened (53%) were
informative in the sire and were used to
genotype the entire population. With 74 in-
formative meloses, a LOD score support-
ing linkage would be achieved with 21 re-
combination events (284 cM, LOD =
3.11). At least 1 marker was present on
each chromosome, with the exception of
25, X, and Y.

All genotypic data was entered into a re-
lational database housed at USDA-ARS,
Meat Animal Research Center, Clay Center,
Nebraska (Keele et al. 1994), and linkage
analysis was performed using CRLMAP
(Green et al. 1990). Two-point analyses
were performed to determine maximum
likelihood estimates. If the maximum log-
likelihood estimate was 3.0 greater than
the log-likelihood estimate of a recombi-
nation frequency of 0.5 (unlinked), then
the data was interpreted as evidence for
lnkage. All two-point linkages between mi-
crosatellite markers and 5 with a LOD
score {£) greater than 3.0 were identified.
Markers which showed a two-point LOD
score of greater than 3.0 were analyzed to
determine the best order of markers using
the CRIMAP BUILD and ALL functions.

Results and Discussion

Two-point linkage analysis of the dataset
revealed linkage between § and five mark-
ers on chromosome 6, with LOD scores
ranging from 4.17 to 18.69 (Tabie 1). This
was considered strong evidence for the as-
signment of 5 to bovine chromosome 6. To
ensure that no other linkages existed,
stringency on the test for linkage was re-
duced to a loglikelihood estimate greater
than 1.5 times the LOD at a recombination
frequency of 0.5. Under these relaxed con-
ditions, no linkage was observed between
5 and the markers not located on chro-
Mosome 6.

To determine the order of linked mark-
ers along chromosome 6, the ALL function
of CRIEMAP was used. Based on our map-
ping population, the order of microsatel-
lite markers from the centromeric end of
chromosome 6 was observed to be
BM143-1 cM-BMS1242-16 cM-BM4528-8 cM-
ELO3-6 ¢cM-BMS2460-34 ¢M-BL1038. By us-
ing the ALL function of CRI-MAP, the most
likely order (after insertion of 8) is BL103&
BMS2460-S-ELO3-BM4528-BM143 ( Figure 1).

The current status of comparative maps
allows for selection of candidate genes
from reglons known to share homology be-
tween two species. In order for two genes
to be considered homalogous, several cri-
teria must be met, including conservation
of function and conservation of seqguence.
The most effective method of identifying
homologous genes across species is by
first identifying regions of conserved syn-
teny, followed by analysis at the sequence
and functional levels.

The majority of genes mapped to bovine
chromosome 6 alsc map to mouse chro-
mosome 5. There is additional conserva-
tion of synteny between the centromerjc
end of BTA6 and MMU3. A comparison of
toci on BTA6 and homologous mouse loci
is shown in Table 2. According to the map
published by Barendse et al. (1997), the
distance from BM4528 to SPP1 is 30 ¢M.
Assuming the highest likelihood order,
which places § between BM4528 and E1L03,
our data show BM4528 and S to be sepa-
rated by 6 cM, suggesting that § lies on the
region of bovine chromosome 6 which is
homologous to murine chromosome 5,

A search of the Mouse Genome Data-
base web site (The Jackson Laboratory,
http:/fwww.informatics jax.org/) for coat
color-associated loci located on MMLUS
vields five loci, inchuding Kit oncogene
(Kin), patch (PR), rump white (Rw), light
ear (fe}, and buff (br). All five loci are po-
sitioned hetween 42 and 64 cM from the
centromere. Light ear and buff are clearly
phenotypically dissimilar to hovine spot-
ting, which leaves Kit. Ph, and Rw (all
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Linkage maps of bovine chromosome 6, Map on right represents markers used in this study {referenced

iz Kappes et al. 1997} Map on lelt is taken from Barendse et al. {1997). Linkage distances are in centiMaorgans.

mapped to MMUS, 42 c¢M) as candidates
for the bovine § locus.

The Ph mutation arose spontaneously in
a C57BL strain. Homozygotes die in utero
with malformations of the skull which in-
terfere with proper development of the
nose and palate. Heterozygotes survive
and display variable levels of white spot-
ting around the belly. The £h locus is sug-
gested to exert control over hematopoie-
sis {Loutit and Cattanach 1983). Several
published reports have suggested that
patch is a mutation involving the deletion
of Pdgfra (OrrUrtreger et al. 1992; Ste-
phenson et al. 1991) and therefore would
be more appropriately classified as an al-
lele at the Pdgfra locus. However, because
such a deletion may involve additional,
adjacent genes (Kif; Duttlinger et al, 19953,
Ph is not yet accepted as a Pdgfra allele.

Rump white was introduced by breeding
(C3H/He x 101/H)F, males after exposure
to low-intensity neutron irradiation. Rw

behaves in a semidominant manner, with
heterozygotes showing white spotting on
the hind legs, tail, and posterior abdomen,
Homozygotes die in utero at inidgestation.
Nagle et al. (1994) has suggested that
rump white may weli owe iis effects on
pigmentation to disruption of Kif and/or
Fh regulatory sequénces,

Kit is 2 member of the family of growth

factor receptors that possess tyrosine ki-

hase activity when bound to a specific -

gand. The Kif gene is known to be involved
with at least three populations of rmigra-
tory stem cells: neural crest-derived mel-

anocytes, hematopoietic stem cells, and’

primordial germ cells (Fleischman 1993).
In-the mouse, Kit and its alleles cause re.
duced and/or localized pigmentation, mac-
rocytic anemia, and sterility (Geissler et
al. 1988; Nocka et al. 1999).

Mutations at the Kif locus are semidom-
nant and occur frequently (Schlager and
Dickie 1967}, with over 30 currently doc-

umented in the Mouse Locus Catalog lit-
erature. Examination of the listed phenc-
types yields several general similarities.
Hemozygotes or compounds of two differ-
ent mutations are generslly white, sterile,
and have severe macrocytic anemia, often
causing death in utero. Animals containing
one mutant alliele show white spotting, are
fertile, and may he slightly anemic, Muta-
tions which affect the Jevel of K kinase
activity alse tend to affect the severity of
phenotypic expression. Mutations that
abolish” activity ‘are howmiozygous lethal
while mutations with residual kinase activ-
ity are homozygous viable (Bernstein
19913, '

In addition te white spotting, almost all
Kit mutations also involve anemia. The
condition is detegtabte at about 12 days.of
gestation and persists throughout life, Red
cell count and hemoglobin are consider-
ably reduced and the red cells are mac-
roevtic {(Bannerman et al. 1973 Russell
1970). This is an interesting finding, taking
into account the discovery by Steffen ef al.
(1991} of a genetically based syndrome of
anemia (along with progressive alopecia
and dyskeratosisy transmitted genetically
in a herd of polted Herefords, :

This céinciderice is compounded when
it is considered that the frequency of bo-
vine ocular squamous cell carcinoma
{(“cancer eye™) is significantly higher in
Herefords than other breeds {Anderson
1970; Blackwell 1956). Although the pii-
mary tumor type identified with K# onco-
gene in mice is a papilloma of the fore-
stomach and duodenum (Kitamura.et al.
1980}, the precise tumorigenic pathway is
still poorly understood. Two hvpotheses
are presented: {1} during the formation of
the Hereford breed, white-faced animals
were combined and bred to produce true-
breeding, white-faced (59/8%) animals.
However, these animals are only pheno-
typically similar. Underlying the mutation
which causes spotting, there may be other
mutations (in the same gene) which pre-
dispose animals to combinations of ane-
mia, dyskeratosis, and tumors {as is seen
in Kit mutants). (2} The presence of dene
sequences which cause the phenotypic ex-
pression of 5 may also alter the expres.
sion and/or stability of nearby genes,
which would predispose the animal to
combinations of anemia, dyskeratosis, and
tumors (as seen in R mufants),

This article has presented data which
localizes the gene responsible for the
Hereford white-face spotting pattern (S lo-
cus) to bovine chromosome 6 within a ge-
nomic region displaying conserved syn-
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Table 2. Bovine chromosome 6 toci and map location in mouse and human

Mouse
Gene iocation Human
sy Gene name {chr, cM} location
EGF Epidermal growih factor 3652 425
¥ { factor {compliment} 3 668 4024025
ALH3 Alcohol dehydrogenase 3 3 %12 42123
SPPI Secreted phosphopratein 1 3. 56 dgllg2l
GARRAZ Gamma-aminobulyric acid receptor, subunit aipha 2 5, 40 dplipll
KiT Hardy-Zuckerman 4 feline sarcoma viral oncogene homologee 5,42 dqlz
CSN3 k-Casein 5, 45 4pi6.3q2i”
ALB Serum albumin variant 5, 5 Jegllgld
G {rentp specific component 5, 5 4gizgld
PDEB Prosphodiesterase, cGMP, rod receptor, beta polypeptide 5, 5% 4pind
GDPR CGuininoid dihvdropteridine reduciase 5. 34 4pihd
PGM2e Phosphoglucomutase 2 5. 38 dpidgiz
DUA Alpha-L-iduronidase 5, 57 4pl63
PEPT Peptidase 7 5,39 4pligll
CNCG Cyclic nucteotide gated channel, cGMP gated 5. 41 4pldqll
PDGFRA Platelet derived growth factor receptor, aipha polypeptide 5, 42 4gq11q12
GNRHR Gonadotropin releasing hormone receptor 5, 44 4q21.2
5003 Superoxide dismutase 3, extracellular Unknown 4p16.3-q21

Data obtained from Mouse Genome Database web site, The Jackson Laboratory, hit
Barendse et al. (19973, Fries et al. (1993}, Gallagher et al. (1392). Kappes et al. (1997

(1950}, and Zhang et al. (1992}

fwww informatics jax.org/,
3, Threadgilt and Womack

POM2 maps to MMU 4, 45 cM: however, PGM1T maps to MMUS, 38 cM, and most likely represents the appropriate

homaologous locus.

4pl16.3-q21 represents the map location of CSN2, which along with CSN3 and other genes comprises the casein

cluster.

teny with murine chromosome 5. Colnci-
dent with this finding are the observations
of anemia aad increased incidence of bo-
vine ocular squamous cell carcinoma in
the Hereford breed. Whether these obser-
vations are related through mechanisms
involving the Kif oncogene or other genes
remains to be proven. However, the pros-
pect of a link between the hovine 5 locus
and ocular squamous cell carcinoma is in-
triguing and warrants further study.
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