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Color phenotypes may have played a major role during initial
selection among domestic animal species. Even today, breeds
are often distinguished by a typical pattern of coat or plumage
color. It appears that most color phenotypes follow a relatively
clear mode of Mendelan inheritance. Therefore, color phe-
notypes are among the first traits to be systematically analyzed
and characterized on a molecular level (Jackson 1994). Genetic
. liation in coat color genes is supposed to be ene of the tools
w allow for brced—spemﬂc genotyping in order to identify in-
dividuals of unknown origin and to control the traceability of
their products. Mutations with functional conseguences, such
as coat color alleles, would further provide a better idea of the

effective genetic diversity in domestic animal species than es-

timations based only on non-functional genomic variation.

Progressive greying with age (G) is 2 coat color phenotype in
the horse with a dominant mode of inheritance. The color in-
heritance of grey has also delineated what can be called the
“grey rule”: a grey horse must have at least one grey parent
{Trommershausen-Smith et al. 1976). Greying (&), together
with the basic horse coat colors chestnut, bay, and black, is
widely spread among horse breeds all over the world. A grey
horse is' always bomn cofored, and its skin remains pigmented,
even after the coat has turned grey. Exceptions,are white head
ard leg markings, as well as partial vitiligo due tp aging. The
four basic horse coat colors interact together in an epistatic

.manner, such that bay and black are not expressed in the
presence of chestnut, and that grey is always expressed (Rieder
etal. 2001). Grey horses are known to be particularly susceptible
to skin melanoma (Fleury et al. 2000; Heinzerling et al. 2001). Tt
i= not known what sort of correfation exists between greying
i th age and melanoma development. However, a genetic im-
pact on the disease on the basis of family data has been dem-
onstrated (Rieder et al. 2000; Seltenhammer et al, 2002)..

The Franches-Montagres (FM) is a native Swiss horse breed
with presently about 3500 registered mares. Among solid coat
colors, greying with age (G) segregates in this light draft horse
population. Based on stud-book entries from the Swiss FM-
Horse Breeding Association, samples were collected from a total
of 50 FM horses, and DNA was extracted according to standard
protocols. The 50 horses belong te two distinct fFamily groups (A
and B; Fig. 1) segregating for G. Information about coat color
phenotypes of non-living ancestors within these families was
available from the breed registry. It was possible to trace back
the pedigrees to the two “grey founder” horses of unknown
direct common ancestry {for family A, Arabian stallion 1955;

for family B, mare of unknown oriental-North African erigin -
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1945). It is important to note that, owing to breeding pelicies of
the Swiss FM-Horse Breeding Association, no male carriers of G
were used for reproduction apart from the one founder stallion
(Family A; Fig. 1). This particular situation allows us to confirm
the dominant mode of inheritance for G in herses, since this
phenotype segregates only through the dams in the F4 popu-
lation and, as a consequence, results in only héterozygous car-
riers (Fig. 1), This is especially helpful for the analysis of the
trait, as it allows us to clearly cefine the genotype underlying the
grey or solid colered phenotype of each horse in each family.
‘Altogether, the study includes coat color segregation informa-
tion of 96 FM herses, excluding 15 unrelated Camargue horses
that were added at a later stage of the analysis. This very ancient,
semi-feral French breed is known for its all-grey phenotype. No
other coat colors are allowed to be registered to the Camargue

" stud-book. Therefore, Camargue horses are believed to be ho-

moezygous for G (Duncan. 1992).
The 50 sampled FM-horses from families A and B were

. genotyped with a series of microsatellite. markers covering

parts of ten different equine chromosomes (Lindgren et al.
1993; Shiue et al. 1999; Guérin et al. 1999; Swinburne et al.
2000). From comparative mapping (Raudsepp et al. 1996} or
available horse physical and synteny mapping data (Godard
et al. 2000; Mariat et al. 2001; Bowling and Ruvinsky 2000),
those chromosomal regions were believed to contain candidate
genes for coat color and/or melanoma susceptibility: HMS007,
HMS5015, UM004, UM026 (ECAlg-MYOSA, PED); ASB023,
LEX057 (ECA3q-KIT);, COR070, TKY028, UCDEQ465
(ECA6q-PMELL7, PAX3); LEX(038, TKYDIZ2, SGCV028
(ECATp&qg-TYR), AHTU37, AHTO38, HMS020, HTGOO3
(ECAl6g~MITF);, CORGO7, CORIOS (ECALTq-TYRPZ,
EDNRB), CORG0I, COR02Z (ECA22q-ASIP), LEX063,
JUM022 (ECA23¢-TYRPL, putative CDEN2A, putative
MARTIL); COR(I8, COR080, UCDEQ405, UCDEQ 464
(ECA25¢-putative CDKIN2A, putative MARTL);, HTG030,
IGFI, NVHEQQ34, TKY333, UM003 (ECA28q¢-KITLG, pu-
tative APAF1), The detailed allocation of conserved chromo-

" somal segments from human Chr & to ECA23q and ECA23q is

not completely known yet,

The presence of a “null-allele” of microsatellite marker

* COR080 was circumvented by designing a new reverse primer

sequence - (SAGCATGCATTGTAGCAACTCCA3Z), based
on’ the GenBank eniry AF142617. To determine the birth-
color of grey horses and the variation of known coat.color
alleles in the population, all FM horses were typed for MCIR
(Ee) and ASIP (4q) mutations, as described: previously
(Henner et al. 2002). PCRs were performed on a PTC 100 MI-
Research thermocycler (Watertown, USA) by usiug either
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Franches-Montagnes famity A:
Founder ,Grey": Arabian stallion {1855}

Franches-Montagnes family B:
Founder ,Gray": mare of unknown criental origin (1845}
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.z 1. Pedigrees of the grey Franches-Montagnes reference families A aid B (ID-numbers indicate horses with a blood or hair sample).

. Table 1. Overview of lod scores detected for a group of markers on ECA23q in two horse families segreganng for grey coat celor (MS = microsatellite markers;
NA=number of alleles, IM =informative meioses; Z=1lod score; 8= recombination fraction).

Family -~ M3 NA M - Z . ]

A : UCDEQD405-G locus 6 12 - -
CORI8G locus 3 9 - -
CORB0-G locus 4 1 220 . 0.00
UCDEQ464~G logcus 4 8 - : -

B UCDEQ403-G locus 6 22 2.30 0.06
CORISF locus - 4 16 320 0.00
CORSO-G locus 4 20 ’ 4.80 0.00
UCDEQ464-G locus 4 26 — -

AxB UCDEQA403-G locus 4 34 1.90 0.15
CORIS-G locus 5 25 1.90 0.12
CORSO-G locus 5 31 : 7.00 0.00
UCDEQH64-G locus 4 34 - -

A+ B UCDEQ4()5—UCDEO464 - - 1.i0 0.12
UCDEQHO5~CORBIE - — - 2,40 0.069
UCDEQHG—CORNED - - ) 2.10 ’ 0.10 °
CORGIE—CO RS - - 2.80 ' 0.05
CORGIS-UCHED464 - - ‘ 0.70. © 020
COROB0-UCDEQ464 - -

1.50 0.08-

GoldStar Taq-polymerase'frofn Eurogentec (Seraing, Belgium)

or Tag-polymerase from Amersham-Pharmacia Biotech (Pis-

cataway, USA). Information about marker oligonucleotide
primer sequences, amplification conditions, and polymorphism
information content were taken from the original publications
or from horse maps available on the web for all microsatellite
markers (http; //locus Jouy.inra.fr; http://www thearkdb.org).
The forward primer of each marker was '-labeled, with either
a FAM, JOE, or TAMRA fluorescence’ tag, in order to perform
fragment length analysis of obtained PCR products with an
ABI 377 sequencer and the GeneScan sofiware package (Ap-
plied Biosystems, Foster City, CA, USA). The analysis fol-
lowed standard protocols and manufacturer’s instructions.
Marker genotypes, phenotypes, and pedigree data were ana-
lyzed for possible linkage with MLINK and [LINK software
from the LINKAGE package (Terwilliger and Ott 1994).
Maltilocus linkage disequilibrium analysis was performed with

the DISMULT software (Terwilliger 1995). All linkage com-
putation was done on a server at the UK HGMP Resource
Centre in Cambridge, GB (http://www. hgmp mrc.ac.ul/).
Positive lod scores were found in family B between marker
COR(QI8 and greying, and betwesn marker COR0S0 and
greying from horse Chr 25q (Table 1). In family A, no linkage
was found between marker COR0I8 and greying, but a ten-
dency.could be shown between COR0O80 and greying (Table I). -
The additive and overall lod score found in families A and B
between marker CORO80 and greying was Z = 7.0for 8 = 0
(Table I). This result indicates that, although the founder horses
for greying in the FM families A and B are not closely related
{(even though both were of ariental origin), the {G)-locus ap-
pears to map to the same chromosomal region on ECAZ25q.
Furthermore, these findings are in accordance with those of an
independent full-genome scan study, analyzing the same coat.
color trait in the American Quarter Horse, presented very



- Henner et al.: Genetic mapping of equine grey coat color (G)

. tecently by Locke et al. {(2002). The American Quarter Horse

(QH) is a breed particularly influenced by ancient fberian horse
breeds and English Thoroughbred. Iberian horses have a partial
north African (Barbey and oriental (Arabian) origin, just as the
English Thoroughbred does. 1t is known that oriental-type horse
breeds show an increased frequency of grey individuals; maybe
a favorable adaptation to hot climates? The results from those
two different studies indicate that the equine {G) locus maps in
different horse populations to a common region on ECA23q.
Linkage analysis between microsatellite markers from
ECA15q shows a tendency for linkage with insignificant lod
scores (Table 1). It seems that in the two FM families, the
markers proximal of COR080 (COR0IS, UCDEQ403) keep a
tendency for linkage, whereas the one marker distal of
COR030 {UCDEQ464) shows no reiation with grey coat color

at all (Table 1). However, this might be due to the structire of .

the pedigrees, the limited number of animals, and informative
nieloses. :

Multilocus finkage disequilibrium analysis for fine mapping
of the (@) locus in families A and B revealed significant LRT-
chi-square-values and lod scores. Intermarker map distances
were kept fixed according to the results showd in Table 1.
Highest values were found for the map position COR0E0
(LRT=20.0; Z=4.3). Thus, tke linkage disequilibrium results
suggest that the (G) locus is located very close te CORO&D,
LRT-chi-square-values and lod scores increased (LRT=28.4;
"= 6.2), but the position of the () locus did not differ, after a

iilar haplotype analysis was performed, including 15 unre- -

lated homozygous grey Camargue horses to the FAM sample.
This suggests that the (6) locus maps in both breeds to the

same chromosomal region. The FM, the QH, and also the

Camargue horses were all influenced by “oriental bloed”
during their breeding history, and the hypothesis of a common
oriental origin of the grey coat color can be put forward but
needs further investigation.

According to comparative mapping, the {G) locus maps to
an equine chromosomal region sharing homology with human
Chr 9¢22.3 tc 9934.3 (Raudsepp et al. 1996; Cactano et al.
1999; Godard et al. 2000; Swirhuroe et al. 20003, itself ho-
mologous to mouse Chr 2, 4, and 13. According to the horse
full-sibling linkage map of Swinburne and colleagues (2000),
thioredoxin (7XW) on human Chr 9q31 is closely linked to
COR(IS. Furthermore. UCDEQ464 maps to ECA25q18-19
(Lindgren et al. 2001) in the same region as dopamine beta-
hydroxylase (DBH)—-HSA9q34.3—and erythrocyte mem-
brane protein band 7.2 (EPB72)—IISA9q34.1; the latter was
mapped to ECA25q17, as shown by Godard and colleagues
(2000). Finally, this human chromesome region also contains

- glucose-reguiated protein (GRP78), synteny mapped to

. ‘}Azﬁq {Cactano et al. 1999). Thus, a potential candidate

* s=ne homolog for the equine grey coat color locus (G) most

likely belongs to these human or mouse chromoseme regions.

Apart from applications in practical horse breeding pro-
grams, mapping of the progressive greying with age {) locus is
of particular interest as a first step towards a molecular ex-
planation of aging grey horse melanoma. Whether greying
with age (G) in horses. is comparable to greying human hair
remains to be analyzed in foture studies.

Acknowledgments. The authors wish to thank numerous private harse
owners for providing blood and hair samples of their horses for this
study: A. Lith, Herdboak Administration of the Swiss Horse
Breeding Organisations, for her competent help during pedigree
analysis and listing; L. Jallon, Secretary of the Franches-Montagnes
Horse Breeding Association, for kindly supporting our study; D,
Burger and co-workers, Haras National Avenches, for their SUpport
during sample collection; H. Joerg, for continuous scientific exchange;

Ch. Stricker for some help during the statistical analysis, This study
was partially supported by a grant fram the Swiss Federal Qffice for
Agriculture.

References

Bowling AT, Ruvinski A (2000) The genetics of the herse. Cxon, UK:
CABI Publishing, CAB Iternational .

Caetane AR, Shiue YL, Lyons LA, O’'Brien SJ, Laughlin TF et al.
(1999} A comparative gene map of the horse {Equus cabalius). Ge-
nome Res 9, 12391249

Duncan P (1992) Horses and grasses: the autritional ecology of equids
and their impact on the Camargue. New York: Springer

Fleury C, Bérard F, Leblond A, Faure C, Ganem N et al. (2000) The

: study of cutaneous melanomas in Camargue-type gray-skinned
horses (2): epidemiological survey. Pigm Cell Res 13, 47-51

Godard 8, Vaimar A, Schibler L, Mariat D, Vaiman D et al. {2000)
Cytogenetic localization of 44 new type | sequences in the horse.
Mamm Genome 11, 1093-1097

Guérin G, Bailey E, Bernoco D, Anderson [, Antczak DF et al. (1999)
Report of the International Equine Gene Mapping Workshop: male
iinkage map. Anim Genet 30, 341-354 -

Heinzerling LM, Feige K, Rieder S, Akens MK, Dummer R et al
(2001) Tumor regression induced by intratumoral injection of DNA
coding for human interleukin 12 into melanoma metastases in gray
horses. J Mol Med 78, 692-702 '

Henzer J, Poncet PA, Acbi L, Hagger C, Stranzinger G et al. (2002)
Horse breeding: genetic tests for the coat colors chestout, bay and
black. Resulis from a first study in the Swiss Franches-Montagnes
horse breed. Schwei Arch Tierheilk. in press

Jackson IJ {1994) Molecular and developmental genstics of mouse coat
color. Annu Rev Genet 28, 189-217

Lindgren G, Sandberg K, Persson H, Marklund S, Breen M et al
(1598) A primary male autosomal linkage map of the horse genome. -
Genome Res 8, 951-966 o

Lindgren G, Swinburne JE, Breen M, Mariat I3, Sandberg K et al.
{2001) Physical anchorage and orientation of equine linkage groups

" by FISH mapping BAC clones containing imicrosatellite markers.
Anim Genet 32, 37-39.

Locke MM, Penedo MCT, Brigker 8J, Millon LV, Murray JD (2002)
Linkage ‘of the gray coat color Jocus to microsatellites on horse
chromosome 25. PAGX Conference, San Diego, USA. Poster pre-
sentation P20 ‘

Mariat D, Qustry-Vaiman A, Cribiu EP, Raudsepp T, Chowdhary BP
et al. (2001) Isolation, characterization and FISH assignments of
herse BAC clones containing type 1 and 2 markers. Cytogenet Cell
Genet 92, 144-148

Raudsepp T, Frénicke L, Scherthan H, Gustavsson I, Chowdhary BP
(1996) Zoo-FISH delineates conserved chromosomal segments in
horse and man. Chromosome Res 4, -8 .

Rieder §, Stricker Ch, Joerg H, Dummer R, Stranzinger G (2000} A
comparative genetic approach -for the investigatibn of aging grey
horse'melanoma. J Anim Breed Genet 117, 73-82

Rieder 8, Tacurit S, Mariat D, Langlois B, Guérin G {2001) Mutaticns
in the agouti (ASIP), the extension {MCIR) and the Brown
(TYRP!) loci and their association o coat color phenotypes in
horses. Mamm Genome 12, 450—455 ’

Seitenhammer MH, Simhofer H, Scherzer S, Zechner P, Curk [ et al.
(2002) Equine melanoma in a population of 296 grey Lipizzan
haorses. Equine Vet I, in press

Shine YL, Bickel LA, Caetanc AR, Millon LV, Clark RS et al. (199%)
A synteny map of the horse genome comprised of 240 microsatellite
and RAPD markers. Anim Genet, 30, 1-9

Swinburne J, Gerstenberg C, Breen M, Aldridge V, Lockhart L et al.

(2000) First comprehensive low-density horse linkage map based on
two 3-generation, full-sibling, cross-hred horse reference families.
Genomics 66, 123-134 -

Terwilliger JD (1995) A powerful likelihood method for the analysis of
linkage disequilibrium between trait loci and cne ar more poly-
morphic marker loci. Am J Hum Genet 56, 777-787

Terwilliger JD, Ott J (1994) Handbook of human genetic linkags. John
Hopkins Baltimere, ML: University Press

Trommershausen-Smith A, Suzuki Y, Stormont C (1976) Use of blood
typing to confirm principles of coat-color genetics in horses. J Hered
67, 6-10



	20080520083038858_0001
	20080520083038858_0002
	20080520083038858_0003

