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Abstract. The Spanish “Asturiana” cattle breed is characterized difficult to achieve using a within-breed approach (Georges anc
by the segregation of a genetically determined muscular hypertraAndersson, 1996). Indeed, double-muscled animals in these bree
phy referred to as double-muscling or “culones”. We demonstratewould not only share the ancestral mutation, but also an identical
by linkage analysis that this muscular hypertrophy involvesithe  by-descent chromosome segment flanking this mutation, of siz
locus previously shown to cause double-muscling in the Belgiar2/(bn) with n being the number of generations to coalescence an
Blue cattle breed, pointing towards locus homogeneity of this traito the number of breeds considered (see hereafter).

across both breeds. Moreover, using a twopoint and multipoint We have started to address this issue by using bovine Chrc
maximum likelihood approach, we show that flanking microsatel-mosome 2 markers to study the inheritance pattern of double
lite markers are in linkage disequilibrium with thehlocus in both  muscling in another continental breed: the Asturiana. The Asturi-
breeds albeit with different alleles. Finally, we discuss how allelicana breed counts approximately 95,000 individuals primarily con-
homogeneity across breeds might be exploited to achieve efficierdentrated in the northwestern part of Spain, known as Asturias
genetic fine-mapping of thenhlocus. This breed is subdivided in two subpopulations, Asturiana de los
Valles and Asturiana de las Montanas, which occupy occidenta
and oriental areas, respectively (Dunner et al. 1993a,b). Double
muscling (“culones”) is described in both subpopulations but has
been selected for in Asturiana de los Valles explaining its fre-

Since its first description in 1807 (Culley 1807), double-musclingdUency, while selected against in Asturiana de las Montana
has been reported in several cattle-breeds across the world, whefg@non et al. 1994). The muscular hypertrophy phenotype in As

it is either considered as a congenital defect or as an advantageofj§iana is macroscopically very similar although slightly less pro-

phenotype. While the genetic nature of double-muscling was imhounced than double-muscling as observed in BBCB (Vallejo et al

mediately recognized, its precise mode of inheritance has beeh?92: 1193; Goyache 1995). No data are available, however, t

controversial. Several hypotheses have been proposed, includidgd9€ whether the muscular hypertrophy in Asturiana is actually ar
monogenic (recessive or dominant) and oligogenic models (MefTstological hyperplasia as in BBCB (Hanset et al. 1982). More-
nissier 1982). over, early segregation analysis sugges_ted_a do_mlnant (Sope!

Recently, themhlocus was mapped by linkage studies to bo- _Quesada_\ et al. 1971) rather than_ recessive inheritance pattern
vine Chromosome 2, and shown to fully account for the segregalnférred in BBCB (Hanset and Michaux 1985a,b), apparently in

; ; ; ; favor of genetic heterogeneity.

tion of the double-muscling phenotype in Belgian Blue (BBCB) A

pedigrees under a recessive model (Charlier et al. 1995). These W€ demonstrate in this work, however, that the samfdocus
results confirmed the previously hypothesized monogenic modefnderlies the recessive inheritance of double-muscling in botf
with two alleles: + andnh, the latter being recessive and causing BBCB and Asturiana. Multipoint linkage analysis, with respect to

the double-musclina phenotvpe in BBCB (Hanset and Michaux® Chromosome 2 marker map, points towards an identical positiol
1985a,b). ap P ( of themhlocus in both breeds. Evidence for linkage disequilibrium

However, the question of genetic homogeneity of double-betwee” thenhlocus and the Chromosome 2 microsatellite mark-

muscling as observed in different cattle breeds remains open, i.erS IS obtained in both breeds.

does it involve the same or different loci and/or mutations? His-

torical records about the origin of the continental cattle breeds, hagyaterials and Methods

allowed Manissier (1982) to hypothesize the migration of a single

mutation plausibly originating in Shorthorn. This hypothesis, how- ) )

ever, remains to be proven. Pedigree material Asturiana: Seven sires were selected that were pos-
Resolving the genetic homogeneity issue of doubling-musclin%‘%}f‘ted to be heterozygousiv+ at themh locus (assuming a recessive

has considerable interest. Indeed, extrapolating the results obtain}fd€ Of inheritance as defined in BBCB), based on their nondouble-

. ] ’ muscled phenotype but the occurrence of double-muscled individual
in BBCB to allow for marker assisted selection (MAS) for or mongst their offspring when mated either to double-muscled or conven

against this trait requires prior demonstration of the causal role ofjona| dams. A total of 33 double-muscled and 55 conventional of their
themhlocus in these other populations. Moreover, assuming thabffspring were sampled with their dams when available. Samples from 27
even a subset of the breeds in which double-muscling is describeghrelated double-muscled sires (genotypmh) and 17 unrelated con-

share a common ancestral mutation, this could be exploited t@entional sires (postulated genotype +/+, based on the absence of doubl

fine-map the corresponding gene at a resolution that would be verF_mll(SCleddi_ﬂdiVidlylsl_S amOﬂEIJSt_fheif offspring) were available to perform the
InKage disequiliorium analysis.

Introduction

E— BBCB: The pedigrees used for linkage analysis with thielocus in
Correspondence tovl. Georges BBCB are as described (Charlier et al. 1995). Samples from ten additione
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unrelated double-muscled sires (genotypemb) were available to per-  algorithm assumes that one marker allele only is associated with the dis
form the linkage disequilibrium analysis. ease-causing allele, and estimates the value(tife proportion of increase
IBRP: The pedigrees composing the International Bovine Referenceof allelei in disease chromosomes, relative to its population frequency) tha

Panel (IBRP, Barendse et al. 1994) were used to construct the marker mapaximizes the likelihood of the data. The likelihood-ratio statistic=

of bovine Chromosome 2. 2In{L(N)/L(X = 0)}, with L(A = 0) corresponding to the likelihood of the

data under the null hypothesis of no linkage disequilibrium, is distributed

as a 1/2x%). The two-point results obtained with this approach were

compared with the results obtained usin;gza, _ ytestof independence on

a (2 x n) table, where n corresponds to the number of marker alleles.

The DISMULT programs (Terwilliger 1995) were used for the multi-

Marker genotyping Microsatellite genotyping was performed as previ- point linkage disequilibrium analysis. The position of timh locus was

ously described (Georges et al. 1995). The following Chromosome 2 michanged with respect to the Chromosome 2 markers held at fixed position

crosatellites markers were used: TGLA44, ILSTS026, INRA4O0, At each hypothetical position, the likelihood of the data is computed as the

TGLA431, TGLA377, and BM4440 using the published primer Sequencesproduct over the Iike]ihoods calculated individually for each marke_r. For

(Georges et al. 1995; Vaiman et al. 1994; Ma et al. 1996; Bishop et al®ach marker locusy is expressed as = « (1 - 6)". The value ofg is

1994). de_termln_ed by the fixed marker map, V\_/hlle the overall likelihood is maxi-
mized with respect to the heterogeneity paramet@nd the number of
generations n since the initial introduction of the disease allele in the

Linkage analysesLinkage analyses were performed with the 5.1 ver- population. In essence, &, statistic is computed for each marker locus

sions of the LINKAGE package (Lathrop and Lalouel 1984), and with the and added to produce an overall test statisticdistributed as a 1/22(1).

2.3P (June 1995) version of the FASTLINK programs (Cottingham et al.

1993). Two-point linkage analyses were performed with the MLINK and

LODSCORE programs, map construction with the ILINK program, and Results

multipoint location scores determined with the LINKMAP program.

Double-muscling was assumed to be determined by a recessive allele at a

single autosomal locus and to be fully penetrant. Two-point linkage analysis demonstrates linkage between double
muscling and Chromosome 2 markers in Asturiafie seven

Linkage disequilibrium analysisto test for linkage disequilibrium available Asturiana .pEdlgrees where genotypeq for two Chromo
between thenhlocus and the Chromosome 2 microsatellite markers in theSOMe 2 m'cr_osat_e”'te mar_kers that showed tight linkage with
BBCB and Asturiana de los Valles breeds, respectively, marker genotypedouble-muscling in a previous study: TGLA44 and TGLA431
were compared for a sample ofrii’ versus “+” carrying chromosomes ~ (Charlier et al. 1995). A two-point linkage analysis was performed
in both populations. M’ carrying chromosomes comprised (i) the two with MLINK. Very significant lodscores of 4.2 and 3.3 at 4% and
chromosomes of double-muscled and therefmi@mhanimals, (i) the 0% were obtained for TGLA44 and TGLA431 respectively,
“mh’ chromosomes of founder sires known to bW+ from the linkage  clearly pointing towards linkage between these markers and th
analyses (Charlier et al. 1995; and this work), and (iii) the maternal chrojgcys causing double-muscling in Asturiana.

mosome from double-muscled offspring (therefore of genotypgmb) ~ - : . - )
issued from thenh'+ sires in (ii). “+” chromosomes comprised (i) both As only double-muscling offspring are informative for the seg

chromosomes from conventional A.l. sires postulated to be of +/+ genotypt'ée.gatlon of themh_locus n these_ pedigrees, mark_ers_ _Showmg
because of the absence of double-muscled individuals amongst their of'F—i'swrtecj segrt_agatlon could spuriously generate s_lgnlflcant lc_)d‘
spring (only available in Asturianay, (ii) the “+” chromosomes of founder SCOres. Analysis of the marker genotypes of conventional offspring
sires known to benh/+ from the linkage analyses (Charlier et al. 1995; and from the same sires, however, showed a normal mendelian segr
this work), (iii) the maternal chromosome of conventional offspring issuedgation for these markers (data not shown), allowing us to exclude
from themh/+ sires in (i) and known to have inherited thnchromosome  this possibility.
from their sire and therefore of genotypey+.

The maximum likelihood method developed by Terwilliger (1995) was o ) ) L
used for detection of linkage disequilibrium. Two-point analyses wereMultipoint linkage analysis points towards colocalisation of the
performed using the DISLAMB program (Terwilliger 1995). The used mh locus in BBCB and Asturiand o more accurately determine

Phenotyping.Animals were classified as conventional or double-
muscling after repeated visual examination by experienced observers.
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Fig. 2. Allelic frequency distributions obtained for mh and +
chromosomes sampled as described in Materials and Methods in

Table 1. p-values associated with twg’ statistics measuring twopoint linkage dis-

Using this map to position thenh locus in Asturiana and
equilibrium between Chr 2 microsatellite markers antl locus: (i) X(Zn—l) test of

independencero2 x ntable and (ii) likelihood ratio statistic (LRS) distributed as a

BBCB yielded the lodscore curves shown in Fig. 2. It can be seer

et

from this figure that very significant multipoint lodscores are ob-
tained in both breeds: 6.5 and 22.5 in Asturiana and BBCB, re-

Asturiana BBCB spectively. The maximum lodscores are obtained in the vicinity of

Marker 2xntabled .y, LRSX 2% ntablexty  LRSxZ TGLA44 for both b_reeds_, however, on opp03|te_5|des: distal in
Asturiana and proximal in BBCB. £,.-1 support intervals ob-

TGLA44  3x10° 4x10°  6x10° 2x10°  tained in both breeds are nevertheless clearly overlapping. Alto
ILSTS026 1107 2107 NS NS ether, these results indicate that it is very likely the same gene th:
INRA40  6x 1072 2x10° NS NS 9 : naic ery likely g ‘
TGLA431 3x102 3x 102 NS NS causes double-muscling in both Asturiana and BBCB.
TGLA377 NS NS ND? ND A combined lodscore curve was therefore generated using th
BM4440 NS NS ND ND

2NS, not significant

Asturiana and BBCB genotypes jointly, yielding a maximum lod-
score of 27.1 at 3.1 cM on the centromeric side of TGLA44 (Fig. 1).

®ND, not done

Evidence for linkage disequilibrium between Chromosome 2 mark
and compare the map positions of the genes causing doublers and the mh locus in BBCB and Asturiarfaiven the relatively
muscling in Asturiana and BBCB respectively, a multipoint link- recent history of the double-muscling trait in both populations, as
age analysis was undertaken using the LINKMAP programs, inwell as the utilized breeding schemes that lead to a reduction i
which the hypothetical position of thahlocus is slided through effective population size therefore enhancing genetic drift, linkage
a map of markers held at fixed positions and support for locationdisequilibrium between thenh locus and closely linked markers
at respective map positions expressed as a lodscore curve. may reasonably be expected in these populations. The chrom

The corresponding marker map was obtained by genotypingomal distance over which this linkage disequilibrium would ex-
the individuals composing the IBRP families for the two previ- tend is, however, difficult to predict.
ously cited markers (TGLA44 and TGLA431), as well as for two To test for linkage disequilibrium with the available Chromo-
additional markers known from published work to map to the samesome 2 markers, the distribution of marker allele frequencies wer
region of Chromosome 2: INRA40 (Vaiman et al. 1994) and compared for ‘mh’ chromosomes versus “+” chromosomes
ILSTS026 (Ma et al. 1996). The resulting genotypes were anasampled as described in Materials and Methods. A separate anal
lyzed using ILINK yielding the following most likely marker order sis was performed for each breed. Allele frequency distributions
and sex-averaged recombination rates between adjacent markeahiserved for both chromosome populations in both breeds ar
TGLA431-(9%)-INRA40-(4.8%)-ILSTS026-(2.2%)-TGLA44. shown in Fig. 2.



S. Dunner et al.: Double-muscling in tiesturiana de los Vallebreed 433

X LRT A
200 I | 1.00
| & AVCB |
100 | | I
| u BBCB |
! |
| I
140 | : : 0.70
| |
120 - I |
t : 0.57
| I
100, | |
| |
80 | |
1 1 035
| | 0.32
60 - | | 031
| I
| |
| |
20+ | = 0.001 | Fig. 3. Two-point and multi-point linkage
108 3 —)—P + — disequilibrium analysis between Chromosome 2
0 ! $ ' ' & 0.00 markers and thenhlocus in Belgian Blue (BBCB)
-1 0 40 50 60 70 and Asturiana (AVCB).¢ and[d correspond to the
I 8¢ = = e N (seg Materials an‘d Methods) valugs obtaingd in
< S § 3 2 3 Asturiana and Belgian Blue, res_pecnvely, v_vhlle the
I Z = A E curves represent the evidence in favor of linkage
=4 [= [~ disequilibrium expressed ag, values.
Table 1 reports thep-values obtained in two-point linkage
disequilibrium analyses performed using either Terwilliger's
(2995) maximum likelihood approach or a conventioya%(l1 — 1
Morgan test of independencenoa 2 x ntable. In BBCB, a significant
052 difference in marker allele distribution was observed with marker
oasl TGLA44 using both methods. For none of the other Chromosome
2 markers was their any evidence for a significant difference in
04t marker allele frequency distribution betweemHt’ and “+”
035¢ chromosomes. This indicates that the results obtained witt
03} TGLA44 are very likely reflecting genuine linkage disequilibrium,
025t and are not due to inadequate sampling of chromosome populatic
0 exhibiting differences in allele frequencies due to population strati-
I fication rather than genetic linkage. These results therefore
015¢ strengthen the notion that thah locus is indeed very closely
o1} located with respect to TGLA44.
005l In Asturiana, evidence for linkage disequilibrium was unex-
N SNS— > » pectedly found for all Chromosome 2 markers originally tested,

510 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 953[‘{;55100 i.e., TGLA44, ILSTS026, INRA40 and TGLA431 (Table 1). To
generation exclude inadequate sampling as the cause of this observed lon

Morgan range association, the same samples were genotyped for two mo
b distant Chromosome 2 markers: TGLA377 and BM4440. No evi-

o dence was found for residual linkage disequilibrium with these

04 markers, pointing towards genuine linkage disequilibrium with the

035} initial markers in this breed as well.

o3l It is noteworthy that although evidence for linkage disequilib-

rium is found with TGLA44 in both breeds, different TGLA44
alleles are preferentially associated with tia chromosome in
Asturiana (allele 168) and BBCB (allele 166), respectively.

A multipoint linkage disequilibrium analysis was then per-
formed in both breeds following Terwilliger's method (1995). The
resulting location scores are shown in Fig. 3, pointing again to-
wards very similar maximum likelihood positions of the putative
: — $— —F ¥ - mhlocus in the vicinity of TGLA44 in both breeds.

0O 5 10 15 20 25 30 35 40 45 50 53 60 65 70 75 80 85 90 95 100
generations
Fig. 4. Evolution of the size of an IBD chromosome segment flanking a Discussion
common mutation shared by two (a) and four (b) populations separated by
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95th (A) percentiles are given. Asturiana breed is due to a recessive allele at a locus that maps
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bovine Chromosome 2. The virtually identical map position ob-  The power of this approach could be considerably enhanced b
tained by linkage analysis in Asturiana and BBCB provides veryincreasing the number of populations sharing the same ancestr
strong evidence that the same gene underlies the double-musclimgh mutation. Indeed, the size of the shared chromosome segme
phenotype in both breeds. is inversely proportionate to the numbér,of independent chro-

Evidence for linkage disequilibrium between timflocus and  mosome lineages included in the analysis (Equation 1), and i
Chromosome 2 markers is presented in both Asturiana and BBCBherefore reduced by half for each doubling of the number of
Given the complex population dynamics characterizing cattlepopulations. Analysis of the double-muscling phenotype in other
breeds due to artificial selection and extensive use of artificialcontinental breeds with this objective in mind is in progress.
insemination, the chromosomal distance over which linkage dis-
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