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Summary

A gene for a recessive form of limb-girdle muscular dys-
trophy (LGMD2A) has been localized to chromosome
15. A physical map of the 7-cM candidate 15q15.1-
q21.1 region has been constructed by means of a 10-
12-Mb continuum of overlapping YAC clones. New mi-
crosatellite markers developed from these YACs were
genotyped on large, consanguineous LGMD2A pedi-
grees from different origins. The identification of recom-
bination events in these families allowed the restriction
of the LGMD2A region to an estimated 1-cM interval,
equivalent to -3-4 Mb. Linkage disequilibrium data
on genetic isolates from the island of Reunion and from
the Amish community suggest a preferential location of
the LGMD2A gene in the proximal part of this region.
Analysis of the interrelated pedigrees from Reunion re-
vealed the existence of at least six different carrier haplo-
types. This allelic heterogeneity is incompatible with the
presumed existence of a founder effect and suggests that
multiple LGMD2A mutations may segregate in this pop-
ulation.

Introduction

Limb-girdle muscular dystrophy (LGMD) is a group of
hereditary myopathies usually starting during child-
hood, characterized by progressive weakness and atro-
phy predominating in shoulder, pelvic girdle, and trunk
muscles, with facial muscles left unaffected. Both domi-
nant and recessive modes of inheritance are known, the
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latter being more common with a prevalence estimate
of 10-5 (Emery 1991).
A gene responsible for the recessive form has been

localized to 15q (LGMD2A; MIM 253600) by linkage
analysis, in a genetically homogeneous group of families
from Reunion (Beckmann et al. 1991). This localization
has subsequently been confirmed in an Amish popula-
tion of Indiana (Young et al. 1992) as well as in Brazilian
families where genetic heterogeneity has been demon-
strated (Passos-Bueno et al. 1993).

Linkage analysis, as well as recombination studies,
have allowed the definition of the 15q15.1-q21.1 inter-
val, bracketed by markers D15S129 and D15S143, con-
taining the LGMD2A disease locus. This interval has
been assessed as 7 cM, on the basis of linkage analysis on
the CEPH reference families (Fougerousse et al. 1994). A
physical map of this interval has been established by
means of a 10-12-Mb contig of overlapping YAC
clones (Fougerousse et al. 1994).

In order to refine genetically this still considerable
interval, more meioses, as well as new highly informative
markers, were needed. The panel of families has been
substantially expanded by the addition of metropolitan
French families and Amish kindreds from Indiana and
Pennsylvania. The Amish families are particularly suit-
able for genetic analysis, as they constitute an isolated
population composed of large kinships. Yet, the involve-
ment of the LGMD2A gene has been excluded in six
LGMD pedigrees from southern Indiana, despite the
multiple consanguineous links connecting them to the
northern Indiana kindreds who were found to belong
to the chromosome 15 group (Allamand et al. 1995).
Genetic heterogeneity considerably restricted the num-
ber of potentially informative meioses. Since we cannot
identify the chromosome 15 families among the small
nonconsanguineous pedigrees (especially from metro-
politan France), either on a clinical or on a genetic basis,
no information on potential crossing-over events can be
extracted. We thus limited our studies to two large fami-
lies from Brazil and to the consanguineous populations
from Reiunion and the Amish community from northern
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Indiana. The latter two were each thought to represent
a single genetic isolate interconnected through multiple
consanguineous links and segregating a single unique
carrier haplotype.

These characteristics make these families theoretically
adequate for homozygosity mapping (Lander and
Botstein 1987) and haplotype mapping (i.e., reconstitu-
tion of historical recombination events) as well as for
linkage disequilibrium studies (Hastbacka et al. 1992).
Homozygosity mapping in isolates where a single
founder effect is presumed seems a powerful strategy to
reduce the region involved by considering that a whole
segment of the chromosome flanking the disease locus
is likely to be homozygous-by-descent in the affected
siblings. Linkage disequilibrium reflects a nonrandom
allelic association between two loci, meaning that alleles
at these loci occur more frequently together in a popula-
tion than would be expected on the basis of Hardy-
Weinberg equilibrium, therefore suggesting that these
loci are both physically and genetically close.

In this paper we present a refined genetic map of the
LGMD2A region established by mapping and ordering
new microsatellites developed from YAC clones that
were part of the LGMD2A contig as well as published
markers. Genotyping of polymorphic markers allowed
the construction of extended haplotypes and the identi-
fication of recombination events in the LGMD2A fami-
lies, thus permitting the refinement of the region con-
taining the gene involved in this pathology to -1 cM.
Linkage disequilibrium data led us to consider preferen-
tially the proximal part of this interval as the most likely
location for the disease locus. Finally, an unexpected
high number of carrier haplotypes was identified within
the LGMD2A families from Reunion. This unsuspected
allelic heterogeneity suggests that several independent
mutations are responsible for this myopathy in this pop-
ulation.

Subjects, Material, and Methods

Patient Material
A total of 27 families, including 13 (27 affected indi-

viduals) from Reunion (Beckmann et al. 1991), 2 (15
affected individuals) from Brazil (Passos-Bueno et al.
1991), 10 (37 affected individuals) from the Old Order
Amish of Adams County, Indiana (Hammond and Jack-
son 1958; Jackson and Strehler 1968; Young et al.
1992), and 2 (4 affected individuals) from a Pennsylva-
nia Amish population, were examined. Blood from 250
individuals (83 of whom were affected) was obtained
for DNA extraction and lymphoblastoid cell line estab-
lishment.

Markers and Analysis of Polymorphisms
Eighteen new microsatellite markers were generated

from YAC clones 189D1, 296F11, 774G4, 806G4, and

854F9, which are part of the LGMD2A contig (Fouger-
ousse et al. 1994) by subcloning and sequencing of inter-
Alu products (Pereira de Souza et al. 1994) or subclon-
ing of digested fragments in M13 or Bluescript vectors,
using a modified protocol from Vignal et al. (1993).
Markers were named after the YAC clone from which
they were derived. Markers were tested for polymor-
phism by PCR amplification of DNA of 64 unrelated
individuals from the CEPH reference families. All the
newly developed markers were mapped physically by
sequence tagged site (STS) screening on YACs, as by
Fougerousse et al. (1994), and genetically, on the basis
of analysis of recombinant individuals from the CEPH
and LGMD2A families. Twenty-one other markers orig-
inating from different sources (Weissenbach et al. 1992;
Beckmann et al. 1993; Murray et al. 1994) were also
used in this study. Genotyping was performed by ampli-
fication of 100-200 ng of genomic DNA in a 50-,l
reaction mix, as described by Fougerousse et al. (1992).

Statistical Analysis
Two- and multipoint analyses were performed for all

these markers, using the LINKAGE software package
version 5.10 (Lathrop et al. 1985). Twenty-eight micro-
satellite markers mapping within the chromosome
15q15.1-q21.1 region were tested for linkage disequilib-
rium in the families from Reunion, and 20 markers were
likewise tested in the Amish population.
Extended haplotypes were constructed manually once

phase was determined unequivocally. Parental chromo-
somes were taken into account, to define two popula-
tions: normal and LGMD2A chromosomes. Linkage dis-
equilibrium in the allelic distribution of normal and
LGMD2A chromosomes was tested using two methods:
the first is referred to as the combined-allele method
where the most common allele was considered as one
allele, all the others being pooled to form an artificial
second allele. A correlation coefficient was calculated
according to the method of Hill and Robertson (1968)
and Litt and Jorde (1986) and is defined as r = D/
(p1p2qiq2)1/2 with P1, P2, q1, and q2 being the frequencies
of alleles 1 and 2 at loci A and B (deduced from the
chromosome counts) and D = P11 - p1q, (P11 is the
observed frequency of the haplotype A1B1). The x2 test
with 1 df was estimated as X2 = Nr2 with N being the
total number of chromosomes studied. In the second
method, designated the "multiallelic method," each al-
lele is considered separately. It was, however, sometimes
necessary to pool some of the rare alleles so that the
expected value of each cell in the contingency table was
>5. The X2 test was defined as %2 = NDij/21piq1, with
N, D, and pi and q; defined as above. The number of
dfs is then equal to (k - 1) x (m - 1), where k and m
are the number of alleles at each locus.

Since a large number of markers were studied (28
and 20 in the families from Reunion and the Amish
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Table I

Characteristics of Newly Developed Microsatellites Derived from Four YAC Clones of the LGMD2A Contig

Primer Sequences Sizea Temperature Heterozygosity
Name Origin (5'-3') (bp) (0C) (N)b

D15S778 ......... M13 TGCATTCCAGCCACTGACAG 183 50 ND
GGGATTACAGGTGCATGAGCT

D15S784 ......... Inter-Alu GAGACCCTGTCTCAAAACAC 174 52 .47
GAGGAATGACTGAAATGATT-T-I' (128)

D15S779 ......... M13 TGAGCCCCAGGGATAATAT 96 59 .84
GCCAGTCAGATCAGGGTAGA (86)

D15S780 ......... M13 AAATTTGCAAGTTGGACAGAA 134 54 .67
CTGATTGGAAGTTCCGTGTG (81)

D15S782 ......... BS ACTGCTCCCAGCCTGTGTGT 132 57 .78
CACCACTGTCACTCCACCCTC (128)

D15S781 ......... BS AACTTTGCTTTGTCACACTG 186 59 .61
AGGAAAGAACAGATGAGCAG (128)

D15S783 ......... M13 TTGACCACATGGCAACTCTG 194 56 .58
GACAAATTCTCCCCTGACCA (80)

a Size of the PCR products.
'N = number of chromosomes tested; ND = not determined.

population, respectively), the significance level was cor-

rected by using Bonferroni's procedure (Weir 1990) as

follows: cC' = 1 (1 - a )1L, with L being the number
of individual tests. Considering a type I error, a = 0.05,
with 28 and 20 comparisons, corrected significance lev-
els became 1.83 x 10-3 and 2.56 x 10-3, in the Reunion
and Amish populations, respectively.
The exact test of Fisher for 2 x 2 contingency tables

was also performed using the 2BY2 program (Terwil-
liger and Ott 1994). Significance level (PF) for this test
was defined as PF < .001 (for compensation to multiple
testing, individual PF values were multiplied by the num-
ber of tests carried out at each locus, minus one).

Results

Development of New Markers
Sequencing of (CA), containing M13 or Bluescript

subclones of selected YACs from the LGMD2A contig
(Fougerousse et al. 1994) allowed the development of
18 new STSs. The location of the nonpolymorphic STSs
(D15S499, D15S498, D15S500, and D15S496) along
the contig map has been described elsewhere (Fouger-
ousse et al. 1994). The remaining 14 markers displayed
an observed heterozygosity ranging from .12 to .84 (ta-
bles 1 and 2). They were all positioned on the regional
physical map. Of these, seven (table 2) had already been
described as STSs by Fougerousse et al. (1994).

Restriction of the LGMD2A Interval
Two-point linkage analyses between the disease locus

and all the newly developed markers were performed
(table 3). Marker D15S782 yielded the highest lodscore
(Zmax = 30.54 at 0 = .00) with a one lod support interval

of 1.4 cM. These analyses also revealed the existence of
recombination events between LGMD2A and markers
D15S514 (Zmax = 19.21 at 0 = .01) and D15S222 (Zmax
= 16.99 at 0 = .01). The construction of extended hap-
lotypes, with all markers from this region in the
LGMD2A families, also allowed visualization of these
recombination events. Several recombinants confirmed
the previous interval flanked by markers D15S129 and
D15S143 (Fougerousse et al. 1994), while others defined
a smaller one (fig. 1). The narrowest interval containing
the LGMD2A gene was identified by three recombi-
nants: B519-1135 defined the proximal flanking locus
as D15S514, whereas R24-62 and A615-147 identified
the distal border as D15S222 (figs. 1 and 2). The genetic
distance between markers D15S514 and D15S222 was
assessed as 1 cM, on the basis of multipoint linkage
analysis in the CEPH reference families (data not
shown). Considering that this region can be almost en-

Table 2

Characteristics of Newly Developed Microsatellites Markersa

Heterozygosity
Name Origin (N)b

D15S513 M13 ND
D15S512 ......... M13 .12 (128)
D15S508 ......... M13 .46 (122)
D15S514 ......... M13 .74 (112)
D15S509 ......... M13 ND
D15S516 ......... M13 .24 (127)
D15S517 ......... M13 .19 (124)

a Previously described as STSs by Fougerousse et al. (1994).
b N = number of chromosomes tested; ND = not determined.
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Table 3

Pairwise Lod Scores between Chromosomes I Sq 15.1 -q2 1.1 Newly Developed Markers and the LGMD2A Locus

RECOMBINATION FRACTION AT 0 =
ONE LOD SUPPORT

MARKERS .00 .01 .05 .10 .20 .30 .40 Zmax (0) INTERVAL

D15S514 ....... -00 19.21 18.00 15.82 11.04 6.31 2.12 19.21 (.01) <.001-.044
D15S779 ....... 26.29 25.65 23.04 19.72 13.10 6.94 2.06 26.29 (.00) .000-.015
D15S512 ....... 6.40 6.27 5.74 5.06 3.61 2.10 .68 6.40 (.00) .000-.075
D15S782 ....... 30.54 29.85 27.01 23.40 16.13 9.08 2.96 30.54 (.00) .000-.014
D15S780 ....... 23.66 23.43 21.63 18.99 13.36 7.70 2.68 23.66 (.00) .000-.028
D15S508 ....... 8.63 8.44 7.68 6.70 4.64 2.56 .77 8.63 (.00) .000-.053
D15S778 ....... 26.38 25.76 23.25 20.08 13.78 7.84 2.74 26.38 (.00) .000-.016
D15S784 ....... 15.89 15.74 14.62 12.89 9.08 5.17 1.70 15.89 (.00) .000-.041
D15S783 ....... 21.34 20.81 18.67 16.00 10.75 5.81 1.74 21.34 (.00) .000-.018
D15S781 ....... 21.48 20.99 19.01 16.52 11.52 6.67 2.35 21.48 (.00) .000-.020
D1SS516 ....... 2.55 2.50 2.31 2.03 1.42 .77 .22 2.55 (.00) .000-.180
D15S509 ....... 1.39 1.36 1.24 1.09 .74 .38 .10 1.39 (.00) .000-.298
D15S517 ....... 1.74 1.70 1.55 1.35 .92 .50 .15 1.74 (.00) .000-.240
D15S222 0....... -0 16.99 15.73 13.59 9.09 4.80 1.40 16.99 (.01) .001-.043

854F9 (13 Mb)
189DI (03 Mb)

774G4 (1.6 Mb)
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Figure I Recombinant haplotypes of chromosome l5qlS.1-q21.1 in LGMD2A families. The ordered marker loci have arbitrarily been
represented as equidistant. Loci bracketing the smallest interval, defined by recombination events, are noted in larger letters. Bracketed markers
could not be ordered. Solid boxes (U) indicate affected individuals, whereas open boxes (l) represent healthy carriers. Recombinant individuals
are represented with a letter referring to their origin (R = Reunion; B = Brazil; and A = Amish). The numbers indicate the family and the
individual. Parental alleles segregating with the disease allele or the normal allele are coded as solid (6) or open (0) circles, respectively.
Uninformative markers are coded by a dash (-) in place of a circle, and ungenotyped markers are left blank. The three nonchimeric YAC
clones (and their sizes) covering this interval are represented on top of the figure, reflecting their STS content.
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tirely covered by three overlapping and nonchimeric
YAC clones (774G4, 189D1, and 854F9; fig. 1) of
known sizes (1.6 Mb, 0.3 Mb, and 1.3 Mb, respectively),
the physical distance between the two flanking markers
can be roughly estimated as 3-4 Mb.
However, the analysis of recombination events could

not provide further information, and the interval was
still too large for the undertaking of a systematic posi-
tional cloning strategy. We therefore investigated alter-
native approaches to refine the LGMD2A region geneti-
cally by taking into account the inbreeding characteris-
tics of the populations from Reunion and the Amish
community.
Haplozype and Homozygosity Mapping

Haplotypes were analyzed in order to identify histori-
cal crossing-over events that would permit narrowing
of the LGMD2A interval. Two large Brazilian families
(B501 and B519), each with documented consanguinity
(Passos-Bueno et al. 1991), were shown to carry differ-
ent LGMD2A haplotypes (fig. 3). Affected children in
pedigree B501 were homozygous for 16 markers scat-
tered between markers D15S779 and D15S106, thus
suggesting two hypothetical historical cross-over events
that did not allow further restriction of the LGMD2A
interval, though consolidating the proximal border,
D1SS514 (figs. 2 and 3). As for family B519, affected
siblings were homozygous-by-descent for all the markers
genotyped, within the recombination boundaries. The
examination of homozygosity-by-descent in these two
kindreds did not permit further restriction of the 1-cM
candidate interval.
Among the Amish population, a unique carrier haplo-

type (fig. 3, family A61) segregated within the 10 north-
ern Indiana kindreds, with the exception of a hypotheti-
cal historical crossing-over event detected in one family,
in agreement with D15S222 being the distal flanking
marker. The observation of a common carrier haplotype
was expected, in light of the high level of consanguinity
in this population (Hammond and Jackson 1958; Young
et al. 1992). A subset of markers was also analyzed in
two Pennsylvania Amish families (A617 and A618; fig.
3). The carrier haplotype in these Amish kindreds was
identical to that presented by family A61, except for
locus D1SS514 (allele 5 instead of allele 2; fig. 3). It
should be noted that there are no records showing ex-
actly how far back these two Amish populations sepa-
rated, although the records available suggest that it was
before 1700. The variation at marker D1SS514 could
be due to mutation(s) of this microsatellite that would
be posterior to the geographical separation of these kin-
dreds or else could reflect a historical crossing-over. In
both groups of families, nonrecombinant affected sib-
lings were homozygous for all the markers in the 10-
12-Mb region. Therefore, this study of homozygosity-
by-descent did not provide any valuable information for
further restriction of the interval.

In contrast with the homogeneous situation encoun-
tered among the Amish LGMD2A chromosomes, an un-
expected diversity of carrier haplotypes segregating
within the 13 pedigrees from Reunion was revealed (fig.
3). At least six different haplotypes were identified, none
of which was identical to those seen in the Brazilian or
Amish pedigrees. These included two major haplotypes
(I and II; fig. 3) that were encountered in -9 (R11, R14,
R16, R17, R19, R21, R23, R26, and R27) and 5 (R15,
R16, R17, R19, and R24) families, respectively. The
total was greater than the number of examined families
(13), because in three pedigrees (R16, R17 and R19)
affected children carried both haplotypes in a heterozy-
gous state. The finding of these multiple carrier haplo-
types was thus suggestive of a previously unsuspected
allelic heterogeneity at the LGMD2A locus in this popu-
lation.
Although homozygosity mapping did not permit fur-

ther restriction of the LGMD2A region in this popula-
tion, because of the haplotype heterogeneity, it neverthe-
less could be used to ascertain the involvement of the
chromosome 15 locus in family R12, a pedigree with
only one affected child who displayed a unique minor
haplotype (V; fig. 3) in a homozygous state. The co-
segregation of minor and major haplotypes as com-
pound heterozygotes in affected individuals permitted
the identification of "at least" three minor LGMD2A
haplotypes: haplotype III, present once in families R17
and R14 (and possibly also in R15), and haplotypes
IV and VI, seen once only (in families R14 and R27,
respectively). Although the haplotypes of family R15
could belong to group II or III, they were nevertheless
classified into group II, as they shared alleles at two
biallelic markers within this interval for which they dif-
fered from haplotype III (data not shown). The only
family that could not be definitively ascertained to be-
long to the chromosome 15-linked group was family
R20, in which affected children were compound hetero-
zygotes carrying two haplotypes (VII and VIII; fig. 3)
that were not seen in any other family.

Being able to subdivide the Reunion LGMD2A haplo-
types into several subgroups allowed the identification
of two hypothetical historical crossing-over events by
comparison of the shared alleles between families dis-
playing haplotype II. The haplotypes seen in family R15
(fig. 3) did confirm D15S222 as the distal flanking
marker, while suggesting D15S779 as a new proximal
boundary.

Gametic Linkage Disequilibrium Between Markers and the
Disease Locus
Although the smallest LGMD2A interval region had

been restricted to 1 cM, the boundaries were essen-
tially defined only by a small number of recombinants.
There was thus a risk that the latter might result from
errors rather than recombination events. We therefore
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A4W4 rA "4g Pu4

R11 255 62 33 63 25 52 3-2 -4 72 36 - 84 543 I
R16 2 5 562 3 36 31;255 2 35;,7224 7 23 6 9 84 543 1
R17 2 5 562 33273 2 5 52 4 -2247 23 6 9 84 543 1
R19 25 56 23 36 22 5 52 3 52247 23 6 9 84 543 I
R21 25 56 23 36 32 5 52 3 52247 23 6 9 84 543 I
R26 25 56 23 36 32 5 52 3 52247 23 6 9 84 543 I
R27 2 5 562 3 36 32 55 2 35;6224 7 23 6 9 84 543 I
R21 2 5 562 3 363 2 5 523 5222;47 22j6 9 82 547 I
R14 25 56 23 36 32 5 523 -2 24 72 2 6 9 82 547 I
R23 25 56 23 36 32 5 52 3 52247 2 36 9 82 547 I
R23 2 5 562 3 36 32 5 52 34;5224 7 2 36 9 823 56 I
R26 2 5 56 2 3 363 2 5 523 5;62247 2 36 9 824 4 3 1
R16 24 67 53 36 5 12 53 3 52247 6 83 5 84 557 LI
R17 24 67 53 36 5 12 53 3 -2247 6 835 84 5 57 I[[
R19 2 467 53 36 5 12 53 3 5224 76 835 84 5 57 II
R24* 2 467 53 36 5 12 53 3 5224 7683 5 84 5 57 II
R1U 246 5 81 3 6 5 1 553 4 5224 4 445 53 2 446 II
R1S 2367 8 13 65 1 5 53 4 5224 4445 532 4 46 II
R14 14 63 583251 5 53 4 -224 4 33562 4 66 II
R17 2 56 3 58 365 1 5 53;23 - 2244 33 7 56 24 66 II
R14 14 6 32 3 343 24 52 44;5222 6 63 2 94 2 545 IV
R20 2 56 65 9 3 83 24 52 35;622410 6 839 82 5 57 V
R20 13 67 59 37 32 7 53 4 5224 966 82 6 4 536 VI
R12 * 252 87 53 4 5 144 3 4 5334 534 2 842 4 57 VII
R27 23 36 5 836 52 5 52 4 52226 66 6 54 2 543 VII

A61* ~2 5 - 3 2 3 3 8 4 2 4 5 2 3 5 2 - 4 10 6 - - 6 - 4 5 - S
A617,A618 ---- 3 3 842 4 52 3-2-4 10 -

BSO1 1473 936 247 4-- -4- 875 244

BSO1 2 24 8 59 364 2473 4- -4- 2 875- 2 4537
D519* 2 3 _5948 4242_ 9717

Figure 3 Carrier haplotypes segregating within the families from R~union (R), the Amish population (A), and Brazil (B). Ordered marker
loci and examined LGMD2A families are listed in the first row and column, respectively. Markers flanking the 1-cM interval defined by
recombination events are indicated in larger letters. When phase could not be determined, both alleles are shown, separated by a semicolon.
Ungenotyped markers are indicated by a dash (-). Microsatellite mutations could explain the occasional shifts within a conserved haplotype
(underlined alleles). Families showing a single carrier haplotype in a homozygous state are indicated by an asterisk (*).

chose to investigate linkage disequilibrium for markers
scattered along an -~10O-cM. interval (between TIHSBi1 and
CYP19). Twenty-eight markers were individually tested
for allelic association with the disease locus in the families
from Re'union and 20 in the Amish population. Different
estimates were used to investigate linkage disequilibrium
between multiallelic microsatellite markers and LGMD2A
(for details, see Subjects, Material, and Methods).

Twelve markers gave significant results on the Amish
population, even after correction for multiple testing,
10 of which mapped inside the 7-cM interval containing
the disease locus. Eight of them were located within the
1-cM LGMD2A interval. Three markers located in the
proximal part of the interval showed the most significant
linkage disequilibrium with the disease locus: D15S779,
D15S780, and D15S782 (data not shown).
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Among the 28 markers tested in the Reunion island
families, only 7 showed significant linkage disequilib-
rium (table 4). Of these, six mapped within the pre-
viously identified 7-cM interval, and four of them
(D15S779, D15S782, D15S783, and D15S781) were lo-
cated within the 1-cM interval determined in this study.
Marker D15S779 was clearly the marker displaying the
strongest association with the disease locus, with allele
3 present in 69% of the LGMD2A chromosome and in
none of the normal chromosomes, resulting in a PF value
of 8 x 10-8. Significant X2S were obtained for marker
D15S783 with the multiallelic method (X2 = 22.20; P
= 1.5 X 10-'), whereas the combined allele method
failed to detect significant linkage disequilibrium (X2
= 0.62; P > 1.83 x 10-3). This is explained by the fact
that allele 2, which displays linkage disequilibrium, is
not the most common allele, and therefore, when the
combined-allele method was used, it was not allele 2, but
allele 3, that was tested for association. The relatively
smaller number of markers manifesting significant link-
age disequilibrium in the families from Reunion, as com-
pared with those in the Amish kindreds, is likely to be
a consequence of the multiplicity of carrier haplotypes
observed in the Reunion island population.

In both the Reunion and Amish populations, the x2
values obtained by using the combined-allele method are
presented in figure 4. Information was lost using the com-
bined-allele method, since it reduced multiallelic markers
to biallelic systems. It had, however, the advantage that
all x2 values had 1 df and could therefore be compared
directly with one another (this would not be the case with
the multiallelic method, as various markers may have dif-
ferent numbers of alleles, and, consequently, X2 values
would have different dfs). In any event, results were in
agreement using both methods (table 4). Figure 4 clearly
shows that markers displaying significant linkage disequi-
librium were scattered along the entire LGMD2A region,
with the "highest peak" observed for marker D15S779 in
both the Reunion and the Amish populations. Two other
markers displayed very significant association, namely
D15S222, which mapped outside the smallest interval de-
fined by recombination events, and D15S782. The latter
was derived from the same YAC clone 774G4 as
D15S779, from which it is separated by one microsatellite
(D15S512) and cannot be farther apart than 1.6 Mb, the
size of the original YAC clone.

Discussion

A gene for the recessive form of LGMD, LGMD2A,
has been localized within a 7-cM interval on chromo-
some 15qlS.1-q21.1, and a physical map of the region
has been established by means of a 10-12-Mb contig
of YAC clones (Fougerousse et al. 1994). In the absence
of any cytogenetic or biochemical indication or a suit-
able candidate gene, positional cloning appeared as the

only valid option to identify the LGMD2A locus. How-
ever, it was difficult to consider launching such a daunt-
ing task without further refinement of the region con-
taining the disease locus.
We therefore undertook a genetic investigation of

LGMD2A, an analysis which was complicated by the
genetic heterogeneity of the autosomal recessive LGMDs
(Passos-Bueno et al. 1993; Bashir et al. 1994; Allamand
et al. 1995) and the difficulty of ascertaining the involve-
ment of the chromosome 15 locus in small pedigrees.
This study was thus restricted to families with three
different origins (2 large pedigrees from Brazil, 12 from
an Amish community in the United States, and 13 fami-
lies from Reunion).

Restriction of the LGMD2A Interval by Recombination
Mapping
The genotyping of published and newly developed

markers of the region allowed the construction of ex-
tended haplotypes. The study of the segregation of these
haplotypes within the LGMD2A families led to the de-
lineation of a 1-cM interval containing the disease gene
that was identified by three recombination events. The
physical distance could be assessed as 3-4 Mb, consider-
ing the sizes of the three YAC clones that roughly cover
this region. This relation between genetic and physical
distances differs from the generally accepted rule (i.e., 1
cM corresponding to 1 Mb), possibly a reflection of the
fact that this region may be a "cold spot" for recombina-
tion.

There were no other large LGMD2A kinships avail-
able. Small LGMD2A pedigrees could have contributed
to a more precise mapping, had we been able to identify
them. This, unfortunately, was not the case, and this
still large region of -3-4 Mb was the smallest interval
that could be delineated on the basis of recombination
events in the available informative families.

Haplotype Analysis in Two Consanguineous Genetic Isolates
There was only weak evidence for the assignment of

proximal and distal borders of the interval, since they
were defined by, respectively, one and two authentic
recombinants (as opposed to historical ones). We there-
fore tried to extract additional genetic information from
the families from Reunion and the Amish kindreds.

Extended LGMD2A haplotypes and homozygosity-
by-descent among the affected siblings were investi-
gated. Homozygosity mapping in highly consanguineous
populations has been used successfully as an approach
to map disease genes such as ataxia with selective vita-
min E deficiency (Ben Hamida et al. 1993), alkaptonuria
(Pollak et al. 1993), and Hirschprung disease (Puffenb-
erger et al. 1994).
A high proportion of consanguinity had been reported

among the northern Indiana Amish population (Ham-
mond and Jackson 1958), and genealogical reports
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Table 4

Significant Allelic Association between Chromosome I 5q 15.1 -q2 1.1 Markers and LGMD2A in the Population from Reunion

No. (%) OF CHROMOSOMES
MARKER AND Combined Allele Multiallele

ALLELES N LGMD (p)a (p)a FISHER PFb

. . .

30.5 (<10-6)
. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

17.68 (2.6 x 10-5)
. . .

. . .

. .

. . .

0.62 (NS)
. . .

. . .

. . .

. . .

. . .

. . .

9.94 (1.6 x 10-3)
. . .

. . .

. . .

. . .

. . .

.

18.75 (1.5 X 10-5)
. . .

. . .

. . .

. . .

2.75 (NS)
. . .

. . .

. . .

. .

. . .

. . .

. . .

. . .

. . .

. . .

15.82 (7.10-5)
. . .

30.76 (10-6)

211 9.9 . 0

222 (.5 . 05

9 .91.6 . 03

214 (.5 . 05

10.4.

21.14 (8.3 X 10-5)

a Corrected significant level (a') was estimated from the Bonferroni's procedure to account for multiple testing. A total number of 28 loci
were examined for linkage disequilibrium, therefore leading to a' = 1.83 x 10-3.
bThe one-sided Fisher PF value was corrected for multiple testing by multiplying by the number of tests carried out for each locus minus

one.
c NS = not significant (P > 1.83 x 10-3 for the X2 test, and PF > .001 for the Fisher test).

D15S779:
2..............
3 ..............
4..............
S ..............
6 ..............

7..............
8..............
9..............
10 ............

D15S782:
3..............
4..............
S ..............
6..............
7..............
8 ..............
9..............
10 ............

D15S783:
2..............
3..............
4..............
7..............
8..............

D15S781:
1 ..............
2..............
3 ..............
4..............

D15S222:
1 ..............
2..............
4..............
S ..............
6..............
7..............
8..............
9..............
10 ............

D15S132:
2..............
3..............
4..............
S ..............
6..............
8 ..............
10 ............

D15S123:
1 ..............
3 ..............
4..............
S ..............
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8..............
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3 (10.34)
0 (0)
1 (3.45)
2 (6.90)
2 (6.90)
1 (3.45)
6 (20.69)
8 (27.58)
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4 (13.80)
0 (0)
9 (31.02)
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6 (20.69)
2 (6.90)
1 (3.45)
1 (3.45)

2 (6.9)
16 (55.17)
5 (17.24)
1 (3.45)
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2 (6.9)
4 (13.80)
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15 (51.70)
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0 (0)

1
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.. .
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Figure 4 x2 values of linkage disequilibrium obtained on the Reunion and Amish populations using the combined-allele method. Marker
loci are listed from centromere (left) to telomere (right). Marker loci flanking the 1-cM interval defined by recombination events are indicated
by arrows.

traced these families back to a single ancestral couple
(Jackson and Strehler 1968; Young et al. 1992; Alla-
mand et al. 1995). As expected, because of a presumed
unique founder effect, a single LGMD2A carrier haplo-
type segregating within this population was revealed
(fig. 3). In light of the sharing of such an extensive
haplotype (>7 cM), no historical crossing-over event
could be identified. Moreover, the homozygosity-by-
descent approach did not permit restriction of the
LGMD2A interval, since all affected children in both
the Indiana and Pennsylvania Amish populations were
homozygous for all markers genotyped along the
LGMD2A interval.

This is to be contrasted with the situation seen among
the Reunion island patients, where, despite the multiple
consanguineous links and the genealogically reported
common ancestor who landed on this island 13 genera-
tions ago (Beckmann et al. 1991), at least six different
carrier haplotypes could be identified in this LGMD2A

population: two haplotypes were present in a majority
of families, but at least four minor haplotypes could also
be observed (fig. 3). Affected children carrying the same
haplotype on both their chromosomes were homozy-
gous for almost all the markers genotyped (spanning
a 10-cM region). Affected offspring carrying different
haplotypes were homozygous for a reduced number
of markers scattered along the LGMD2A region, but
this homozygosity was most probably a reflection of
arbitrary concordance of the associated alleles rather
than an expression of homozygosity-by-descent. This
unexpected diversity of carrier haplotypes compli-
cated and obscured the homozygosity mapping.
Therefore, this analysis did not permit refinement of
the location of the disease gene. In contrast, the identi-
fication of historical crossing-over events in these ped-
igrees confirmed D1SS222 as the distal flanking
marker while suggesting D15S779 as a new proximal
boundary (fig. 3).
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Gametic Linkage Disequilibrium Analysis Supports a Proximal
Location of the LGMD2A Gene
We next tested for nonrandom association between

chromosome 15 marker loci and the disease locus
among the families from the Reunion and the Amish
population. In isolated populations, such a preferential
association is expected to occur between loci that are
tightly linked (Hastbacka et al. 1992; Sirugo et al. 1992)
and has been used to identify candidate regions and/or
to refine the location of disease genes, as reported for
progressive myoclonus epilepsy (Lehesjoki et al. 1993),
Wilson disease (Bowcock et al. 1994), and autosomal
dominant polycystic kidney disease (Snarey et al. 1994).
The detection of linkage disequilibrium has also contrib-
uted to the identification of the cystic fibrosis gene
(Kerem et al. 1989), the Huntington disease gene (The
Huntington's Disease Collaborative Research Group
1993), and, recently, the diastrophic dysplasia gene (Has-
tbacka et al. 1994).

Linkage disequilibrium data based on the analysis of
small populations like those from the Reunion island
and the Amish community must, however, be interpre-
ted with caution. Because of the rarity and genetic heter-
ogeneity of the disease (and therefore the difficulty in
obtaining a large number of informative pedigrees), the
sample size could not be increased. And, in light of the
failure to further restrict the 3-4-Mb candidate region
by haplotype and homozygosity mapping, it was worth
attempting to see whether linkage disequilibrium studies
could permit the reaching of this goal.
A number of loci along the LGMD2A interval dis-

played significant associations with the disease allele in
both the Reunion island and Amish pedigrees. Further-
more, in both populations, the proximal region of the
1-cM LGMD2A interval appeared to show a "higher
density" of such markers (D15S779, D15S782, and
D15S780) than the distal part (fig. 4).

Problems Associated with Fine Mapping Using Linkage
Disequilibrium Analysis
The adequacy of gametic association studies to nar-

row a genetic interval on such relatively young popula-
tions as the two genetic isolates studied here needs to
be addressed. The impact of allele frequencies on linkage
disequilibrium estimates also poses problems. The lat-
ter were well illustrated when considering marker
D15S784, which, although displaying eight alleles, never
gave significant association, because allele 5, which was
present in 100% of the LGMD2A chromosomes, was
also the most frequent allele on control chromosomes.
This was also the case for marker D15S512, which, al-
though located between two markers showing highly
significant linkage disequilibrium (D15S779 and D15S782),
failed to reveal significant association with the disease
locus.

Yet, however tenuous the linkage disequilibrium anal-

ysis in our sample, the markers that exhibited the most
significant linkage disequilibrium with the disease locus
were preferentially clustered in the proximal part of the
interval in both the Reunion island and Amish popula-
tions (fig. 4). In this context, it is of interest to note
that one metropolitan French family shares a four-
marker haplotype (D15S779, D1SS512, D15S782, and
D15S780 are all assigned to the proximal part of the
interval) with the Amish families (data not shown). The
chance occurrence of such a haplotype can be estimated
on the basis of the allele frequencies taken from the
CEPH reference families as <8.4 x 10-4. This observa-
tion is thus suggestive of a common ancestral origin and
further supports the preferential location. It remains to
be demonstrated whether or not both LGMD2A chro-
mosomes carry the same disease-causing mutation.
The candidate region might, thus, accordingly have

been reduced from 3-4 Mb to 1.6 Mb, which corre-
sponds to the size of YAC 774G4 carrying markers
D15S779, D15S780, and D15S782. This hypothesis
served as the starting point for further investigations. A
cosmid contig has been established from this YAC clone
(I. Richard, C. Roudaut, F. Fougerousse, N. Chiannil-
kulchai, and J. S. Beckman, unpublished data), and a
search for expressed sequences in this region has been
undertaken (Chiannilkulchai et al. 1995). This work
eventually led to the identification of an attractive posi-
tional and functional candidate gene. The latter encodes
for the large subunit of the muscle-specific intracellular
calpain 3. Finally, 15 distinct pathological mutations
were identified in this locus, thereby demonstrating the
role of this protein in the etiology ofLGMD2A (Richard
et al. 1995).
Extent of Linkage Disequilibrium Estimate

Thus, despite the many consanguineous links connect-
ing the families within the Reunion island and Amish
populations, links which, at first sight, made them ade-
quate for homozygosity mapping, this analysis did not
permit further restriction of the 1-cM interval con-
taining the LGMD2A gene. Indeed, the conserved haplo-
types spanned a region of >7 cM. One explanation for
the extended common haplotype could be the "linkage
drag" (Stam and Zeven 1981). The latter refers to the
observation that the proportion of chromosomal DNA
retained on a series of successive crosses (e.g., back-
crosses) around a trait under selection is substantially
larger than would be theoretically expected for a ran-
dom chromosomal segment after the successive recombi-
nation-mediated series of dilution of the introgressed
genome. As a matter of fact, the investigated LGMD2A
families appear to be equivalent to a population under
selection, since we are essentially interested in the carrier
haplotypes. Therefore, the results obtained (conserva-
tion of haplotypes and homozygosity along the 7-10-
cM interval) are the consequence and reflection of this
selection bias.
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Moreover, both the Amish and Reunion island popu-
lations can be considered as "young," displaying a large
area of linkage disequilibrium so that linkage disequilib-
rium estimates can be very powerful to demonstrate or
confirm linkage even with distant markers. However,
the adequacy of these estimates for the precise localiza-
tion of a disease locus is questionable, as they are too
sensitive to fluctuations in the frequencies of the associ-
ated marker alleles. It is likely thus that "older" popula-
tions would be better adapted for such studies, since
enough generations would separate the founder event
from present-day patients so that only genetically and
physically tightly linked markers would display linkage
disequilibrium. Eventually, however, a densely saturated
map of equifrequent biallelic markers (e.g., one every
100 kb, on the average) would provide more power to
assess linkage disequilibrium than the highly polymor-
phic microsatellites with potentially as much informa-
tion (e.g., as highly informative haplotypes). Using such
equifrequent markers, it should then be possible to tend
toward the resolution shown by Jorde et al. (1994).
The observation of multiple haplotypes in the genetic

isolate of Reunion still needs explanation. A number of
hypotheses can be put forward. The first one would
be that the different haplotypes result from multiple,
historical recombination events that would be expressed
in present-day generations as apparent double recombi-
nants. This, however, is highly unlikely, considering the
1-cM interval separating the flanking markers defined
by recombination events, and could not explain as many
as six or more distinct haplotypes. The second hypothe-
sis would be that the common ancestor (13 generations
before contemporary patients) was already a compound
heterozygote and contributed two different LGMD2A
alleles. Even then it is hard to explain all of the haplo-
types. A combination of these two hypotheses would by
no means lead to a diversity of haplotypes as seen within
the Reunion population. The instability of microsatellite
markers may have contributed to the haplotype diver-
gence (fig. 3). Yet, even the combined effects of recombi-
nation events, microsatellite mutations, and compound
heterozygote are insufficient to account for the number
of carrier chromosomes. We therefore infer that a num-
ber of independent mutations do cosegregate in this pop-
ulation and that the haplotype heterogeneity reflects this
phenomenon. This hypothesis was subsequently demon-
strated by the identification of at least six distinct calpain
mutations within the Reunion island pedigrees (Richard
et al. 1995; I. Richard and J. S. Beckmann, unpublished
data).
Thus, one needs to reconcile the high number of sus-

pected mutations in this small isolated population with
the reported low prevalence of the disease, the so-called
Reunion paradox discussed by Richard et al. (in press),
who propose that LGMD2A is an example of a digenic
or more complex inheritance and that the phenotypic

expression of the calpain mutations might be controlled
by a second unlinked nuclear, or even a mitochondrial
locus (e.g., a modifier gene), which would be fixed in
the Reunion families. This model could thus account
for the multiple mutations in other small populations
reported by others (Bach et al. 1994; Rodius et al. 1994;
Heinisch et al. 1995) and might thus reflect a new gen-
eral genetic mechanism.
To conclude, this extensive genetic analysis of a reces-

sive form of LGMD has allowed a further restriction
of the candidate interval, which eventually led to the
identification of the disease locus (Richard et al. 1995),
thereby validating the experimental approach followed
to narrow the incriminated genetic interval. The recogni-
tion of LGMD2A carrier haplotypes among the two
populations examined could be valuable in the future
for presymptomatic, prenatal, or prenuptial diagnosis
of heterozygous and homozygous carriers and also to
recognize the involvement of the LGMD2A locus in
other LGMD families that share a common partial hap-
lotype with one of those already identified. Moreover,
this study also raised issues that are likely to apply to
other diseases.
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