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Abstract

The Friedreich’s ataxia locus (FRDA) maps on chromosome
9q13. Genetic data, obtained from a small number of recom-
bination events, indicated that the FRDA locus might be
located centromeric to the D9S15/D9S5 linkage group, the
most probable order being cen-FRDA-D9S5-D9S111-D9S15-
D9S110-qter. Recently, new centromeric markers have been
reported. Analysis of these markers allowed us to localize the
recombination breakpoint in some of the recombinant fami-
lies. However, only one proximal recombination has been
found with these markers. To increase the genetic information
from FRDA families, we have analyzed the centromeric mark-
ers FR1, FR2, FR7, FRS, and FRS in patients homozygous by
descent. These were ascertained because parents were consan-
guineous or because they were homozygous for the entire
haplotype D9S15 or D9S111-D9S5-D9S411E-D9S202. Hap-
lotype divergence for, at least, two contiguous markers was
observed in two patients homozygous for the core D9S111-
FR2 haplotype and in one third-degree consanguineous family
homozygous for haplotype D9S411E-FR5. Interpretation of
divergence as the result of ancient meiotic crossovers allowed
the definition of three new recombination events which place
the FRDA locus within the interval defined by markers
D9S411E and FR8. A consanguineous family with first-cousin
parents showed homozygosity only at D9S202 and FR2. Fur-
ther investigations are needed to discern whether two different
mutations are segregating in the family or whether two recom-
binations, one distal and one proximal, have taken place.
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Introduction

Friedreich’s ataxia is an autosomal reces-
sive neurodegenerative disease characterized
by selective loss of large myelinated fibers in
the peripheral nerves and by degeneration of
the spinocerebellar and posterior tracts at the
spinal cord. Clinical criteria for diagnosis in-
clude onset before the age of 25, progressive
ataxia of gait and limbs, areflexia, and dysar-
thria [1]. Hypertrophic cardiomyopathy is of-
ten associated with the disease and an in-
creased incidence of diabetes has been re-
ported. A variable incidence of 1-4/100,000
has been recorded in the European popula-
tion [2, 3]. The biochemical defect remains
unknown and efforts addressed to under-
stand the biological basis of the disease are
based upon isolating the Friedreich’s ataxia
gene (FRDA) by positional cloning. The
FRDA locus was assigned to chromosome
9q13 by tight linkage with marker loci D9S15
[4] and D9SS5 [5]. Linkage studies in several
European and North American populations
suggested that the FRDA locus lies within a
1-cM interval from D9S15 and D9SS [6-8],
which are 250 kb apart [9, 10]. Due to the
tight linkage between markers and the dis-
ease locus, no centromeric-telomeric orienta-
tion of the linkage group could be estab-
lished. Searches for recombination events
have been initiated in large series, and re-
combinations between some marker loci and
the FRDA locus were found in six families,
suggesting the order cen-FRDA - D9S5 -
D9S111 - D9S15 - D9S110 - gter as the most
likely [11, 12]. Recently, Rodius et al. [13]
developed a new generation of FRDA-linked
microsatellite markers that map proximal to
D9S5. Analysis of these markers in patients
homozygous by descent and in association
with founder haplotypes in isolated popula-
tions allowed the localization of three of the
five markers centromeric to the FRDA locus,

placing the disease locus in a cloned 450-kb
interval [13].

We report here the search for haplotype
recombinations in homozygous individuals
by looking for loss of homozygosity of FRDA-
associated marker loci in Spanish families.
We have found one distal and two proximal
ancient recombinations that support the hy-
pothesis that the interval between D9S411E
and FR8 markers is the critical region which
contains the FRDA locus.

Subjects and Methods

Families

Fifty-two Spanish families with classical Fried-
reich’s ataxia were studied. Essential diagnostic crite-
ria were confirmed in all patients, according to Hard-
ing [1]. In addition, all affected individuals underwent
electrocardiogram and/or echocardiogram, and elec-
trophysiological studies. A diagnosis of Friedreich’s
ataxia was confirmed for the 7-year-old sister of an
affected individual, because she demonstrated recent
lower limb hyporeflexia. Diagnosis was based on the
identification of the same D9S5/D9S15 haplotype
found in the affected sister [14]. DNA samples were
available from 76 affected and 64 unaffected children.
In 18 families, two or more affected individuals could
be sampled.

DNA Analysis

Genomic DNA was isolated from peripheral leuko-
cytes using a standard phenol-chloroform extraction
procedure. RFLP studies were performed by using dig-
oxigenin-labelled probes, as described elsewere [15].
Microsatellite markers were detected by silver staining
[16] of nondenaturing polyacrylamide gels after PCR
amplification according to the protocols given for each
marker. RFLPs analyzed were MCTI112/Mspl
(D9S15) [17], and 26P/BstXI (D9S5) [7] and, in some
cases DR47/Taqgl [18] (D9S5). Microsatellite markers
studied were MCT112/MS (D9S15) [7, 19], GS2
(D9S111) and GS4 (D9S110) [20], CA3 [21], FD1
(D9S411E) [22], MLSI (D9S202) [23], FR1, FR2,
FRS5, FR7, and FR8 [13].
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Results

A panel of 52 Spanish families, including
18 multiplex families, was analyzed for mark-
ers D9S15, D9S111, D9SS, D9S411E and
D9S202, looking for phase-known recombi-
nants. Two recombinant families, described
elsewhere [11), were detected. Both families,
LF1 and LF2, allowed the exclusion of the dis-
tal region to D9S111 for the FRDA gene loca-
tion. The recombination breakpoint in family
LF?2 was detected between markers D9S5 and
D9S15, whereas family LF1 was uninforma-
tive for all markers at D9S5, 26P and DR47,
D9S411E, and D9S202. Subsequent analysis
with the new proximal markers FR1 and FRS
was performed, and we could define the cross-
over breakpoint in family LF1 between
D9S111 and FRI1 in the paternal meiosis.
Since FR1 is nonrecombinant, genetic analy-
sis of this family supports the proximal loca-
tion of the disease locus. No further known-
phase recombination was observed in the re-
maining families.

In order to increase the genetic information
from our series, we searched for ancient re-
combinations through the analysis of loss of
homozygosity in consanguineous families and
in patients homozygous for the linked haplo-
type (D9S15 or D9S111)-D9S5-D9S411E-
D9S202. Eighteen such families were identi-
fied, amounting to 27 patients and 34 unaf-
fected sibs. Consanguinity was documented in
6 families (parents were first cousins in 2 fami-
lies and second cousins in 4 families). Patients
from 12 families showed homozygosity for the
(D9S15 or D9S111)-D9S202 haplotype.

Five new markers, FR1, FR2, FR7, FRS,
and FR5, were subsequently analyzed in these
families, including patients, normal siblings,
and parents when available. Figure 1 shows
patients’ homozygosity or heterozygosity at
the nine loci that we studied in the 18 fami-
lies. Patients from consanguineous families

and patients homozygous for haplotype
DIS15 or D9S111 to D9S202 are represented
in panel A and panel B, respectively. Figure 2
specifies each individual haplotype from the
relevant families, in which loss of homozygos-
ity was observed. Among the known consan-
guineous families, two had affected children
with limited homozygosity (fig. 1, panel A).
Individual LF38.5 was homozygous only for
markers D9S202, FR1 and FR2 (fig. 2B) and
individual LF64.3 was homozygous only for
the proximal flanking marker FRS and the
distal flanking markers D9S5 and D9S411E
(fig. 2D). Parents of patient LF38.5 were first
cousins while parents of LF64.3 were second
cousins. The possibility of two independent
segregating mutations in both families must
be taken into account. But regions of hetero-
zygosity in individual LF38.5 might also re-
flect ancient recombinations from a grandpa-
rental haplotype, as discussed below. The four
other known consanguineous families (LF2,
LF16,LF46, and LF74) showed extensive evi-
dence of homozygosity in the patients, in
agreement with their parents cousinship.
Nonrecombinant patients from family LF2
were homozygous for the interval between
D9S15 (MCT112/MS polymorphism) and
FRS5 (Chamberlain et al. [11], and this study)
except for the RFLP 26P/BstXI at D9S5
(fig. 2A). For more information, we analyzed
the microsatellite CA3 that maps 20 kb proxi-
mal to D9S111 [21] and heterozygosity was
observed again. As the parents are second
cousins and two contiguous markers showed
loss of homozygosity, this finding confirmed
that the interval between CA3 and D9S5 does
not contain the FRDA locus. Patients from
family LF46 were homozygous for all markers
tested but FR7 (fig. 2C). The same finding
was observed in family LF36 (fig. 1, panel B),
where the affected patient was homozygous
for 7 markers, 6 of which were contiguous, but
heterozygous at FR7 and D9S15. Whether
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these represent ancient recombination events,
where the proximal FRS5 locus gained the
same allele as the one on the ancestral haplo-
type linked with the disease, or represent mi-
crosatellite mutations at FR7 by slippage, is
not clear and needs further investigation.
More interesting, analysis of FR markers
in patients homozygous for the haplotype
(D9S15 or D9S111)-D9S5-D9S411E-D9S202

showed loss of homozygosity for at least two
contiguous proximal markers in two families,
in which FR1 and FR2 remained homozy-
gous. Homozygosity by chance for D9S111 to
FR2 is expected to occur with a frequency of
3 x 10-3[13, 24], despite linkage disequilib-
rium between D9S5 and D9S411E and be-
tween MLS1 and FR1 at D9S202. It is there-
fore a good argument in favor of homozygosi-
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Fig. 1. Status of patients from each family for each
locus, shown by shading of the appropriate square.
Panel A = documented consanguineous families; panel
B = families with patients homozygous for the core
D9S15 or D9S111-D9S202 haplotype.

Fig. 2. Pedigree and haplotypes of consanguineous
families and families homozygous for the haplotype
D9S15 or D9S111 to D9S202, for which allelic diver-
gence at some markers has been observed.
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ty by ancient nondocumented consanguinity,
where divergence at two contiguous markers
represents ancient recombinations, as slip-
page at the two or more microsatellites would
be extremely unlikely. Patient LF49.4
(fig. 2E) was heterozygous at FR7 and FRS5.
FR8 remained homozygous, which suggests
that the inferred recombination occurred be-
tween FR8 and FR7 and would place FR7
proximal to FR8. Divergence from homozy-
gosity at FR8, FR7, and FR5 was observed in
patient LF53.3 (fig. 2F). Taking both patients
together, the region beyond FR8 towards the
centromere was excluded as containing the
FRDA locus. A third patient in family L F18
was heterozygous at FRS5. Lack of more DNA
samples prevented further genetic analysis in
this family (fig. 2G). The patients from the
other eight families with homozygosity for the
haplotype (D9S15 or D9S111) to D9S202
were all homozygous for the FR markers, con-
firming homozygosity by descent in these
families (probability for homozygosity by
chance being about 2 x 10-4 in patient from
family LF50, heterozygous at D9S111, and
less than 10-4 in the other families).

Discussion

Since its mapping on chromosome 9 in
1988 [4], the search for the FRDA gene has
been largely based on the positional cloning
strategy. Taking the D9S15/D9S5 linkage
group as a starting point, new polymorphic
linked markers have been reported [20-23],
and different genetic strategies have been pro-
posed to orient the linkage group on chromo-
some 9q and to map the FRDA locus relative
to D9S15/D9S5. Early linkage disequilibrium
studies did not support a stronger allelic asso-
ciation of the FRDA locus with any loci [3,
25]. Later, by analyzing 140 French and Ital-
ian families, Sirugo et al. [24] obtained evi-

dence of a stronger allelic association between
FRDA and D9S5, which decreased towards
D9S110. The finding of six recombinant fam-
ilies [11, 12], indicated that the FRDA locus
might be located centromeric to D9S15/
D9S5, the most probable loci order being
cen-FRDA-D9S5-D9S111-D9S15-D9S110-
qter. Proximal markers, FD1 (D9S411E) [22]
and MLS1 (D9S202) [23], were isolated, but
no recombinations of known phase were ob-
served in the region. To obtain more genetic
information from our panel of FRDA fami-
lies, we started the search for ancient recombi-
nation events based on the homozygosity
mapping strategy [26]. This approach is based
on the fact that patients from consanguineous
marriages will be preferentially homozygous
by descent at the disease locus and, conse-
quently, for an extended linked haplotype.
Therefore, loss of haplotype homozygosity
can be interpreted as the result of ancient
recombinations. The same strategy can be ap-
plied to patients where homozygosity of
linked haplotypes can prove unknown ancient
consanguinity.

Very recently, a new set of proximal micro-
satellite markers have been reported by two of
us [13]. By typing a previously described re-
combinant family [12] with these markers,
Rodius et al. [13] placed FR1 distal to FRDA.
Moreover, analysis of haplotype divergence in
patients homozygous by descent and in popu-
lations with a strong founder effect, allowed
the definition of FR7/FR8 and FRS5 as proxi-
mal flanking markers, and placed the FRDA
locus in a 450-kb interval between FR1 and
FR7/FR8[13].

We analyzed FR1 and FR5 markers in our
52 FRDA families, looking for known-phase
distal and proximal recombinations, respec-
tively. None were found. We could place,
however, the recombination breakpoint in
family LF1 between FR1 and D9S111, indi-
cating that the FRDA locus maps centromeric
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to D9S111. We then decided to scrutinize our
FRDA families with known or suspected con-
sanguinity for homozygosity with all the new
centromeric markers FR1, FR2, FRS, FR7
and FR5. Eighteen families were analyzed, 6
with known consanguinity and 12 where ho-
mozygosity of markers D9S15 or D9S111 to
D9S202 suggested an ancient relationship. In
11 families, homozygosity was found with all
FR markers. Of the remaining seven families,
six were also homozygous with FR1 and FR2,
but had loose homozygosity at FR8 and/or
FR7 and/or FRS. Several explanations may
account for this loss of homozygosity: recom-
binations, microsatellite mutations (slippage),
and different mutations sharing a limited ha-
plotype by chance.

Heterozygosity observed with two and
three contiguous markers in two families ex-
cludes the possibility of microsatellite muta-
tions, as having multiple such events is very
improbable. Homozygosity by chance is 6 X
10-4 and 3 x 10-3, respectively, and seems
also unlikely. In fact, among more than 200
healthy individuals, none was found to be
homozygous for the entire haplotype D9S15
or D9S111 to FR2. In both cases, loss of
homozygosity seems, therefore, to be the re-
sult of ancient recombinations, placing the
FRDA locus distal to FR7/FRS8. In addition,
loss of homozygosity at FR7-FR5 and not at
FRS8, in one of these families, would place
FRS8 distal to FR7, as the closest proximal
FRDA flanking marker.

Loss of homozygosity at a single locus can
be explained either by recombination or mi-
crosatellite mutation. Possible FR7 and FRS5
mutations were described in founder haplo-
types of isolated populations [13], with varia-
tions implying only one CA change. For the
two FR7 divergences described here, slippage
would imply a (CA); length variation.

Homozygosity limited to only a few mark-
ers in patients with known cousinship poses

the problem of whether or not the disease is the
consequence of consanguinity. In one family,
parents were second cousins and homozygosi-
ty was restricted to FRS and D9S411E-D9SS,
both regions being rejected as containing the
FRDA locus [13]. According to Lander and
Botstein [26], the chance for not being homo-
zygous by descent (i.e. being affected due to
random meeting of disease alleles) is 0.22,
assuming a disease allele frequency of 1/220
[2, 3], which is probably the case in this family.
In the other family, parents were first cousins
and the chance for not being homozygous by
descent is only 0.06. An alternative explana-
tion would be two recombinations, one proxi-
mal and one distal, placing the FRDA locus
between D9S411E and FR8, as homozygosity
was found at D9S202 (MLS1 and FR1) and
FR2. The probability of two recombinations is
low but, interestingly, this genomic region in-
cludes the actual FRDA candidate region. In
addition, the homozygous patient haplotype
MLS1-FR1-FR2 3-2-8 is in high linkage dis-
equilibrium with the FRDA mutation in the
Spanish population (p = 0.0002). This haplo-
type accounts for 37% (24/64) of FRDA chro-
mosomes and 7% (4/56) of normal chromo-
somes [unpubl. data]. Both observations
would support the two-recombinations expla-
nation. On the other hand, false paternity is
unlikely because there are two affected sibs.
Lack of linkage to chromosome 9 is also un-
likely, since no evidence of a second locus for
Friedreich’s ataxia has been reported. Vita-
min E deficiency linked to chromosome 8q
[27, 28] was discarded because the patient had
normal serum vitamin E values (15 pg/ml;
normal range: 4-24 pug/ml). Nevertheless, fur-
ther studies are required to solve this issue.
This will be of interest, as the second possibili-
ty would corroborate the position of the FRDA
locus in a small interval.

We have shown that investigating loss of
homozygosity in FRDA patients homozygous
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by descent can be useful to find new recombi-
nation events. Application of this approach
has improved the genetic information ob-
tained from our FRDA families, increasing
the number of informative recombinations
between the FRDA locus and linked markers.
These events would place the FRDA locus
within the interval defined by D9S411E and
FR8 markers, supporting the recent results by
Rodius et al. [13]. Investigations with new
markers mapping in that interval will allow us
to narrow down the FRDA locus for position-
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