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ABSTRACT Friedreich’s ataxia, the most frequent inher-
ited ataxia, is caused, in the vast majority of cases, by large
GAA repeat expansions in the first intron of the frataxin gene.
The normal sequence corresponds to a moderately polymor-
phic trinucleotide repeat with bimodal size distribution. Small
normal alleles have approximately eight to nine repeats
whereas a more heterogeneous mode of large normal alleles
ranges from 16 to 34 GAA. The latter class accounts for '17%
of normal alleles. To identify the origin of the expansion
mutation, we analyzed linkage disequilibrium between expan-
sion mutations or normal alleles and a haplotype of five
polymorphic markers within or close to the frataxin gene; 51%
of the expansions were associated with a single haplotype, and
the other expansions were associated with haplotypes that
could be related to the major one by mutation at a polymor-
phic marker or by ancient recombination. Of interest, the
major haplotype associated with expansion is also the major
haplotype associated with the larger alleles in the normal size
range and was almost never found associated with the smaller
normal alleles. The results indicate that most if not all large
normal alleles derive from a single founder chromosome and
that they represent a reservoir for larger expansion events,
possibly through ‘‘premutation’’ intermediates. Indeed, we
found two such alleles (42 and 60 GAA) that underwent
cataclysmic expansion to pathological range in a single gen-
eration. This stepwise evolution to large trinucleotide expan-
sions already was suggested for myotonic dystrophy and
fragile X syndrome and may relate to a common mutational
mechanism, despite sequence motif differences.

Friedreich’s ataxia (FRDA), an autosomal recessive disease, is
the most frequent inherited ataxia, with a prevalence esti-
mated at '1 to 50,000 and a calculated carrier frequency of '1
into 120 in the Caucasian population (1–5). We identified
recently by positional cloning the defective gene, named
frataxin, that encodes a protein of unknown function (6).
FRDA is caused, in nearly all cases (97%), by an unstable
GAA repeat expansion in the first intron of the frataxin gene.
The normal sequence corresponds to a polymorphic repeat of
'8–30 GAA. Pathological alleles were shown to have 120-
1700 repeats (6–8). The disease is caused by a loss of function
of the frataxin protein, as shown by reduction of mRNA level
in lymphoblastoid cell lines of patients, and in few cases by
point mutations leading to a truncated protein (6).

The fragile X syndrome and myotonic dystrophy are also due
to large expansions of trinucleotide repeats. They are charac-
terized by the existence of unstable alleles (named premuta-
tions in fragile X syndrome) that have no pathologic effect but

that may lead in one or two generations to the disease-causing
alleles (9). Furthermore, in these diseases, linkage disequilib-
rium between disease alleles and flanking markers results from
ancestral events that create normal alleles predisposed to
mutate, over many generations, to truly unstable alleles (10,
11). We wanted to see if similar mechanisms occurred in
FRDA. In particular, because this is a recessive disease, there
is no strong selection pressure on pathological alleles (unlike
in myotonic dystrophy or fragile X syndrome). Significant
linkage disequilibrium was initially detected in French and
Italian FRDA patients using markers now known to lie at 700
and 500 kb from the frataxin gene (12–14). A stronger
disequilibrium, suggestive of a major founder effect, was
detected further by analysis of a biallelic marker located 120 kb
telomeric to the frataxin GAA repeat (15). To define the
origin of the founder event, we analyzed a haplotype of five
polymorphic markers within or close to the frataxin gene in
normal and expanded repeats. Our data indicate that a
founder event, accounting for more than 85% of present
mutations, was related to the occurrence of large normal (LN)
alleles rather than disease-causing expansion. We also found
evidence for premutation alleles in two families and could
estimate by direct analysis the frequency of heterozygotes for
large expansions in the French population.

MATERIALS AND METHODS
Population Studied. The frequency of the GAA expansion in

the normal population was evaluated from available Southern
blots carrying EcoRI digests from 730 independent French
individuals and by PCR analysis of 121 parents or grandparents
from 39 families from Centre d’Étude du Polymorphisme Hu-
main (CEPH). Analysis of GAA repeat length in normal alleles
was performed in 258 families (175 FRDA families and 83 control
families including the 39 from CEPH). Inheritance of the GAA
repeat expansion was studied by PCR in the FRDA families. The
PCR technique did not allow the identification of intrafamilial
size variation of large expansions but allowed the identification of
large alleles (normal or premutation).

Sixty five FRDA families and 23 control families (including
19 CEPH families) were selected for haplotype analysis to have
important representation for each of the three GAA repeat
groups: small normal (SN), LN, and expansion; 95% of
families analyzed for haplotyping were of French or Western
European origin. The remaining families were from Yemen
(one family) and North Africa (four families).

Analysis of GAA Repeats. Identification of normal alleles,
premutations, and expansions was done by PCR analysis, using
the primers described (8). Cycling conditions were 30 cycles
with the following steps: 94°C for 10 s, 60°C for 20 s, and 68°C
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for 2 min, in PTC-100 (MJ Research, Cambridge, MA). PCR
products were separated on a 1% agarose gel and transferred
onto a Nytran N1 membrane (Schleicher & Schuell). Blots
were hybridized with a (GAA)10 oligoprobe end labeled with
(g32-P)ATP and autoradiographed.

Twenty six SN and 65 LN alleles identified on agarose gels
were further sized on sequencing 5% polyacrylamide gels,
using end labeling of the forward primer. The number of GAA
repeats was estimated by comparison with PCR fragments of
known GAA repeat length. The size of the repeat was esti-
mated with plus or minus one GAA repeat accuracy due to the
variable poly A track (n 5 14–17) preceding the GAA repeat.

The number and nature of the repeats in different normal,
premutated alleles and in a small pathological expansion were
determined by direct sequencing (Applied Biosystems). The
PCR fragments were separated on agarose gel and purified
with the Geneclean kit (Bio 101) before sequencing.

Haplotype Analysis. For three markers previously de-
scribed, FAD1 (15, 16), F5225, and CS2 (17), new primers were
designed (Table 1). Glycerol (10%) was added for CS2 and
FAD1 PCR. SSCP analysis of frataxin exons 3 and 5 (6)
revealed two CyT polymorphisms, ITR3 and ITR4, located
immediately after frataxin exon 3 and immediately before exon
5, respectively (Table 1). Polymorphism analysis of ITR3,
ITR4, and FAD1 was performed by allele-specific oligonucle-
otide hybridization (Table 1 and refs. 18 and 19). CS2 poly-
morphism was analyzed by Fnu4HI digestion of the PCR
products (17). Haplotypes were constructed by inspection of
pedigrees. In ,10% of cases, haplotypes could not be com-
pleted because of uncertain phase determination.

Statistical Analysis. Frequencies of alleles and haplotypes
were compared between samples by x2 test of homogeneity or
by Yates corrected x2 when appropriate. Significance levels
were corrected for multiple comparison Bonferroni correc-
tion as follows: a9 5 ak, where a9 is the corrected significant
level and k is the number of comparisons. Corrected signifi-
cance levels are indicated as P levels.

RESULTS
Distribution of the GAA Repeats in the Population. We

screened 851 independent individuals from non-FRDA fam-
ilies for large GAA expansions in the frataxin gene. Seven
hundred and thirty French individuals were analyzed on
Southern blots of EcoRI digests. Because of the size of the
normal EcoRI fragment (8.2 kb), only expanded alleles with
more than 100 GAA can be discriminated from the normal
ones. One hundred and twenty-one independent parents or
grandparents from 39 CEPH families were analyzed by a more
discriminating PCRyblot method (see Materials and Methods).
We found 11 expansions, 10 by Southern blot and one by PCR.
One of them, carrying 95 pure GAA, might not be disease-

causing (the smallest expansion we found in a patient was '112
GAA; ref. 7).

Sizing of normal alleles was performed by PCR analysis on
498 independent chromosomes from 258 families (see Mate-
rials and Methods). This showed a bimodal distribution: 414
(83%) contained '9 GAA repeats, and 84 (17%) were LN
alleles of 16 or more repeats. A more accurate sizing was
performed on sequencing polyacrylamide gels on 26 SN alleles
and on 65 LN alleles. SN alleles ranged from 7 to 12 repeats,
[(GAA)9 accounting for 50% of them], and LN alleles ranged
from 16 to 34 repeats (Fig. 1). Five SN and 12 LN alleles were
sequenced. All contained pure GAA repeats except two, a
33-repeat allele [(GAA)15(GAGGAA)7(GAA)4] and a 55-
repeat allele [(GAA)14 (GAG GAA)7 (GAA)8 G (GAA)19].
The last one was found on the normal chromosome of a healthy
50-year-old carrier of a pathological expansion on the other
chromosome. The first of these repeats was carried on a
haplotype (CT3CC) very rarely found on expanded alleles (see
below). For the second allele, the haplotype could not be
determined unambiguously in its entirety [AT3C(CyT)]. The
presence of a common internal T3C haplotype suggests that
these two imperfect repeat alleles may have a common origin.

Unstable GAA Repeat Transmission. Analysis of parents of
patients homozygous for the expansion also revealed that two (of
193 parents tested) did not have an expansion in the disease-
causing range. Transmission of these alleles was studied in these
families by Southern blot using the BsiHKAI digest (which is
more discriminating than the EcoRI digest; ref. 7) (Fig. 2). In the
first case, the father had a LN allele ('20 GAA) and an allele of
'60 GAA repeats. Equal intensity of the bands suggests that
there was no mosaı̈cism for larger repeats. His two affected
children were homozygous for large expansions, the smallest one
being 400 and 630, respectively (Fig. 2A). In family B, the father
had a SN allele and an allele of 42 pure GAA. His affected child
was homozygous for large expansions, with 300 GAA in the
smallest allele. A paternal aunt had a 38-GAA allele that in-
creased to 62 GAA upon transmission to her son (Fig. 2B). In
both families, the mother carried a large expansion ('800 GAA).
We thus assumed that the fathers contributed to the smallest
pathological alleles in affected children. There were no healthy
siblings in the two families to look for additional segregation of
the paternal intermediate allele. In both families, transition of the
intermediate allele (premutation) to a large expansion within the
pathological range was confirmed by haplotype analysis (data not
shown), excluding false paternity. On the other hand, in another
family, a pathological allele of about 112 repeats (the smallest
disease causing one) did not change appreciably in four trans-
mission events (Fig. 2C). Sequencing of this stable expansion
revealed that it is interrupted by a (GAAAGAA)2 sequence at
'20 repeats from the 39 end, leaving a stretch of '90 pure GAA.
We also verified transmission of LN alleles (16–33 GAA) in 18

Table 1. Polymorphic markers close or within the frataxin gene

Marker Polymorphism

PCR

Polymorphism
detectionPrimers

Annealing,
°C

Size,
bp

ASO

Probes Washing

CS2 CyT F: AGCCTTTTCCATCACAGCA 50 137 FnuH4I; RFLP
R: GGTCACATTCTGTGGTGACA

ITR3 CyT F: AAAATGGAAGCATTTGGTAATCA 55 231 ASO TTTTATTTTTCTGTTTCC RT
R: AGTGAACTAAAATTCTTAGAGGG TTTTACTTTTCTGTTTCC

F5225 (TCTA)n(TCCA)n F: AGAGTCACAACAAGCCTGGTA 58 225 Acrylamide gel
R: CGGGAGGTGAAGGTTGCAGT

ITR4 CyT F: TCGTATAACTCTTCTTAGATGC 53 340 ASO TTACTCCAGTTAATTTCTTGG 54°C
R: TGTCCTTAAAACGGGGCT TTACTCCAGTCAATTTCTTGG

FAD1 AyC F: TCCCAAAATCTTACCATTGC 51 225 ASO TCATCTCCCTGTGAG RT
R: ACCAGTAACTAGGTTGATGAG TCATATCCCTGTGAG

F, forward primer; R, reverse primer; RT, room temperature; ASO, allele-specific oligonucleotide hybridization; RFLP, restriction fragment
length polymorphism.
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meioses and found size variation in only one case corresponding
to a paternal change from 28 to 29 repeat units (data not shown).

Pathological Expansions and LN Alleles Share the Same
Linkage Disequilibrium. A strong linkage disequilibrium re-
cently was reported using a single biallelic marker (FAD1)
located 120 kb telomeric to the GAA repeat. The A allele
associated to 83% of FRDA chromosomes (not typed for the
GAA expansion) was present only on 23% of normal chro-
mosomes (15). To clarify the origin of this linkage disequilib-
rium and of the GAA expansions, we analyzed haplotypes of
five markers (Fig. 3 and Table 1): FAD1 and four markers that
are closer to the GAA repeat, including two intragenic biallelic
polymorphisms that were not previously described (ITR3 and
ITR4). A third intragenic marker is the microsatellite F5225
(17). The last marker, CS2 is biallelic and located 40 kb
centromeric to the GAA repeat (17).

Because normal alleles show a bimodal distribution of GAA
repeats, we analyzed separately haplotypes associated to each
mode (SN and LN) and compared them to the haplotypes linked
to pathological expansions (E). All markers but CS2 showed
strong linkage disequilibrium with E when compared with SN
chromosomes, and a similar linkage disequilibrium appeared for
LN compared with SN chromosomes. No significant difference
was observed between LN and E chromosomes (Table 2).

Haplotypes of the five markers (FAD1-ITR4-F5225-ITR3-
CS2) were constructed for 139 SN, 57 LN, and 106 E repeat alleles
(Table 3). A single haplotype, AT2CC, was found associated with
50.9% of the E and 45.6% of the LN chromosomes whereas it was
very rare among SN repeats (0.7%; P ,, 0.001; Table 3). Two
others haplotypes, AT3CC and AT2CT, although less common,
also were associated with the LN (respectively, 8.8 and 21.1%)
and E alleles (20.8 and 14.2%) (Table 3); the association is
significant at P , 0.001 (corrected for multiple comparison) when
the SN alleles are compared with pooled LN and E alleles. These
three haplotypes that differ from each other at a single marker
(either the intragenic microsatellite or the flanking centromeric
polymorphism) account collectively for 75.4% and 85.8% of LN
and E alleles, respectively, and only for 3.6% of SN alleles. The
same major haplotypes were found among the LN and E alleles
in European and in a small number of non-European families
tested. On the other hand, the four major haplotypes associated
with the SN alleles [CC2TC (18.0%) CC3TC (15.8%), CT1CC
(10.8%) and CC1CC (7.2%)] were rarely or never associated with
the E or LN alleles. These results suggest that the same initial

event that occurred on the AT2CC haplotype is at the origin of
the LN alleles and the expanded alleles.

DISCUSSION
Trinucleotide repeat expansion is a mutational mechanism found
in an increasing number of inherited diseases, including the
fragile X syndrome, myotonic dystrophy, and Huntington disease
(9). In the majority of these, decreased genetic fitness of patients
and anticipation associated with a propensity for increased repeat
length in succeeding generations leads to loss of expanded alleles
over generations. It was therefore unexpected to find strong
linkage disequilibrium between disease alleles and close flanking
markers, which are an indication of a founder effect (10, 20–26).
This led to the conclusion that the negative selection may be
compensated by a (continual) renewal of the larger expansions
from a pool of smaller, nonpathologic alleles near the upper limit
of the normal size range (10, 11, 27). In myotonic dystrophy, the
LN alleles were shown by linkage disequilibrium analysis to have
arisen most likely from a single initial event [a jump from a
(CTG)5 allele to a 20- to 30-CTG allele] in Caucasian populations
(11, 24, 28). Similarly, in Huntington disease, dentatorubral–
palidoluysian atrophy (DRPLA) and spinocerebellar ataxia type
3yMachado-Joseph disease, haplotypes associated preferentially
or uniquely with pathological alleles also are associated prefer-
entially to LN alleles (29–32). Furthermore, in myotonic dystro-
phy, Huntington disease, and DRPLA, the incidence of the
disease in various populations is strongly correlated with the
frequency of the LN alleles. This accounts for instance for the
very low incidence of myotonic dystrophy in African populations
or of DRPLA in European populations (29, 31, 33, 34).

In FRDA, however, there should be very little negative selec-
tion on the expansion mutation because of the autosomal reces-
sive inheritance of the disease. Heterozygote carriers may have
propagated unselected expansion mutations in the European
population at a relatively high frequency. Because the nature of
the trinucleotide repeat GAA is different from the CGG or
CAGyCTG repeats found in the other diseases, it was of interest
to analyze the natural history of the expansion process in FRDA.

Detection of the FRDA expansion mutation allows a direct
measurement of carrier frequency in the general population. The
number of disease-causing expansions found in the Caucasian
population we studied (10y851) predicts a carrier frequency of
1y85 (confidence interval of 1y53–1y222) and a disease incidence
of 1y29,000 (with, however, a wide confidence interval of
1y11,000 to 1y200,000), which is within the upper range of
previous estimations based on epidemiological studies (1–5). In
fact, FRDA expansions have been found associated with a
broader spectrum of clinical presentation than the classic form of
the disease (35), including patients with adult onset, incomplete
presentation, or retained reflexes (7, 8). This suggests that the
true incidence of FRDA may be higher than previously estimated.
Furthermore, premutations of 40 or more pure GAA may give
rise, in a single generation, to pathological alleles, as we have
observed in two Friedreich ataxia families. One such intermedi-
ate-sized allele (95 GAA) was found in the general population,
but pure alleles in the 40–90 range were not discriminated in our
screening of EcoRI blots and were not found in 498 normal
chromosomes analyzed by PCR. Contribution of such premuta-
tions to the disease incidence will require definition of both the
frequency of such alleles and their risk to expand in the next
generation. One would also have to take into account the small
proportion of point mutations that can cause the disease.

We traced back the origin of FRDA expansions by analysis of
linkage disequilibrium with five markers present in a 160-kb
region encompassing the GAA repeat. We found that haplotype
AT2CC is associated with 45–50% of E and LN alleles whereas
it is extremely rare in SN alleles. The two second most frequent
haplotypes associated with both E and LN alleles differ from the
major AT2CC haplotype at only one position and most likely are
derived by marker mutation rather than by independent events on

FIG. 1. Distribution of the GAA repeat sizes observed in control
chromosomes. The GAA repeat is moderately polymorphic among
normal alleles. The distribution is bimodal; most (83%) alleles contain
around nine repeats (7–12), and 17% are LN alleles of 16 repeats or
more. Accurate sizing was determined on 26 SN and 65 LN GAA
alleles by denaturing polyacrylamide gel migration.
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distinct haplotypes. Haplotype AT3CC can be accounted by
slippage at microsatellite marker F5225, and haplotype AT2CT
may be accounted by C-to-T mutations at the CS2 CpG dinu-
cleotide or by recombination. Linkage disequilibrium with hap-
lotypes AT2CC, AT3CC, and AT2CT, which account for '80%
of LN and E alleles and only 4% of SN alleles, therefore
represents a founder event that is related to the transition from
a SN to a LN GAA repeat, which in turn served as a pool for
further repeat length variations, including transition to disease-
causing expansions. Most or all of the remaining few haplotypes
that were found associated with GAA expansion may also derive
from the same founder haplotype. Most can be accounted by a
single event occurring on the AT2CC haplotype, either by
slippage at the F5225 microsatellite (AT1CC) or by distal recom-
bination either with the distant FAD1 marker (CT2CC) or with
marker ITR4, which is '40 kb telomeric to the GAA repeat
(CC2CC, AC2CC). Recombination can indeed occur between
FAD1 or CS2 and the intragenic markers as indicated by their
linkage equilibrium with adjacent markers on the SN alleles. The
other rare haplotypes might be related by double mutational or

recombination events on the AT2CC haplotype because they
always share allele T at ITR4 and allele C at ITR3. It is interesting
to note that the smallest linkage disequilibrium was observed for
the microsatellite F5225 and the CS2 CpG polymorphism, which
are only 25 kb telomeric and 40 kb centromeric to the GAA
repeat. This is most likely due to the relative instability of such
markers. Although the greater informativeness of microsatellites

FIG. 2. Transition from premutation to pathological expansion documented by BsiHKAI Southern blot analysis. (A and B) Transition of paternal
intermediate alleles (not in the disease-causing range) to pathological size expansions in offspring. In both families, haplotype analysis allowed us
to exclude false paternity (data not shown). (A) In this family, the father has an allele of '60 repeats and his two children are homozygous for
expansions in the pathological range. (B) Variable transmission of a premutation within a family. A patient homozygous for GAA expansion
inherited an allele from his father carrying a 42 pure GAA repeat allele. A paternal aunt has a 38-GAA allele that increased to 62 GAA upon
transmission to her son. Analysis was on a single blot, and the picture was cropped for clarity. (C) Stable transmission of the smallest pathological
allele. The half black symbols correspond to the transmission of large expansions and the half shaded symbols to the small expansions, as
demonstrated by haplotype segregation (not shown). The small expansion (arrow) was transmitted relatively stably to two siblings (lanes 2 and 3)
carrying '112 repeats, to the third sister (deduced) and one of her daughters (lane 6) carrying '135 repeats. Lanes: 4 and 5, affected children
homozygous for larger expansions, in the same family; 1, unrelated individual heterozygous for the GAA expansion; and 7, unrelated control.
Samples were analyzed on two separate blots, and unrelated lines were cut out.

FIG. 3. Localization of the markers used for haplotype analysis.
Transcription map of the frataxin gene (6) and ZO2 gene (16) is
represented. The GAA repeat in intron 1 is indicated (É). The
localization of the five polymorphic markers used for linkage disequi-
librium analysis is indicated (arrows). FAD1 is located in a 59 exon of
the ZO2 gene (15). The exons and splicing pattern of the frataxin
(X25) gene are represented.

Table 2. Distribution of allele markers in each class of GAA
repeat length

Marker Allele

Chromosome

SN LN E

n % n % n %

FAD1 C 144 91.1 8 12.9 11 10.3
A* 14 8.8 54 87.1 96 89.7

ITR4 T* 49 30.4 57 91.9 103 95.4
C 112 69.6 5 8.0 5 4.6

F5225† 21 3 0 0
0 2 1 0
1 42 27.3 7 11.5 4 3.74
2* 57 37.0 46 75.4 78 72.9
3 44 28.6 7 5.8 25 11.7
4 3 0 0
5 2 0 0
6 1 0 0

ITR3 C* 76 49.4 58 96.7 107 100
T 78 50.6 2 3.3 0

CS2 C 114 75.0 43 71.7 89 84.0
T 38 25.0 17 28.3 17 16.0

In a minority of cases, alleles could not be characterized because of
noninformative markers for phase determination.
*Significantly associated with LN (P , 0.001) and E (P , 0.001)

chromosomes.
†Alleles are numbered by decreasing number of (TCTA)n 1 (TCCA)n
repeats, with allele 21 having 19 tetranucleotide repeats, according
to the initial description of this microsatellite (17). x2 calculation was
performed with the allele 2 compared to the pooled other alleles.

Genetics: Cossée et al. Proc. Natl. Acad. Sci. USA 94 (1997) 7455



is an asset in linkage studies, they are not as reliable as biallelic
markers for linkage disequilibrium studies related to ancient
events. The frequency of the LN alleles in the normal population
(17%) indicates that the initial founder event is very ancient. We
indeed found similar haplotypes (AT[2y3]C[CyT]) in a small
number of North African and Yemenite individuals carrying LN
or expanded alleles. This suggests that the founder event dates
before the split of these populations.

We found no significant difference between haplotype distri-
bution of LN alleles and expansions. Although the number of
haplotypes tested is still relatively small, this suggests that unsta-
ble alleles derive from LN alleles by recurrent events rather than
by a very small number of secondary founder events. On the other
hand, the previous finding of significant linkage disequilibrium
with markers located 700 to 500 kb from the GAA in French,
Italian, Tunisian, Reunion island, and Cajun patients (12, 14, 36)
suggests that such secondary events generating unstable alleles
(premutated) are not very frequent. By comparison with esti-

mates made on the age of BRCA1 mutations showing linkage
disequilibrium over comparable distances (37), we suggest that
the secondary events accounting for the most frequent extended
haplotypes seen in FRDA patients of such populations could be
at least 30 generations old.

We have identified, in two families, alleles at 42 and 60 GAA
that have undergone expansion to pathological size in a single
paternal transmission. In one of the two families, a 38-GAA allele
expanded to 62 by maternal transmission. This gives a lower size
limit for the truly unstable alleles that appear to be in the same
range than for myotonic dystrophy (38) or pure CGG repeats (39,
40) in fragile X syndrome. These two families, selected by the
occurrence of affected siblings, may however not be representa-
tive of premutation instability but rather represent extreme cases
of dramatic size change between two generations. Because of this
selection bias, it is not possible to infer the risk of alleles in the
premutated size range to expand during offspring transmission.
Other factors may influence stability; we observed a fairly stable

Table 3. Frequencies of haplotypes on SN, LN, and E GAA repeat alleles

Chromosome

Haplotype SN LN E

GSF1 ITR4 F5225 ITR3 CS2 n % n % n %

A T 2 C C 1 0.7 26 45.6 54 50.9
A T 3 C C 0 5 8.8 22 20.8
A T 1 C C 1 2 1
A T 2 C T 4 2.9 12 21.1 15 14.2
A T 3 C T 1 0 1
A T 1 C T 1 4 0
C T 2 C C 7 1 3
C T 3 C C 4 2 2
C T 1 C C 15 10.8 0 0 3 2.8
C T * C C 3 0 0
C T 2 C T 1 1 1
C T † C T 6 0 0

‡ T ‡ C ‡ 44 31.7 53 93.0 102 96.2

C C 2 C C 6 0 2
C C 3 C C 1 0 0
C C 1 C C 10 7.2 0 0 0 0
C C * C C 1 1 0
C C ‡ C T 3 0 0
A C ‡ C C 3 1 2§

‡ C ‡ C ‡ 24 17.3 2 3.6 4 3.8

C C 2 T C 25 18.0 2 3.6 0 0
C C 3 T C 22 15.8 0 0 0 0
C C 1 T C 2 0 0
C C * T C 1 0 0
C C 2 T T 6 0 0
C C 3 T T 8 0 0
C C 1 T T 0 0 0
C C * T T 4 0 0
A C ‡ T T 2 0 0

‡ C ‡ T ‡ 70 50.0 2 3.6 0

‡ T ‡ T ‡ 1 0 0

Total 139 57 106

Frequent haplotypes are indicated in bold. Frequencies of AT2CC, AT3CC, AT2CT, and the other pooled haplotypes are significantly different
among SN, LN, and E chromosomes (x2 5 195.91, 6 df P ,, 0.001). They are not significantly different between LN and E, and we compared
their frequencies between SN and pooled LNyE chromosomes. Therefore, four comparisons were made, and we used the corrected significance
level a9 5 4a for calculation of the P values. AT2CC, AT3CC, and AT2CT were each significantly associated with pooled LN and E chromosomes
(corrected P , 0.001 in each case).
*Not 1, 2, or 3.
†Not 2.
‡All alleles.
§AC2CC.
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transmission of a '112 pure GAA repeat through two genera-
tions, indicating that not all GAA premutations or small expan-
sions undergo important size increase. However the GAA repeats
of this stable allele were interrupted by a (GAAAGAA)2 se-
quence that might stabilize the expansion. It remains to be seen
whether there are significant parental sex differences in the
instability of such alleles.

We have shown that the FRDA expansion mutations are
derived from a pool of LN alleles that accounts for '17% of
the normal alleles in Caucasian population. In dominant
expansion diseases such as myotonic dystrophy, Huntington
disease or DRPLA or in the fragile X syndrome, the frequency
of the disease in a given population is correlated with the
frequency of the LN alleles (29, 31, 33, 34, 41). However, in
these diseases, there is a significant decrease of genetic fitness
in carriers of pathological alleles, which is not the case in a
recessive disease. It will thus be of interest to see if there is
population variation in the frequency of the LN alleles at the
FRDA locus and if this is correlated with the disease fre-
quency. If the correlation is poor, this would suggest that the
transition of a LN allele to an unstable one is a very limiting
step. It will be important to test if, in non-Caucasian popula-
tions, FRDA also is caused predominantly by GAA expan-
sions, as point mutations in the gene can have the same
consequences, and whether such expansions share the same
ancestral haplotype. In conclusion, despite the different nature
of the repeat, we can conclude that the repeat size ranges
showing instability at the population level (reservoir for re-
current mutations) or showing instability within a family are
very similar in FRDA and in the fragile X syndrome, myotonic
dystrophy, and the CAGypolyglutamine expansion diseases.

We thank F. Plewniak for his help in statistical analysis, S. Vicaire
for sequencing, F. Ruffenach for oligonucleotide synthesis, and V.
Biancalana and J. C. Bouix. We are grateful to the clinicians who
referred their patients to us, particularly A. Brice, A. Dürr, F. Carteau,
E. Bieth, and P. Trouillas. This work was supported by funds from the
Association Française contre les Myopathies, Centre National de la
Recherche Scientifique, Institut National de la Santé et de la Recher-
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