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Haplotype analysis is a powerful approach to understand the spectrum of 
mutations accounting for a disease in a homogeneous population. We show 
that haplotype variation for 10 markers linked to the Friedreich ataxia locus 
(FRDA) argues in favor of an important mutation homogeneity in the Spanish 
population, and positions the FRDA locus in the region where it has been 
recently isolated. We also report the Finding of a new single nucleotide poly
morphism called FAD 1. The new marker shows a very strong linkage disequi
librium with Friedreich ataxia (FA) in both the Spanish and French popula
tions, suggesting the existence of an ancient and widespread FRDA mutation. 
Inclusion of FAD 1 in the extended haplotype analysis has allowed to postulate 
that this main FRDA mutation could account for 50-90% of the disease chro
mosomes. The results indicate that FA, despite clinical heterogeneity, could 
have originated from a few initial mutations.
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demonstrated by linkage to the anonymous markers 
D9S15 and D9S5 [3-5], including the clinical variants 
late-onset Friedreich ataxia (LOFA) [6] and Friedreich 
ataxia with retained deep-tendon reflexes (FARR) [7]. 
Expansion of the physical map allowed to isolate a large 
collection of linked markers [4, 8-13], spanning around 
900 kb on chromosome 9ql3 (fig. 1). FRDA was progres
sively narrowed down to a 150 kb region [10, 12-18] 
where the FRDA gene has been finally isolated [19].

Many genetic and physical strategies have been used to 
aid the positional cloning of the gene. Haplotype analysis 
can be an effective tool to predict the location of disease

Introduction

Friedreich ataxia (FA) is an autosomal recessive neu- 
rodegenerative disorder of unknown etiology. FA is the 
most prevalent early onset ataxia, characterised by degen
eration of the dorsal root ganglia and atrophy of the poste
rior columns and spinocerebellar tracts. Diagnosis is 
based on clinical criteria, according to Harding [1], and 
on electrophysiological evidence of axonal sensory neu
ropathy. The Friedreich ataxia locus (FRDA) was map
ped to chromosome 9q in 1988, by Chamberlain et al. [2]. 
Despite phenotypic variation, genetic homogeneity was
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Fig. 1. Physical map of the analysed FRDA-linked region in chromosome 9q. Studied markers and position of the 
FRDA (X25) gene and the new marker FAD1 are indicated.

Fig. 2. Nucleotide sequence of the new ZO-2 5'exon. Intronic sequences are shown in lower case. The precise site 
of the nucleotide substitution that produces the FAD1 polymorphism is indicated by an arrow. SI and S2 represent 
forward and reverse primers, respectively.

causing mutations among closely linked markers and to 
estimate the spectrum of mutations accounting for a dis
ease in homogeneous populations, although the results 
can be sometimes confusing [20, 21]. The approach is 
based on the inference of ancient crossovers through 
haplotype divergences observed in the present popula
tion. Analysis of extended haplotypes in a series of normal 
and FRDA Spanish chromosomes with previously de
scribed polymorphisms gave us the first clue that the 
Spanish population is fairly homogeneous regarding the 
number of different mutations causing the disease. The 
present isolation of a new marker (FAD1) in strong link
age disequilibrium with FA has allowed us to postulate 
that a main ancient FRDA mutation could exist, at least 
in the studied French and Spanish populations. The 
recent identification of a main FRDA-causing mutation 
in the X25 or FRDA gene [19] is in agreement with our 
results, but the nature of the mutation - an intronic GAA 
trinucleotide expansion - also opens the possibility that 
linkage disequilibrium with the new marker FAD1 might 
reflect a premutational state of chromosomes at risk for

Materials and Methods
Cases
The 46 analyzed FA Spanish families were selected on the basis of 

a previous diagnosis of FA following Harding’s [1] essential diagnos
tic criteria, including electrophysiological studies and the presence of 
hypertrophic cardiomyopathy.

For the FAD1 frequency analysis, we chose 57 normal Spanish, 
27 normal French, and 30 normal individuals with Basque ancestry 
as control groups; on the other hand, 75 Spanish and 33 French FA 
patients were analyzed.

DNA Analysis
DNA was extracted from peripheral leukocytes with standard 

phenol extraction and ethanol precipitation. Restriction fragment 
length polymorphism (RFLP) analysis of 26P/ÄsrXl (D9S5) was car
ried out as described in Monrós et al. [18], STRPs analysed were: 
GS2 (D9S111) [9], FDl (D9S41 IE) [10], MLS1 and FRI (D9S202) 
[11, 12], FR2 (D9S886), FR8 (D9S888), FR7 (D9S887) and FR5 
(D9S889) [12], PCR were performed according to authors’ instruc
tions, electrophoresed on 10-12% nondenaturing polyacrylamide 
gels and visualised after gel silver staining. Order and physical dis
tances of loci are those reported in several different physical maps [9, 
10-13, 16,17],

Description of the New Marker FAD1
During a search for transcribed sequences in the critical FRDA 

region, a new exon of the gene XI04/CSFA1 (Z02)[16, 17] was iden
tified by 5'RACE PCR and by prediction with GRAIL-FEXH algo-

FA.

Eur J Hum Genet 1996;4:191-198192 Monrós et al.



a cHAPLOTYPE I HAPLOTYPE m
GS B FD ML FRI FR2 FAP FR8 FR7 FRS No, GS B FD ML FRI FR2 FAD FR8 FR7 FRS No.

Q 2 2 1 1
1 1 21 1 3

2 2 2 2 3 A i 3 A 4 8 4 2
2 1 3 A 4 10 4 1d 2 1 3 A 51 10 412 3 2 24
3 1 3 1 3 A 5 10 4 1

15 12 3 1
2 3 2 3

4/3 3 2 2

6
1 (7%)5

1

12 l 1
4 2 3
3 3 3

3/4 3 2
3 3 2

dRARE HAPLOTYPES1
GS B FD ML FRI FR2 FAB FR8 FR7 FRS No.1

3
4 1 2 2 12 7 A 8 61 6 1
4 3 2 3 1 3 A 8 3 8 1
3 1] 1 3 2 2 A 8 2I i 3 1

8 1108 32 3 2 8 B 4 2 3 2 12 7 A 9 8 5 1
4 2 3 2 5 2 B 3 9 1

r i 3 1
7 103 62 3 2 8 B 4 2 3 2 5 3 B 38 9 1

4 2 3 3 5 8 B 1 6 9 2*
m 4 2 3 2 7 33 B 9 8 9 1

4 2 3 3 2 B 3 7 1
4 1 2 3 2 4 B 9 6 7 1I 4 3 2 1
3 2 3 3 2 8 B 3 10 3 144*
3 1 2 2 3 9 B 9 8 5 2*(50%)(*) 16/44 derivate by microsatellhe mutation 2 3 2 3 2 8 B 9 7 7 1
2 2 3 52 2 B 8 3 9 1
2 1 2 2 5 8 B 1 6 7 1b 17HAPLOTYPE II

(*) Found in 2 patients whose parents belong to the same small and rural (13%)FR7 FRS No.GS B FP ML FRI FB2 FAD

I 2 2 3 11 3 A

14 2 2 2
4 12 2 2
5 12 3

2 8
18
12 8

12 3 3
2 1 1
3 3 2 1

□l 1

n I * * J 79 83 3 2 11 B

4~l 7H’ 14233 4_____ 72 li B

I 2 2 3 2 2 12

(*) 9/22 derivate by microsatellite mutation

1A
22*

(25%)

Fig. 3. Schematic representation of main groups of FRDA haplotypes defined in the Spanish population. Within 
each group, the consensus haplotype is boxed with a thick line, and haplotypes derived by recombination are boxed 
with a thin line. Vertical lines indicate the most probable recombination site, a Haplotypes derived from major 
haplotype I; b haplotypes derived from major haplotype II; c haplotypes conforming group III; d rare haplotypes.

that FAD1 is a diallelic system with either cytosine (allele A) or ade
nine (allele B) transversion, that cannot be detected by restriction 
analysis. Exon nucleotide sequence and the precise site of the nucleo
tide substitution FAD1 are shown in figure 2.

rithms. This exon was located 25-50 kb proximal to FR2 (fig. 1). A 
new single nucleotide polymorphism (SNP) called FAD1 was de
tected by single strand conformation polymorphism (SSCP) analysis. 
PCR exon amplification using primers indicated in figure 2 was per
formed in a final volume of 50 (il containing 250 ng of DNA, 200 pA/ 
of each dNTP, 25 pmol of each primer and 1 U of Taq polymerase 
(Boehringer Mannheim, Germany). For SSCP analyses, 1.5 pi of the 
PCR product and 1.5 pi of loading buffer were denatured 5 min at 
95 “C, placed 3 min in ice and electrophoresed on a nondenaturing 
12% acrylamide gel with 5% glycerol at room temperature. FAD1 
alleles were visualized by gel silver stain. Exon sequencing showed

Haplotype Analysis
Genotypes were obtained for patients, their parents and all other 

available relatives. Normal and FRDA haplotypes were recon
structed based on patients’ alleles, and only the non-ambiguous ones 
were used in the analysis. Major or consensus haplotypes (I, T, II, IT 
and III, see fig. 3) were identified due to their high frequency in
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FRDA chromosomes. The probability of a path linking a given 
haplotype to a major haplotype was calculated through the product of 
the probabilities of the recombination or/and microsatellite muta
tion events that differentiate them. Parameters used were: mutation 
rate at SNPs = 10-9, with unlikely recurrent mutation; mutation rate 
at STRPs = 1 O'4. The probability (p) of recombination between two 
given markers with formation of each specific divergent haplotype 
was calculated according to the equation

gle recombinations and/or microsatellite mutations, sug
gesting their relationship to a common ancestral FRDA 
mutation. Figure 3a shows derived I and F FRDA haplo
types through single recombination events. Haplotypes 
derived by microsatellite mutation are not shown, but 
their total number is indicated at the bottom of the figure. 
Relative odds of the possible paths relating the various 
derived haplotypes through mutation and/or recombina
tion were calculated as described in Materials and Meth
ods (data not shown).

Example: Divergent haplotype 3-1-2-3-2-8-B-12-3-8 
could have evolved from consensus haplotype V by:
(a) Microsatellite mutation at FR8 (changing allele 8 to 
allele 12); probability of microsatellite mutation p = 10~4.
(b) Recombination between the FRDA locus and FR8. Its 
probability (p) was calculated according to the formula 
shown in Materials and Methods: the probability of recom
bination within a distance of 150 kb is 10-5 * 150 = 1.5 * 
10“3; the probability of carrying the proximal haplotype 
12-3-8 corresponds to the frequency of this haplotype in 
the normal population. This was calculated by taking the 
observed frequency of 12-3 minor haplotype in our series 
(FR8 and FR7 are very close markers in high linkage dis
equilibrium), which was supposed to be 0.001 since we did 
not observe any, multiplied by the observed frequency of 
allele 8 of FR5, which was 0.35. In summary, according to 
the formula: p = 1.5 * 10~3 *0.001 *0.35 = 5.2 * 10~7. Odds 
ratio between mutation and recombination is 10~4/5.2 * 
10-7 = 192, indicating that mutation is 192 times more 
likely than recombination to explain divergence.

Haplotypes II and IT (fig. 3b) were first related on the 
basis of the allele 11 of FR2, which was found in 10 out of 
133 FRDA chromosomes, but not in 146 typed normal 
chromosomes (p = 0.001). As for Haplotypes I and F, the 
ancient recombination inferred from the divergence of 
haplotype IF from haplotype II is in agreement with the 
position the FRDA gene. Haplotype II derivatives were 
recognised as described before, the whole group account
ing for 25% (22/88) of FRDA chromosomes.

The closely related group of 4 different haplotypes 
formed group III, with a 7% frequency among FRDA 
chromosomes (fig. 3c). The estimated probabilities that 
the remaining 17 haplotypes (19%) shown in figure 3d 
belong to one of the major consensus haplotype groups I, 
II or III were very low.

A results argue for an important genetic homogeneity 
of the disease in the Spanish population despite pheno
typic heterogeneity. No correlation between haplotypes 
and classical [1] or variant FA phenotypes [6, 7] was 
observed.

D*Ilf.5 *p= io-
1=1

where 10~5 is the recombination rate per 1 kb, according to the rela
tion 1 cM = 1 Mb; D the physical distance between recombinant 
markers, in kb; f, the allele frequency of the recombinant alleles in the 
normal population. For the pairs MLS1-FR1, FR8-FR7 and 26P- 
FD1, haplotype frequencies in the normal population were consid
ered as there is strong linkage disequilibrium within each group.

Related haplotypes that could share a common origin with the 
defined consensus haplotypes were assigned to each group taking into 
account the different probabilities of the evolutive events. Odd ratios 
were calculated when more than one path of divergences was possi
ble, to decide which was the most likely.

Results

Analysis of Haplotype Divergences
We have analyzed a series of 46 FA families of Spanish 

ancestry with the 10 markers shown in figure 1 and unam
biguously constructed 88 FRDA haplotypes and 89 normal 
haplotypes with all the above mentioned markers. Only 
one chromosome was taken into account when parents 
were known to be consanguineous and the affected sibs 
showed homozygosity by descent for the entire haplotype.

Haplotype analysis of the chromosomes of the normal 
population showed that no single haplotype was present 
more than twice in the sample (maximum frequency = 
0.02), most of them being unique haplotypes. By contrast, 
consensus haplotypes were easily found in FRDA chro
mosomes due to their relatively high frequency in the dis
ease population (fig. 3). The more frequent were 3-1-2-3- 
2-8-B-8-3-8 (Haplotype I) and 3-1-2-3-2-8-B-3-7-6 (ha
plotype F) (fig. 3a), accounting for 9% and 8%, respective
ly, of FRDA chromosomes but not found among normal 
chromosomes (Fisher exact test, p = 0.001). Both haplo
types might be related through a single crossover between 
FAD1 and FR8, according to the position of the X25 
gene. The hypothesis of a common origin of haplotypes I 
and F is reinforced by the fact that we did not find any 
distal GS2- 26P-FD1-MLS1-FR1 3-1-2-3-2 haplotype in a 
series of 121 normal chromosomes. Further analysis 
showed that 50% (44/88) of the FRDA haplotypes could 
have evolved from the consensus haplotype I, through sin

194 EurJHum Genet 1996;4:191-198 Monrós et al.



Table 1. Frequencies of FAD1 alleles in normal and FRDA chromosomes

Normal Spanish FRDA Spanish Normal French FRDA French
chr.

Total
normal

Total
FRDA

FAD1
alleles chr. chr.chr.

41 (0.77) 
12(0.23)

11 (0.17) 
55(0.83)

171 35A (p) 130(0.75) 
44 (0.25)

24(0.16)
126(0.84) 56 181B (q)

53 66 227 216Total 174 150

X2 statistics from total data: x2 = 155.54; d.f.; p< 0.0001.

Table 2. FAD1 genotypic distribution among normal and FRDA Spanish populations

Normal
Basque

Normal 
total observed

Normal
expected

FRDA
total observed

FRDA
expected

Normal
Spanish

FAD-1
genotype

48.56
32.87

1.9228 17 45 5AA
40 14 20.16

52.92
27 13AB

5.56 562 0 2BB

30 87 87 75 75Total 57

X2 statistics: normal Spanish vs. normal Basque: y} = 0.26, 1 d.f., p = 0.6 (n.s.). Normal vs. FA: x2 = 94.42; 2 d.f.,
p< 0.0001.

group I and 2/22 in group II), that could be explained by 
recombination between FAD1 and the FRDA gene. 
Among the 17 rare haplotypes, all but four were associat
ed to the B allele. Haplotypes of group III were associated 
to allele A.

Considering the mutation stability of single nucleotide 
polymorphisms (SNPs) and the allelic and genotypic dis
tribution of FAD alleles in the normal and FA popula
tions, two explanations are possible: either most of the B 
alleles represent the same ancestral FRDA mutation, or 
the B allele is an at risk allele for FA.

The method used to recognise groups of haplotypes 
takes into account the most likely path to link the various 
haplotypes. It is a maximum parsimony procedure and 
may have a phylogenetic interpretation that is summar
ised in figure 4, where the spectrum of different FRDA 
mutations and their frequencies are shown. Haplotypes of 
groups I and II share allele B: they could reflect the same 
ancestral FRDA mutation or represent two independent 
FRDA mutations, both arising by chance on the same B 
allele of FAD 1. Haplotype III is associated to allele A, sug
gesting a different origin of this less prevalent mutation. 
Rare B haplotypes are shown in figure 4 as having origi-

Analysis of FAD 1 Polymorphism 
FAD1 allelic frequencies in normal and FRDA chro

mosomes (table 1) indicate a strong association of the 
common allele A to the normal chromosomes and of the 
rare allele B to the FRDA chromosomes (p < 0.0001), 
both in the Spanish and French populations. No differ
ences between general Spanish, Basque and French allelic 
frequencies were found, neither between allelic frequen
cies in FA patients of Spanish and French ancestry. 
Table 2 shows the FAD1 genotypic distributions among 
normal (general Spanish and Basque) and FRDA Spanish 
chromosomes. The y} test shows the strong disequilibri
um of the BB genotype with the disease (p < 0.0001). 
There is a certain lack of BB homozygotes among controls 
(%2 = 4.09; 1 d.f.; p = 0.043) and excess of AA among 
patients, but the number of chromosomes analysed does 
not allow to draw clear conclusions concerning on the 
existence of a Hardy-Weinberg equilibrium.

Phylogenetic Relationships among FRDA Haplotypes 
The haplotype analysis (fig. 3) showed that the less fre

quent allele B of FAD1 was associated to FRDA haplo
types of groups I and II with only four exceptions (2/44 in
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unresolved origin of Haplotypes I and II. 
Estimated percentages of each supposed re
lated FRDA mutation are shown.

I
Minor FRDA 
Mutations

♦
------>■ Haplotype IH | 2-1 -1-3 -1-3 - A-5-10-4 I 7%

~—* Rare A-Haplotypes 4%
FAD1-A

nated independently from major FRDA mutations, but 
their origin is difficult to disentangle: their derivation by 
recombination/mutation from a unique source in haplo
types of groups I or II cannot be ruled out nor can we 
expect that many different FRDA mutations arose in 
association with a relatively rare allele, unless it be a 
mutation-prone allele.

The strong linkage disequilibrium of FAD 1 with the 
disease and the analysis of FRDA-linked haplotypes are 
reflecting a common FRDA mutation that could account 
for up to 90% and not less than 50% of FA-causing muta
tions in the Spanish population. Seven percent of FRDA 
chromosomes share a different mutation, associated with 
haplotype III, and a low percentage (not less than 4% and 
never more than 19%) could be due to other rare muta
tions. Maximum and minimum probabilities depend on 
whether we consider a single founder effect mutation 
associated with FAD 1-B or the alternative hypothesis that 
the different FRDA mutations have originated in an at- 
risk allele.

The efficacy of haplotype divergence analysis as a tool 
for tracing back disease mutations depends on the homo
geneity and age of the disease causing mutation(s), the 
population history, the particular recombination rate of 
the region under study and the mutation rate of each poly
morphism. In the present work, FA families came from 
the whole Spanish country where a recent founder effect 
was not expected to exist, and no correlation between 
haplotypes and geographic areas was observed [22], We 
have analyzed 8 STRP markers and 2 SNPs that span a 
region of 900 kb near the 9q paracentromeric heterochro
matin. It is worth noting that microsatellites can be a dou
ble-edged sword for linkage disequilibrium studies: they 
are highly informative and provide an increased chance of 
detecting disequilibrium as compared to SNP, but their 
high and variable mutation rate (IO-3—10-4) is also a 
mechanism of disequilibrium decrease - along with re
combination - though not related to physical or genetic 
distances; moreover, STRPs undergo recurrent muta
tions. All these reasons can hinder the interpretation of 
the identity by descent of haplotypes based on STRPs 
when the number of meioses to a common ancestor is 
high. In fact, among 320 meioses we have detected one 
mutation at FRI marker with loss of one repeat in a par
ent to sib transmission, and inferred a second one at FR7 
in a second-degree consanguineous family, with gain of 
two repeats. In spite of that, we have been able to define 
three consensus haplotypes that account for more than 
80% of Spanish FRDA chromosomes.

We have also described the identification of a new 
SNP called FAD 1, which maps approximately 100 kb dis
tal to the FRDA locus. SNPs have a very low mutation 
rate (10~9) and extremely unlikely recurrent mutation, 
arguing for a single origin of each base substitution. As a 
consequence, they allow the definition of monophyletic

Discussion

We have reported results on haplotype analysis of 
chromosomes carrying the FA-causing mutation, that in
directly suggest that FA might be caused by a small num
ber of different mutations in the FRDA gene, one of them 
being more prevalent in the Spanish population. Despite 
the analysis of haplotype divergences is usually done in an 
intuitive manner, we have tried to formalise the relation
ships among similar haplotypes to obtain the relative like
lihood that each observed haplotype had arisen from a 
given consensus haplotype, in a most parsimonious way.

EurJHum Genet 1996;4:191-198 Monrós et al.196



chromosome groups. However, it is difficult to explain 
the observed differences in FAD1 allelic and genotypic 
distributions among normal and FA populations. We 
have seen that the rare allele B of FAD1 is present in 
haplotypes of groups I and II, and in 14 out of 17 rare 
haplotypes. Genetic drift cannot explain the presence of 
the B allele in a wide background of different FRDA 
haplotypes. Two alternative explanations are possible: 
(a) the B allele reflects one or two ancient FRDA muta
tion^) from which almost all B-associated FRDA haplo
types have derived, or (b) allele B reflects an FRDA-muta- 
tion-prone allele. Both hypotheses would agree with the 
finding of the same FAD1 allelic distributions in the 
Spanish and French normal and diseased populations, 
which share a remote ancestry. Regarding the last hypoth
esis, we know now that an intronic GAA trinucleotide 
expansion (size varying from 200 to more than 900 
repeats) has been identified as the FA-causing mutation in 
98% of FRDA chromosomes [19]. In the normal chromo
somes, the GAA repeat length is also polymorphic. Its 
length varies from 7 to 22 repeats, but small alleles are 
more frequent. We could hypothesise that FAD1-B alleles 
in the normal population could be associated with the lon
ger GAA repeats within the normal distribution, forming 
a group of at-risk alleles, i.e., a premutation group that 
could be prone to expansion leading to the mutated 
FRDA alleles, as has been described for the fragile X syn
drome (FRAXA) [23] and the Huntington disease (HD) 
[24]. Further studies are need to test the validity of this 
hypothesis.

In conclusion, haplotype analysis in the FRDA region 
has corroborated the FRDA locus position between close
ly linked markers, offering a powerful tool for refined 
mapping of disease genes. Its resolution can be greater 
than analysis of loss of homozygosity in consanguineous 
families, which are not easy to collect, and linkage dis
equilibrium, which is extremely dependent on the marker 
allelic distributions in the normal and disease chromo
some populations. On the other hand, we have demon
strated that a small number of different mutational events 
lead to FA in the Spanish population, where the finding of 
one major haplotype indicates that at least 50% of the 
FRDA chromosomes belong to the same ancestral muta
tion. This figure can be enlarged to 90%, depending on 
whether the FAD1-B allele reflects one ancient and wide
spread FRDA mutation or whether it is an allele at risk for
FA.
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