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Summary

Friedreich ataxia (FA) is an autosomal recessive degenerative disease of the nervous system of unknown
biochemical cause. The FA gene has been shown to be in close linkage with the two chromosome 9 mark-
ers D9S5 and D9S15, and linkage disequilibrium between FA and D9S15 has been detected in French fami-
lies by Hanauer et al. We used new highly informative markers at the above loci to analyze Italian FA
families for linkage and linkage disequilibrium. The new markers were a three-allele BstXI RFLP at D9S5
(PIC = .55) and a six-allele microsatellite, typed by polymerase chain reaction, at D9S15 (PIC = .75). We
obtained maximum lod scores of 8.25 between FA and D9S5, 10.55 between FA and D9S15, and 9.52 be-
tween D9S5 and D9S15, all at zero recombination. Our results, combined with those reported by other
authors, reduce maxlod-1 (maximum lod score minus 1) confidence limits to less than 1.1 cM between FA
and D9S5, 1.2 cM between FA and D9S15, and 1.4 cM between D9S5 and D9S15. Linkage disequilibrium
with FA was found only for D9S15 when all families were evaluated but was also found for a

D9S5/D9S15 haplotype in a subgroup of southern Italian families. We conclude that FA, D9S5, and
D9S15 are tightly clustered and that studies of geographically restricted groups may reveal a limited num-

ber of mutations responsible for the disease in the Italian population. We present preliminary evidence
from pulsed-field gel electrophoresis that D9S5 and D9S15 may be less than 450 kb apart. Linkage dis-
equilibrium between FA and D9S15 suggests that the disease gene may be at an even shorter distance from
this marker locus, which therefore represents a very good starting point for cloning attempts.

Introduction

Friedreich ataxia (FA) is an autosomal recessive progres-
sive neurodegenerative disorder, characterized by selec-
tive loss of large myelinated fibers in the dorsal roots
and by degeneration of the spinocerebellar tracts.
Criteria for diagnosis, as defined by Geoffroy et al.
(1976) and by Harding (1981), include onset before 25
years of age, progressive ataxia of trunk and limbs, loss
of tendon reflexes in lower limbs, posterior column signs
in lower limbs, extensor plantar responses, and cardio-
myopathy. Pes cavus, kyphoscoliosis, nystagmus, distal

Received December 7, 1989; final revision received April 5, 1990.
Address for correspondence and reprints: Massimo Pandolfo, Divi-

sione di Biochimica e Genetica del Sistema Nervoso, Istituto Neu-
rologico "C. Besta," Via Celoria 11, 20133 Milano, Italy.
C) 1990 by The American Society of Human Genetics. All rights reserved.
0002-9297/90/4702-0007$02.00

amyotrophy, and dysarthria are common accessory
signs. Progression leads to confinement in a wheelchair
within a few years. In Italy the disease has an estimated
incidence of 1/25,000 (Romeo et al. 1983). Despite ex-
tensive biochemical studies, the basic defect of FA is
still elusive, and nothing is known about the natuire of
the disease gene. Chamberlain et al. (1988) mapped
the FA gene on chromosome 9 by genetic linkage with
the polymorphic locus D9S15, recognized by the probe
MCT112 (Carlson et al. 1987). Shortly after, Fujita et
al. (1989) described linkage between FA and another
chromosome 9 marker, D9S5, recognized by the probe
DR47 (Orzechowski et al. 1987). In these and later
studies (Chamberlain et al. 1989; Hanauer et al. 1990),
no recombination was detected between FA, D9S5, and
D9S15 in all informative meioses examined. Fujita et
al. (in press) recently found a single crossover between
FA and D9S15, but, because of the family structure,
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it was not possible to establish whether it also involved
the D9S5 locus. Linkage disequilibrium between D9S15
and FA has been shown by Hanauer et al. (1990). Phys-
ical mapping by in situ hybridization of D9S5, per-

formed by Hanauer et al. (1990) and by Raimondi et
al. (in press), assigned the D9SS/D9S15/FA group of
loci to bands 9q12-q21.1. New polymorphisms at the
D9SS and D9S15 loci have recently been described (Fuj-
ita et al., in press). These polymorphisms increase sub-
stantially the number of families informative for link-
age analysis, and they can be used to construct extended
haplotypes for the evaluation of linkage disequilibrium.
In the present study we analyzed 29 Italian FA families
for linkage and linkage disequilibrium with D9SS and
D9S15.

Material and Methods

Families

We studied a total of 29 Italian FA families. Fourteen
families had two to four affected children, while the
remaining families had only one affected child with

unaffected sibs. In order to define the geographic ori-
gin of our families, we recorded the place of birth of
all parents and, whenever possible, of grandparents.
This was necessary because internal migrations in the
past 30 years make it unreliable to determine geographic
origin solely on the basis of current place of residence.
Twelve parents were born in southern Italy, four ofthem
in Sicily and eight in the southeastern Abruzzo and Apu-
lia regions. All remaining parents were from northern
Italian regions. Pedigree structures, phenotypic data,
and age-at-onset information are available from the
authors on request.

Clinical Evaluation

All affected and unaffected subjects whose blood was
obtained for linkage analysis were examined neurolog-
ically by at least one of the authors, either at the Isti-
tuto Neurologico "C. Besta' (Milan) or at the Division
of Neurology, Hospital of Ivrea (Ivrea, Italy). The di-
agnosis ofFA was established by strict criteria (Geoffroy
et al. 1976; Harding 1981). All affected persons were

thoroughly investigated with a number of instrumental

Table I

DNA Polymorphisms Analyzed in FA Families

A. RFLPs

ALLELE
CONSTANT

Locus PROBE ENZYME BAND (kb) Symbol Size (kb) Frequency PIC

D9S5 ....... DR47 TaqI 1 5.0 .92 .14
2 4.0 .08

MspI 1 4.3 .92 .14
2 2.7 .08

26P BstXI 2.5 1 5.0 .20 .55
2 4.0 + 1.0 .31
3 3.5 + 1.5 .49

D9S15 ...... MCT112Sa MspI 1 6.0 .71 .33
2 4.9 .29

B. MS

ALLELE

Size Difference
Locus OLIGONUCLEOTIDE FOR AMPLIFICATION Symbol (bp) Frequency PIC

D9S15 ....... MCT112D: 5'-CCCTCAGGTCTATTGAAGAAGTATAAAT-3' 1 +10 .08 .75
2 +8 .16
3 +6 .08
4 +4 .24

MCT112R: 5'-GATGGTGGTAATCATTTCACAG-3' 5 +2 .36
6 0 .08

a Contains a 1.9-kb SphI fragment of MCT112 devoid of repetitive sequences.
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and biochemical techniques, including CT scan, EEG,
EMG, electrocardiography, echocardiography, and
glucose- and pyruvate-tolerance tests. Some of the pa-
tients from both institutions have been described in de-
tail elsewhere (D'Angelo et al. 1980; Leone et al. 1988).

Molecular Analysis

Genomic DNA was isolated from leukocytes accord-
ing to the standard technique, except that protein salt-
ing out was substituted for phenol extraction (Miller
et al. 1988). Each individual was typed for the poly-
morphisms shown in table 1. Two new polymorphisms
were included in our analysis: a three-allele BstXI RFLP
detected by the probe 26P at D9S5 and a six-allele
microsatellite polymorphism at D9S15. The former was
found in a search for more informative RFLPs at D9S5,
which utilized fragments from two overlapping cosmid
clones spanning 48 kb around the region recognized
by the probe DR47, and the latter was directly identified
by sequencing the probe MCT112 (Fujita et al., in press).

For RFLP analysis, 10 gg of genomic DNA were
digested with the appropriate restriction enzyme, elec-
trophoresed on 0.8% agarose gels, and transferred onto
nylon membranes (GeneScreen Plus"; DuPont) by alka-
line blotting. Gel-purified inserts were labeled with
a32P-dNTPs by the random oligonucleotide primer
method. Blot hybridization and washing were done ac-
cording to the membrane manufacturer's instructions.
Autoradiography was on Kodak X-AR films at -700C
for 24-48 h. The microsatellite polymorphism was
typed by amplification of the corresponding segment
ofgenomicDNA (about 160 bp) in a polymerase chain
reaction (PCR). The two oligonucleotides shown in ta-
ble 1 were used as primers. One of the oligonucleotides
(MCT112D) was end-labeled with 32p in a reaction
containing 200 pmol primer, 40 pmol y32P-ATP at
5,000 Ci/mmol, 10 mM MgCl2, 5 mM DTT, 50 mM
Tris-HCI (pH 7.6), and 10 units T4 polynucleotide ki-
nase. PCRs were carried out in a Perkin Elmer temper-
ature cycler with 1 p1 genomic DNA used as template
("'200 ng), 2.5 jl end-labeled primer reaction, 3 pmol
cold reverse primer (oligonucleotide MCT112R), 200
,uM of each dNTP, 50 mM KCI, 10 mM Tris-HCl (pH
8.2), 3 mM MgCl2, and 1 unit Taq polymerase (Per-
kin Elmer-Cetus), in a final volume of 20 il. DNA
was amplified through 25 temperature cycles, each con-
sisting of 1 min at 920C for denaturation, 45 s at 650C
for annealing, and 1 min at 72°C for extension. One
and one-half microliters of each amplification reaction
were loaded on 8% polyacrylamide-urea sequencing

gels and were run at 1,500 V for 4 h. Gels were exposed
to Kodak X-AR films for 2 h at room temperature.

Pulsed-Field Gel Electrophoresis

Pulsed-field gel electrophoresis was performed on a
Pharmacia-LKB Pulsaphor apparatus, using the con-
tour clamped homogeneous field (CHEF) technique.
Lymphocytes from a normal subject were included in
low-gelling-temperature agarose plugs at 2 x 106
cells/ml. DNA purification and restriction-endonucle-
ase digestions were done according to methods de-
scribed in the literature (Smith and Cantor 1986). Plugs
were loaded on 1% agarose gels in 1 x TBE, and CHEF
was run for 24 h at 160 V with pulses of 30-60 s in
different experiments. DNA was blotted on nylon mem-
branes by the alkaline transfer method, including a
depurination step of 15 min in 0.25 M HCl. Hybrid-
ization with probes MCT112S and 26P was as described
for RFLP analysis.

Statistical Analysis
The LINKAGE package of programs (Lathrop et al.

1985) was used for two- and multipoint linkage analy-
sis. Pairwise lod-score tables were obtained both be-
tween each marker locus and FA and between marker
loci, by using the MLINK program. Locus order and
maximum-likelihood estimates of recombination frac-
tions were obtained using the ILINK program.

Linkage disequilibrium was evaluated by the X2 test,
and Yates's correction was used when appropriate.
Significance levels were corrected for multiple compar-
isons as follows: a' = 1 - (1- a)l/k, where a is the
risk of type I error chosen as significance level (e.g.,
.05), k is the number of comparisons, and a' is the cor-
rected significance level. The standardized disequi-
librium coefficient (A) was calculated according to the
method of Chakravarti et al. (1984).

Results

Linkage Analysis

Linkage analysis results are summarized in table 2.
In accordance with previous reports by other groups,
we found the loci D9S15 and D9S5 to be in close link-
age with FA.

Fourteen families were at least partially informative
for the MspI RFLP (M) detected by the probe MCT112
at D9S15; one family was partially informative for the
M and TaqI RFLPs detected by the probe DR47 at D9S5;
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Table 2

Linkage Analysis Results

A. Results from Present Study

PAIRWISE LOD SCORE AT RECOMBINATION FRACTION OF

Loci .00 .001 .05 .1 .2 .3 .4

FA-D9S5a ........ 8.25 8.23 7.27 6.27 4.23 2.28 .68
Fa-D9S15.b....... 10.55 10.52 9.20 7.83 5.11 2.61 .73
D9S5-D9S15C ..... 9.52 9.50 8.54 7.52 5.37 3.13 1.03

B. Combined Data: Results from Present and Other Studies

PAIRWISE LOD SCORE AT RECOMBINATION FRACTION OF

Loci .00 .005 .01 .02 .03 .04 .05

FA-D9S5d ........ 36.12 35.76 35.20 34.28 33.36 32.43 31.49
FA-D9S15e ....... 58.37 57.99 56.71 55.34 53.87 52.40
D9S5-D9S15d ..... 35.69 35.32 34.95 34.22 33.47 32.72 31.95

a Combined analysis of B and M at D9M5.
b Combined analysis of M and microsatellite polymorphism at D9S15.
c Combined analysis of B and M at D9M5, and of M and microsatellite polymorphism at D9S15.
d Data are from present study and Fujita et al. (1990).
eData are from Chamberlain et al. (1989) and Fujita et al. (1990).

and all families were informative both for the BstXI
RFLP (B) detected by the probe 26P at D955 and for
the microsatellite polymorphism (MS) at D9S15. When
MspI/ BstXI haplotypes were at D9S5 and when
MspI/microsatellite haplotypes were used at D9S15 in
the analysis, maximum lod scores were 8.25 between
FA and D9S5 and 10.55 between FA and D9S15, both
at zero recombination. A maximum lod score of 9.52
was obtained between D955 and D9S15, and again no
crossovers were detected. No recombination was found
in three-point analysis also, so no information about
gene order could be obtained.
When our results are combined with those of Fujita

et al. (1990), which include those reported in Hanauer
et al. (1990), the maximum lod score between FA and
D955 becomes 36.12 at zero recombination, reducing
the maxlod-1 (maximum lod score minus 1) confidence
interval to less than 1.1 cM. A similar combination of
our data both with those of Chamberlain et al. (1989)
and with those of Fujita et al. (1990), gives a maximum
lod score between FA and D9S15 of 58.37 at a recombi-
nation fraction of .005, with a maxlod-1 confidence
limit of less than 1.2 cM. The combined maximum lod
score between D9S5 and D9S15 is 35.69 at zero recom-
bination, with a maxlod-1 confidence limit narrowed
to less than 1.4 cM.

Linkage Disequilibrium between Polymorphisms at D9S15

The six MS alleles and the two M alleles form 12
possible haplotypes at the locus D9S15. We found all
these haplotypes among 102 typed parental chromo-
somes from our FA families. Strong linkage dis-
equilibrium was present between MS alleles andM al-

Table 3

Distribution of M and MS Alleles at D9SIS

No. (%) OF M ALLELES

MS ALLELE 1 2

la 2 (2.8) 8 (25.8)
a2a.......6 (8.4) 19 (61.3)

3 7 (9.9) 1 (3.2)
b4 ....... 24 (33.8) 1 (3.2)
b5 ....... 28 (39.4) 1 (3.2)

6 4 (S.6) 1 (3.2)
Total... 71 31

NOTE. -Six comparisons were carried out in this table, giving
an a' = .0085 for a = .05. The X2 for the whole table is 52.95
with 5 df (P << .001).

a Associated with M 2 (P < .005).
b Associated with M 1 (P < .005).
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leles: MS 1 and 2 were preferentially associated with
M 2, and MS 4 and 5 were preferentially associated
with M 1 (P < .005) (table 3).

Linkage Disequilibrium between D9S5 and D9SI5
No significant linkage disequilibrium was found be-

tween B alleles at D9S5 and M alleles at D9S15.

Linkage Disequilibrium between FA and the Marker Loci

We could type 52 FA chromosomes and 50 normal
chromosomes for D9S15 and could type 51 FA chro-
mosomes and 44 normal chromosomes for D9S5. The
slightly lower number of chromosomes typed for D9S5
was due only to the limited amount of DNA available
from some individuals, and in no case was the determina-
tion of the alleles associated with the disease equivocal.
At D9S5, only the B detected by the probe 26P was

evaluated, because of the very low frequency of the rare
alleles of the other polymorphisms. As shown in table
4, we found allele B 3 in slight excess on chromosomes
not carrying the FA mutation and found allele B 2 on
FA chromosomes, but the differences did not reach
statistical significance.

Conversely, linkage disequilibrium between D9S15
and FA was present at a statistically significant level,
with overrepresentation of allele M 2 (table 5). A was
.22. The excess ofM2 on FA chromosomes was reflected
in a higher frequency ofMS-M haplotypes 1-2 and 2-2,
although linkage disequilibrium could not be estab-
lished, at a statistically significant level, with either of
these haplotypes.
We constructed extended haplotypes by putting to-

gether B alleles at D9S5 with MS andM alleles at D9S15.
The observed haplotype distribution is shown in table
6: we found in our sample 22 of the 36 possible B-MS-M
extended haplotypes, 11 of which were represented in
more than 5% of either normal or FA chromosomes.
With regard to the frequency of single haplotypes, we
found that, between chromosomes carrying the FA mu-

Table 4

Frequencies of B Alleles at D9S5 on Normal
and FA Chromosomes

No. (%) of No. (%) of
B Allele Normal Chromosomes FA Chromosomes

1 ........ 7 (15.9) 10 (19.6)
2 ........ 13 (29.5) 23 (45.1)
3 ........ 24 (54.5) 18 (35.3)

Total ..... 44 51

Table 5

Frequencies of M Alleles and MS-M Haplotypes at D9S15
on Normal and FA Chromosomes

A. Frequency of M Allelesa

No. (%) of No. (%) of
M Allele Normal Chromosomes FA Chromosomes

1 ......... 40 (80.0) 31 (59.6)
2 ......... 10 (20.0) 21 (40.4)

Total ...... 50 52

B. Frequency of MS-M Haplotypes

ALLELES
No. (%) OF No. (%) OF

MS M NORMAL CHROMOSOMES FA CHROMOSOMES

1 1 ..... 2 (4.0) 0
1 2 ..... 2 (4.0) 6 (11.5)
2 1 ..... 3 (6.0) 3 (5.8)
2 2 ..... 5 (10.0) 14 (26.9)
3 1 ..... 5 (8.0) 3 (5.8)
3 2 ..... 0 1 (1.9)
4 1 ..... 11 (22.0) 13 (25.0)
4 2 ..... 1 (2.0) 0
5 1 ..... 17 (34.0) 11(21.1)
5 2 ..... 1 (2.0) 0
6 1 ..... 3 (6.0) 1 (1.9)
6 2 ..... 3 (2.0) 0
Total.... 50 52

a x2 = 5.007 with 1 df (P < .05)-

tation and normal chromosomes, there was no differ-
ence that was statistically significant at the levels re-
quired for multiple comparisons; nevertheless, some
remarks can be made about the distribution of haplo-
types in the two groups. There were eight haplotypes
represented on more than 5% ofFA chromosomes: these
accounted for 72.5% of FA chromosomes but for only
43.2% of chromosomes not carrying the FA mutation.
Conversely, five haplotypes were present on more than
5% of chromosomes not carrying the FA mutation, ac-
counting for 59% of them, but these five haplotypes
accounted for only 29.4% of FA chromosomes, and
only two extended haplotypes (3-4-1 and 1-5-1) were
present on at least 5% of both normal and FA chromo-
somes. The two most represented extended haplotypes
on FA chromosomes were (B-MS-M) 2-4-1 (15.7%) and
2-2-2 (11.8%). Both were less common (2.3% and
4.5%, respectively) on normal chromosomes. The ex-
cess of 2-4-1 was significant when chromosomes of per-
sons from southern Italy were considered (table 6B).
Haplotype 3-5-1, on the contrary, was more common
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Table 6

Frequencies of D9SS/D9SI S Extended Haplotypes on Normal and FA Chromosomes

A. All Families

ALLELES
No. (%) OF No. (%) OF

B MS M NORMAL CHROMOSOMES FA CHROMOSOMES

1 5 1 ...... 3 (6.8) 3 (5.9)
1 Othersa 1 ...... 3 (6.8) 1 (2.0)
1 2 2 ...... 1 (2.3) 4 (7.8)
1 Othersa 2 ...... 0 2 (3.9)
2 3 1 ...... 3 (6.8) 1 (2.0)
2 4 1 ...... 1 (2.3) 8 (15.7)
2 5 1 ...... 3 (6.8) 5 (9.8)
2 Othersa 1 ...... 3 (6.8) 0
2 2 2 ...... 2 (4.5) 6 (11.8)
2 Othersa 2 ...... 1 (2.3) 3 (5.9)
3 2 1 ...... 1 (2.3) 3 (5.9)
3 4 1 ...... 7 (15.9) 4 (7.8)
3 5 1 ...... 10 (22.7) 2 (3.9)
3 Othersa 1 ...... 3 (6.8) 3 (5.9)
3 2 2 ...... 1 (2.3) 4 (7.8)
3 Othersa 2 ...... 2 (4.5) 2 (3.9)

Total ...44 51

B. Southern Italian Familiesb

ALLELES
No. (%) OF No. (%) OF

B MS M NORMAL CHROMOSOMES FA CHROMOSOMES

1 4 1 2 (16.7) 1 (8.3)
2 1 1 2 (16.7) 0
2 4 ic 0 6 (50.0)
2 5 1 2 (16.7) 0
2 2 2 0 2 (16.7)
3 5 1 3 (25.0) 0
Other haplotypes ................ 3 (25.0) 3 (25.0)

Total . .12 12

a Haplotypes represented in less than 5% of both normal and FA chromosomes have been grouped
according to the B and M allele.

b X2 = 15.33 with 6 df (P~ .02).
c In excess on FA chromosomes (P < .05).

(22.7% vs. 3.9%) on chromosomes not carrying the
FA mutation.

Pulsed-Field Gel Electrophoresis

Probes 26P and MCT112S both detected a NotI band
of 450 kb, as shown in figure 1. Bands detected on re-
striction digests with ClaI, MMuI, Sall, NarI, NciI, NruI,
SacIl, and SmaI, all in the 120-350-kb range, were of
different sizes for the two probes (not shown).

Discussion

The linkage data derived from our families confirm
and reinforce those already published, further proving
the genetic homogeneity of FA and the tight genetic
association of D9S5 and D9S15 with the disease locus.
We used new and more informative polymorphisms at
the marker loci, which resulted in much higher lod
scores than would have been obtained by using only
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a b

450 kb

12 12
Figure I Southern blot of a pulsed-field gel electrophoresis of
peripheral lymphocyte DNA from a normal subject. The same blot
was hybridized with probe MCT112S (a) and with probe 26P (b).
Lanes 1, Undigested DNA. Lanes 2, NotI-digested DNA. An identi-
cal band of approximately 450 kb is detected by both probes on NotI
digests.

the original RFLPs. The microsatellite polymorphism
at D9S15 was particularly useful in this regard. It
represents an example of a recently discovered class of
genetic markers, one that is due to variations in the
number of tandem repeats of the CA dinucleotide (We-
ber and May 1989). Microsatellites may have many al-
leles, increasing both the chance of heterozygosity and,
consequently, the number of informative families for
linkage studies. Furthermore, the procedure for typing
microsatellites is quicker than the one used for RFLPs,
and, thanks to the amplification procedure, it requires
only 100-200 ng of genomic DNA. A reasonable ob-
jection to their use in genetic studies is the possibility
of high mutation rates due to unequal crossing-overs
that change the number of CA repeats (Jeffreys et al.
1988). However, at least in our case, the presence of
strong linkage disequilibrium between MS and M al-
leles at D9S15 argues against this occurrence (table 3).
It is clear that FA, D9S5, and D9S15 form a tightly linked
cluster of loci, likely to be genetically even closer than
the maxlod-1 confidence limits indicate, as pointed out
by the existence of linkage disequilibrium.

Preferential association of FA with the rare M allele
at D9S15 (M 2) has been reported in Quebec families
(Richter et al. 1989), where a strong founder effect is
present. Hanauer et al. (1990), described the same as-
sociation in French families, the ethnic group from
which Quebec families derived. A further analysis of
the French families identified the D9S15 MS-M haplo-
type 2-2 and the D9S5/D9S15 B-MS-M extended haplo-

type 2-2-2 as the most preferentially associated with
FA (Fujita et al. 1990). In Italian families M 2 is as-
sociated with FA at a lower but statistically significant
level, while MS-M 2-2 is not so strikingly increased
on FA chromosomes as it is in French families, in part
because the excess ofM 2 seems to be due also to MS-M
1-2 (table 5). Linkage disequilibrium between FA and
D9S5 is weaker and is not immediately apparent, but
the analysis of D9S5-D9S15 B-MS-M extended haplo-
types suggests that it may be actually piesent. The
clearest evidence in this regard is the overrepresenta-
tion ofB-MS-M 2-4-1 on FA chromosomes: MS-M 4-1
is almost equally as frequent on normal chromosomes,
but it is very rarely associated with B 2. Furthermore,
this association is geographically limited to southern
Italy, where this haplotype was found in six of 12 FA
chromosomes (four from southeastern Italy and two
from Sicily) and in no chromosome not carrying the
FA mutation. On the other hand, the large excess of
B-MS-M 2-2-2 found in French families is not present
in our sample, in which B 1, 2, and 3 are almost equally
distributed on FA chromosomes carrying MS-M 2-2.
These data suggest that studies of geographically re-
stricted groups will be necessary to better define link-
age disequilibrium between FA and marker loci, even
when, as in our study, the families examined are from
a single country.
The genetic evidence of tight linkage among FA,

D9S5, and D9S15 raises the question about their ac-
tual physical distance. Our pulsed-field gel electropho-
resis experiments suggest that D9S5 and D9S15 are at
a maximum of 450 kb apart. Linkage disequilibrium
between these two loci, as between D9S5 and FA, seems
to be weaker then that between D9S15 and FA. If this
directly reflects physical location, FA should be at an
even shorter distance from D9S15- and therefore within
range of the currently available cloning techniques.
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