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Summary. Friedreich ataxia (FA) is a severe autosomal
recessive neurodegenerative disease. The defective gene
has been previously assigned to chromosome 9q13-q21
by demonstration of tight linkage to the two independent
loci D9S15 and D9S5. Linkage data indicate that FRDA
is at less than 1 cM from both markers. Previous physical
mapping has shown that probes defining D9S15 (MCT112)
and D9S5 (26P) are less than 260kb apart and are sur-
rounded by at least six CpG clusters within 450 kb, which
might indicate the presence of “candidate” genes for FA.
We isolated and characterized a 530kb YAC (yeast arti-
ficial chromosome) contig that contains five of the CpG
clusters. The YACs were used to search for new poly-
morphic markers needed to map FRDA precisely with
respect to the cloned segment. In particular, we found a
(CA), microsatellite polymorphism, GS4, that detects
13 alleles with a PIC value of 0.83 and allows the defini-
tion of haplotypes extending over 310kb when used in
combination with polymorphic markers at D9S5 and
D9S15.

Introduction

Friedreich ataxia (FA) is an autosomal recessive disease
that is characterized by a progressive degenerative disor-
der of the central and peripheral nervous system. The in-
cidence in Caucasian populations is approximately 1 in
50000. The basic biochemical defect is unknown. There-
fore, efforts to understand the disorder are directed to-
ward isolating the disease gene on the basis of its geno-
mic map position. A tight linkage has been found between
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the FA locus (FRDA) and two independent 9q13-q21
loci, D9S15 (probe MCT112) and D9S5 (probes DR47
and 26P) (Chamberlain et al. 1988, 1989; Fujita et al.
1989, 1990; Hanauer et al. 1990; Pandolfo et al. 1990).
Addition of lod scores obtained from different laborato-
ries (Hanauer et al. 1990; Chamberlain et al. 1989; Pan-
dolfo et al. 1990; and unpublished data) gives a maximum
lod value of over 61.53 between D9S15 and FRDA and
over 35.69 between D9S5 and FRDA, both at a recom-
bination fraction of 0. This indicates that FRDA is no
more than 0.7cM from D9S15 and 1.1c¢M from D9S5,
using the lod-1 confidence interval. Pulsed field mapping
revealed that the two loci D9S15 and D9S5 are less than
450kb apart (Fujita et al. 1990, 1991; Pandolfo et al.
1990, Wilkes et al. 1991). Taken together the data indi-
cate that the most likely location for FRDA isin a 1.5
Mb interval centered around D9S5 and D9S15. However
additional polymorphic markers spread within this inter-
val are needed to bracket and narrow down the disease
locus by genetic analysis.

The utilization of yeast artificial chromosomes (YACs)
allows the isolation of several hundred kilobases in a
single screening step and each clone is small enough to
be a convenient starting point for subcloning. We describe
here the isolation and mapping of eight YAC clones con-
taining loci D9S5 and/or D9S15. Alu-PCR (polymerase
chain reaction) fragments were amplified from YAC
DNA and subcloning of the YACs into cosmids was in-
itiated. Alu-PCR and cosmid subclones were used to
identify RFLPs (restriction fragment length polymor-
phisms) and multiallelic microsatellite polymorphisms.

Materials and methods

YAC library screening

We screened two different human YAC libraries (Brownstein et
al. 1989; Albertsen et al. 1990) by hybridization with probes DR47
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Table 1. Sequence of primers used for inter-Alu and Alu-vector polymerase chain reaction (PCR), and for GS1 and GS4 microsatellite

PCR amplification

Primer Amplified DNA Primer sequence

NA71 Alu primer 5'-CCTCGGCCTCCCAAAGTGCTGGGATTACAG-3’
NL10 Right arm vector primer 5'-CTCCCGGGGGCGAGTCGAACGCCCG-3’

NL12 Left arm vector primer 5’-CAATTAAATACTCTCGGTAGCCAAG-3’

GS1D (TAAA); (151bp) 5'-GCCTCTGCACTCCAGCCTGGGCAACAGAG-3'
GS1R 5'-GATACCTGATAGCTATATAGCTATAAGC-3'
GS4D (CA);  (131bp) 5'-GGGAAGAGCAAATTCCCTGAACCCCG-3’
GS4R 5-CCTGGGCGACAGAGTGAGACTCG-3'

(D9S5) (Orzechowski et al. 1987) and MCT112 (D9S15) (Carlson
et al. 1987), and by PCR amplification with MCT112 primers (Fu-
jita et al. 1990). Both libraries were constructed with the pYAC4
vector and yeast strain AB1380 (Burke et al. 1987). The following
YAC clones were isolated from the library of Brownstein et al.
(1989): B120A12 (YAC1), P11H8 (YAC2), B206G11 (YACS),
A207F7 (YAC9), B229A12 (YACI10), and from the CEPH library
(Albertsen et al. 1990): 185G8 (YAC3), 145B5 (YAC4), 253F8
(YACS), 267A7 (YAC6), and 48D9 (YACT).

Block preparation

Yeast cells were grown by conventional methods. Agarose blocks
were prepared according to the method of Bellis et al. (1987), with
the following modifications: blocks were treated with Proteinase K
and 1% Sarkosyl, without a preincubation step, and were subse-
quently treated twice with phenylmethylsulfonyl fluoride (PMSF)
at 40 ug/mlin 0.5 M EDTA at 42°C for 30 m to inactivate proteinase
K. Blocks were rinsed twice in 0.5 M EDTA at 42°C for 30 m and
stored at 4°C. Standard low melting point (LMP) agarose, without
particular treatment, was used and was appropriate for restriction
enzyme digestion. Typically, one 100 ul block was incubated with
20 to 40 units (u) of restriction enzyme in 250 ul final volume for 4
to 12h.

Pulse field gel electrophoresis (PFGE) and blotting

DNA was fractionated by PFGE with an LKB pulsaphor with CHEF
electrode array or Rotaphor type 3 apparatus, or Waltzer (South-
ern et al. 1987). DNA was usually run at 150 V for 24 h with pulses
of 15s. DNA was briefly depurinated in the gel and transferred on
to two Hybond N membranes layered as a “sandwich” on each
side of the gel.

Inter-Alu and Alu-vector amplification

Yeast DNA was extracted from agarose blocks with a Geneclean
kit (Bio 101, San Diego). DNA (100ng) was amplified in a 100 ui
reaction mixture containing 200pM of each dNTP, 50mM KCl,
10mM Tris-HCL, pH 8.2, 1.5mM MgCl,, 0.45uM Alu primer, 1.8
uM vector primer and 2 units of Tag DNA polymerase (Cetus).
Alu primer and pYAC4 vector primers are indicated in Table 1.
Inter-Alu amplifications were performed in a Perkin-Elmer ther-
mocycler with 35 cycles consisting of 1 m at 92°C for denaturation,
1m at 45°C for annealing and 4 m at 72°C for elongation. Alu-vec-
tor amplifications were performed with 10 cycles of 1 m at 92°C,
1m at 60°C and 4 m at 72°C followed by 25 cycles where annealing
was performed for 30s at 45°C. Annealing at 60°C during the first
ten cycles favors priming by vector primers compared with Alu
primers. Control reactions without DNA and with AB1380 yeast
DNA (containing no artificial chromosomes) were performed.
PCR products were analyzed by running one-tenth of the reaction
on a 1% agarose gel. The rest of the amplification was subsequent-

ly fractionated on a preparative LMP agarose gel and the fragments
of interest were excised. DNA samples (10 ng) were labeled by the
random priming method (Feinberg and Vogelstein (1984). Most
Alu-PCR probes were hybridized in the presence of human pla-
cental DNA at 100 pg/ml for competition of repetitive sequences.
Probes were hybridized in 50% formamide at 42°C and washed in
1 x §SC at 60°C.

Genomic DNA and cell lines
used for the chromosome 9 localization panel

The CF11.4 hybrid cell line contains an X:9 translocation (Xqter—
q13::9q34—pter) as the only human component in a hamster ge-
nomic background (Hsu et al. 1986). Anly is a human-mouse hy-
brid cell line containing an X;9 translocation (Xqter-ql3: :9p24-
qter) (Zonana et al. 1988). The CHPJ hybrid cell line contains an
X;13 translocation (Xqter—q21::13g34—pter) (a gift from S.Gil-
genkrantz, Centre Régional de Transfusion Sanguine et d'Hémato-
logie de Nancy, France). Hamster DNA was extracted from the
Chinese hamster ovary (CHO) cell line, mouse DNA was extrac-
ted from the LMTK-cell line and control human DNA was ob-
tained from blood of a normal male and from the GM1204 cell line
established from a 49 XXXXY individual (Human Genetic Mutant
Cell Repository, Camden, N.J.). Digested DNAs were blotted on
Hybond N* membranes (Amersham). Fragments present only in
CF11.4, Anly and total human genomic DNA, but not in DNA of
the other cell lines, were definitively assigned to chromosome 9.

Subcloning into cosmids

YAC blocks were partially digested with 36 u of Mbol in a 300 ul
reaction containing limiting concentrations of MgCl, (Albertsen et
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Fig. 1. Hybridization of NorI-digested Y ACs (yeast artificial chro-
mosomes) to probes D6, MCT112, 26P and 25X. YAC number is
indicated above each lane; probes used are shown below each panel
and were used successively on the same blot. Size of completely di-
gested fragments is given in kb on the left and right of the figure.
Larger fragments correspond to partial digestion. YAC4 contains
an abnormal-sized fragment of 280kb hybridizing with MCT112
that is negative with 26P, indicating a rearrangement on the D9S5
side. In YAC3, probe 25X detects a 450kb fragment instead of the
predicted 190 kb fragment (Fujita et al. 1991), also indicating a re-
arrangement beyond D9S5



al. 1989). Conditions for partial digestion were tested on an LKB
Pulsaphor in a 1% agarose, 0.5 X TAE gel with switching time of
10s at 150V during 17 h. These conditions offered good resolution
in the 20-100 kb range. A preparative 1% Sea plaque agarose (FMC
BioProducts) gel was run in the same conditions. Lambda and
plasmid size markers run in parallel were ethidium bromide stained
and uvsed to identify the region of the gel that contains fragments
ranging from 35 to 60kb (Anand et al. 1989). Agarose pieces were
equilibrated in 100mM NaCl, melted at 67°C, cooled down at
37°C and incubated with 40 u/ml of agarase (Calbiochem) for 1 to
4h or more to render the agarose unable to gel at low temperature.
DNA was ethanol precipitated together with 1 mg/ml of glycogen
as carrier. DNA (100ng) was ligated with 200ng of BamHI-cut,

Table 2. Summary of restriction fragment sizes of YACs spanning
D9S85 and D9S15. Notl, Mlul, BssHII, Eagl and SacIl fragments
detected with D9S5, D9S15 and YAC vector probes are listed.
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dephosphorylated cosmid vector Lawrist4d (Nizetic et al. 1991) or
SpCos2 (Heilig et al. 1987). Packaging was done with the Giga-
pack Gold kit (Stratagene). Escherichia coli strains ED6878 (Law-
rist) and DH1 (SpCos2) were infected and spread at a density of
500 to 3000 colonies per plate onto 130 mm Hybond filters (Amer-
sham) lying on LB agar plates with the appropriate antibiotic. Fil-
ters and replicas were treated as described by Heilig et al. (1987).

Detection of microsatellite polymorphisms

GS1 Alu-vector and EDY2 inter-Alu PCR fragments were sub-
cloned blunt-ended in the Smal site of the Bluescript plasmid vec-

Sizes are indicated in kb. nt, Not tested. YACs 1 and 2 were not
tested by Mlul digestion. A dash () indicates absence of hybrid-
ization

YAC
Probe 1 2 3 4 5 6 7 8
Notl
Right arm 170 1952 < 50° 280° 90 75 255 70°
Left arm 170 195* 255 40 80 255 180 9P
25X/DR47 170 1952 450° - 80 75 180 nt
26P - 1952 255 - 260 255 255 -
MCT112 nt nt 255 280° 260 255 255 290°
D6 nt nt - - 90 - - 140°
Miul
Right arm 190° 180° 190 235 95 400°
Left arm 95 140 240 95 70 120°
25X/DR47/26P 270 - 240 235 270 nt
MCT112 95 140 190 95 95 400°
D6 - - 190 - - 400°
BssHII
Right arm 130 100 < 40P < 40° 90 35 95 70°
Left arm 40 55 95 40 40 95 140 < 50°
25X 130 55 160° - 40 35 140 nt
DR47 40 40 40 - 40 40 40 nt
26P - 100 140 - 140 140 140 -
MCT112 nt nt 95 100 100 95 95 260°
Eagl
Right arm 70 702 < 40° < 40° 55 75 95 70°
Left arm 100 95 95 =10 80 95 502 oQP
25X/DR47 100 95 100 - 80 95 100 nt
26P - < 407 160 - 160 160 160 -
MCT112 nt nt 95 100 100 95 95 280°
D6 nt nt - - 55 - - 100°
Sacll
Right arm 502 100 40P 40b 90 <20 25 < 40P
Left arm 40 25 25 40 <20 25 80 < 40P
25X 30 30 30 - 30 30 30 nt
DR47 40 40 40 - 40 40 40 nt
26P - 100 160 - 160 160 160 -
MCT112 nt nt 25 30 30 25 25 30
D6 nt nt - - 90 - - 1500

* A fragment that reveals a polymorphism. YACI contains a Sacll
site that is absent in overlapping YAC7. YAC2 contains an Eagl
site and lacks a NotI site that are respectively absent and present

in YACs 3, 5; 6 and 7. YAC7 contains an Eagl site that is absent
in YAC1
® Presence of non-chromosome 9 sequences
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tor (Stratagene) and sequenced. An EcoRI fragment containing
the GS4 (CA), repeat was cut with Seu3A and subcloned in the
BamHI site of M13 vector mpl9. Positive clones were identified
with a synthetic poly(dC-dA) poly(dT-dG) (Pharmacia) probe and
sequenced. Primers used to amplify the GS1 and GS4 markers are
described in Table 1. Amplifications were performed in the same
reaction mix as for the Alu-PCR reactions described above, except
that the non-Alu primers were used at a concentration of 0.2 uM in
50 ul final volume. In addition, one of the two primers was end-
labeled with y*?P-ATP (Hanauer et al. 1990). GS1 marker was
amplified through 30 cycles of 1 m at 94°C, 1 m at 50°C and 1 m at
72°C. GS4 was subjected to 30 cycles consisting of Im at 94°C, 1 m
at 65°C and 1m at 72°C.

Results

PFGE map of YACs containing D9S5 and D9SI5 loci

The human YAC library of Brownstein et al. (1989) was
screened with probes DR47 and MCT112 and the CEPH
human YAC library (Albertsen et al. 1990) was screened
with probe MCT112 only. Two DR47 positive clones
(YACs 1 and 2) and eight MCT112 positive clones (YACs
3 to 10) were obtained. YAC size ranged from 80 to 800
kb. YACs 3, 5, 6, 7 and 9 were positive with both probes.
YACs 8, 9 and 10 were isolated later and only YACS
was further analyzed. YACs were mapped by digestion
with the rare cutter enzymes BssHII, Eagl, Mlul, Notl
and Sacll and hybridization with the YAC vector left
and right arms, with the D9S15 probe MCT112 and with
D9S5 probes 26P, DR47 and 25X (Fujita et al. 1990).
Hybridization of Norl-digested YACs is shown in Fig. 1.
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Sizes of BssHII, Eagl, Mlul, Notl and Sacll fragments
are given in Table 2; results are summarized on the map
of Fig. 2. Four of the clones (YACs 2, 5, 6 and 7) showed
complete colinearity between overlapping clones and
with the map derived from cell lines and cosmids previ-
ously analyzed (Fujita et al. 1991). The other four YACs
are chimeric as indicated by the presence of foreign se-
quences in addition to the segment from 9q13—-q21. The
yeast containing YACI has a smaller 100-kb co-trans-
forming YAC that lacks the vector right arm and does
not contain DR47 sequences (not shown). YAC3, YAC4
and YACS are the products of ligation or recombination
between two genomic segments, one of which contains
the D9S15 locus. In YAC3, the Notl fragment detected
by probes 25X and DR47 is 450kb in length instead of
the 190 kb predicted from the genomic map (Fujita et al.
1991). YAC3 was analyzed on request by H. Dauwerse
and G.J.B.Van Ommen (Leiden University, The Nether-
lands) by in situ hybridization of biotinylated YAC DNA
on metaphase chromosomes. YAC3 indeed showed two
chromosomal localizations: one on 9q13-q21 and the
other on 13q22-q31 (G.J.B. VanOmmen, personal com-
munication). YAC4 and YACS have an abnormal-sized
Notl fragment (280 and 290kb, respectively) detected
with MCT112 but not with 26P while YACs 3, 5, 6 and 7
contain a 260 kb fragment common for MCT112 and 26P
as predicted by the genomic map (Fujita et al. 1991).
Mapping with BssHII, Eagl and Sacll indicated that
Y AC4 was rearranged on the 26P side, while orientation
of YACS based solely on the rare cutting enzyme site
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Fig.2a-d. Map of overlapping YACs spanning D9S15 and D9S5.
Stars at the top of the figure indicate the position of CpG clusters.
a Reference restriction map established from cell line genomic DNA
(Narl and Rsr11 sites indicated in parentheses were identified on cos-
mids (Fujita et al. 1991); the CpG island at position —630 was iden-
tified in the present study). b Position of markers along the genomic
map; the exact position of probe EDY2 within the segment indi-
cated by the brace is not known. ¢ Contigs of cosmids are shown as

thick horizontal bars; the contig containing probe DR47 is de-
scribed in Fujita et al. (1991). d Arrows represent YACs isolated
either with MCT112 (YACs 3-8) or with DR47 (YACs 1 and 2);
dashed lines indicate segments that do not correspond to chromo-
some 9. Restriction sites shown at bottom of the figure were ob-
served in YAC DNA. The scale is given in kb in a. Enzymes ab-
breviations: N, Notl; E, Eagl; B, BssHIL; S, SacIl; Sf, Sfil; Na,
Narl; Ne, Nael; Nr, Nrul, R, Rsrll; M, Mlul



Fig. 3. Inter-Alu and Alu-vector fragments from YAC3 and YACS.
Total yeast DNA was amplified with Alu and YAC vector primer.
Products were fractionated on an agarose gel and ethidium bro-
mide stained. Lane I size marker, size of five fragments is indicated
in kb on the left; lane 2 YAC3 amplified with Alu primer NA71;
lane 3 YACS amplified with Alu primer NA71; lane 4 YACS am-
plified with Alu primer NA71 and vector primer NL10. D5 is an
inter-Alu product present only in YAC5. D6 and D7 fragments
were only amplified in presence of both Alu and vector primers

map was not possible. YACS contained the extremity of
our YAC contig (YACS excluded) on the D9S15 side. In
order to establish that this extremity of YACS5 was not
the result of a cloning artifact, we sought to isolate the
corresponding end fragment and other YAC subfrag-
ments that could be used to map YACS.

Isolation of YAC subfragments
by inter-Alu and Alu-vector PCR

We used the method of Breukel et al. (1990) to amplify
the right arm extremity of YACS5 and the left arm ex-
tremity of YAC4. PFGE YAC mapping indicated that
the two extremities were both on the D9S15 side of the
contig. YAC DNA was amplified in two separate reac-
tions, one containing Alu primer plus vector primer
(Alu-vector) and one with Alu primer alone (inter-Alu).
We obtained two fragments specific for the Alu-vector
reaction with YACS (fragments D6 and D7 in Fig. 3) and
one fragment with YAC4 (fragment K8, not shown). Frag-
ments D6, D7 and K8 were isolated and subsequently re-
amplified in the presence of Alu plus vector primers; the
fragments failed to reamplify in the presence of one of
the two primers alone (not shown). Other fragments were
obtained in inter-Alu reactions from the same YACs
(see below).

Fragments D6, D7 and K8 were hybridized to the
YAC PFGE blots. D7 gave a complex pattern including
hybridization to yeast DNA and was not further analyzed.
The D6 and K8 hybridization pattern was identical to the
pattern of the corresponding YAC vector probe (left
arm for YAC4 and right arm for YACS5). The smallest
end-containing fragment was a 55-kb Eagl fragment for
YACS and = 10-kb Eagl fragment for YAC4, suggesting
that D6 and K8 are indeed at the correct extremity of
YAGs 5 and 4, respectively. In addition, K8 was present
in YACS5 and D6 was absent from YAC4. We demon-
strated that D6 maps to chromosome 9 by hybridization
to our localization panel of human-rodent hybrid cell
lines (not shown).

535

] o
kel L2,
o — - O
© - o 5§ =
o :? ] < @
o) w ML e o, - |
a i, r £ £ L
E = = ODwuw ©w w E
@ O 0 @ w v O |
4 £ 2 W oo o g
F
—530kb

-

-

-

L ]

-

-

— 50kb

Fig. 4. Detection of a new CpG island with probe D5. D5 was hyb-
ridized to a pulsed field gel electrophoresis (PFGE) blot of rare
cutter enzyme digested DNA. Enzyme or combination of enzymes
used to digest CF11-4 DNA is indicated at the top of each lane. A
lambda DNA fragment ladder is shown as size marker in the first
and last lanes. Position of the 530-kb band is indicated

The hybridization of probe D6 to YACS allowed orien-
tion of the YAC and indicated that it is rearranged on
the 26P side. We sought to isolate the YAC8 extremity
on the D6 side by Alu-vector PCR (Breukel et al. 1990).
We obtained a specific Alu-vector fragment that failed
to map at the extremity of YACS8. However, we obtained
an inter-Alu fragment, H6, that localized beyond D6 on
our YACS8 map. H6 was hybridized to the localization
panel and, to our surprise, this fragment did not map to
chromosome 9 (not shown), indicating that YACS con-
tains non-chromosome 9 sequences at both ends.

Several other inter-Alu fragments were isolated from
the different YACs as well as the right Alu-vector frag-
ment of YAC2. This latter fragment, called GS1 and an
inter-Alu fragment, EDY2, are localized between 26P
and MCT112 and were used to search for polymorphisms
(see below). An inter-Alu fragment, D5, was amplified
from YACS but not from YAC3 (Fig. 3). Further map-
ping indicated that D5 is not present in YAC4 (not
shown). Since probe D5 is separated from MCT112 by a
CpG island and gave clear signals on blots of total geno-
mic DNA, it was hybridized to BssHII, Eagl and Notl
single and double digests of CF11.4 hybrid cell line DNA
(Fig. 4); this cell line contains an X;9 translocation as the
only human chromosome. D5 detects a Notl fragment
over 1 Mb in size. In single or double digests with BssHII
and Eagl, D5 detects the same 530-kb fragment, indicat-
ing the presence of a second CpG island distant from D35
and MCT112 (Fig. 2).
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Subcloning of YACs into cosmids

We chose to subclone some YACs into cosmids in order
to facilitate the search for polymorphisms, conserved se-
quences and transcribed sequences, particularly around
the CpG islands. Cosmid libraries were constructed from
total yeast DNA of YAC4 and YACS clones. These clones
were chosen prior to complete knowledge of their rear-
ranged status. YAC4 cosmids were screened with total
human genomic DNA and 20 positive clones in the chro-
mosome 9 portion of YAC4 were further analyzed. Since
YACS turned out to contain two non-chromosome 9 frag-
ments (see above), only six YACS cosmids positive for
D6 were further analyzed. Overlapping cosmids were or-
dered on the basis of common EcoRI fragments and
common hybridizing fragments. We defined two contigs
of cosmid (96 and 102 kb in size) that were mapped with
rare cutting enzymes and by probe hybridization. The
position of the contigs is shown in Fig. 2¢c. Cosmid map-
ping showed that, although D6 is within the last 55 kb of
the YACS end, it is not the extremity of YACS. To ex-
clude the possibility that parts of the cosmids correspond
to non-chromosome 9 sequence of YAC4 or YACSE, we
checked that the extremities of the cosmid contig were
present on more than one YAC.

Identification of new polymorphisms

To orient the search for the FRDA gene, more genetic
markers spread along the YAC contig are needed. We
tested a few Alu-PCR fragments for RFLPs. Probe EDY2
detects a biallelic polymorphism on Pvull and EcoRI di-
gested DNA (frequency of rarer allele =0.2). We then
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Fig. 5. Segregation of GS4 microsatellite alleles. Pedigree of indi-
viduals from Friedreich ataxia (FA) families is indicated at the top
of the lanes. Allele identification is given below each lane

Table 3. Frequency of GS4 alleles. Frequencies were derived from
analysis of 40 FA families. Frequencies were calculated separately
for alleles associated with FA (n =80) and for alleles associated
with normal chromosomes (n = 69). Allele 3 has not been detected

sought to find more informative markers based on micro-
satellite sequences. We looked for microsatellite sequences
linked to the 3’ end of the Alu sequences (Orita et al.
1990) of our Alu-PCR fragments. We found a (TAAA),
repeat next to the Alu sequence of GS1. PCR amplifica-
tion of this repeat revealed two very rare alleles in addi-
tion to the frequent allele (2 occurrences of allele 1 and
1 occurrence of allele 2 on 50 chromosomes tested). We
then searched for (CA), microsatellites. Blots of EcoR1
digested cosmids were hybridized with a nick-translated
CA repeat probe. Several positive fragments were ob-
tained, one of which, named GS4, was immediately be-
yond fragment D6. We analyzed this sequence because
of its position 80 and 310kb away from the previously
used polymorphic markers MCT112 and 26P, respective-
ly. GS4 sequence was amplified by PCR from 149 inde-
pendent chromosomes from 40 French families with FA.
This sequence was found to be highly polymorphic with
12 alleles so far identified (Fig. 5 and Table 3) and has a
PIC value of 0.83. Preliminary data suggest that this
polymorphism is in linkage disequilibrium with FA (Table
3) although weaker than that found with MCT112 in the
same population (Fujita et al. 1990). Other CA repeats
are currently being analyzed. Amplification conditions
and sequence of primers used to amplify GS1 and GS4
are given in Materials and methods.

Discussion

Eight YAC clones positive for D9S5 or D9S15 probes
were obtained from two different libraries (Brownstein
et al. 1989; Albertsen et al. 1990). YAC mapping by
PFGE indicated that four YAC clones (two from each li-
brary screened) were not fully colinear with the other
four YACs or with the PFGE map generated from cell
line DNA (Wilkes et al. 1991; Fujita et al. 1991). We
sought to define the overlap between the YACs by gen-
erating YAC probes with Alu-vector and inter-Alu PCR
amplification. Alu-vector amplifications performed to
isolate YAC end probes (Breukel et al. 1990) were not
very effective in our hands since two out of four PCR
products that were specific for the Alu-vector reaction
did not correspond to the YAC extremity, probably owing
to unspecific annealing of the vector primer in human
genomic DNA. Several Alu-PCR fragments (D5, D6
and H6) and cosmid derived probes were useful to iden-
tity and characterize the chimeric YAC clones. One clone
contained two different YACs, one of which was on chro-

yet. Successive alleles differ by one CA dinucleotide (the longest
observed being allele 1). * P < 0.05 that frequencies are the same
on normal and FA chromosomes

Frequency Allele

1 2 3 4 5 6 7 8 9 10 11 12 13
Normal chromosome 0.00 0.00 0.00 0.01 0.06 0.07¢ 022 0.10 0.15 0.19*  0.03 0.03 0.15
FA chromosome 0.03 0.01 0.00 0.00 0.06 0.19*  0.15 0.11 0.14 0.05*  0.03 0.00 0.24




mosome 9. Two clones contained chimeric YACs with
double inserts and one clone contained a triple insert.

The addition of all YAC sequences from chromosome
9 indicates that we have cloned ~ 530kb in overlapping
YACs. Rare cutter enzyme mapping of the YACs con-
firms the PFGE map that we have established from cell
line genomic DNA (Fujita et al. 1991). Our long range
physical map is also in general agreement with the map
published by Wilkes et al. (1991), but with two impor-
tant differences. We found DR47 to be at position +175
kb on our map (Fig.2), while Wilkes and colleagues
mapped DR47 in a 60 kb fragment at position 290 to 350.
Our data are based on the detection of a 260 kb fragment
common for MCT112 and 26P both by PFGE of cell line
DNA (Fujita et al. 1991) and YAC DNA (this study,
Fig. 1) and on the fact that DR47 is 20 kb apart from 26P
(Fujita et al. 1990). We also found a CpG island at posi-
tion —630kb on our map while Wilkes and colleagues
found by partial digestion experiments no CpG islands
up to position ~2300kb in the same direction. This dif-
ference might be accounted for by differences in the cell
lines used as a source of DNA. However, our identifica-
tion of the CpG island is not based on partial digestions
but on the use of a new probe, D5, detecting a novel 530
kb Eagl-BssHII fragment.

Five CpG clusters, previously identified within 450 kb
around the D9S85 and D9S15 loci (Wilkes et al. 1991; Fu-
jita et al. 1991), are contained in the YAC contig. The
YAC clones allowed us to look for rare cutting sites that
are completely methylated in cell lines and non-detecta-
ble on PFGE of total genomic DNA. New rare cutting
sites were detected but they were not associated in clus-
ters. Two methylated CpG clusters (positions 160 and
200kb in Fig.2) were previously identified in a cosmid
walk around DR47 (Fujita et al. 1991). In the present
study, two CpG islands and neighboring regions were
subcloned in cosmids (CpG islands at positions 0 and
—100kb in Figure 2). Sequences around the four cloned
CpG clusters are currently being used to look for trans-
cribed sequences.

The YAC contig encompasses loci D9S5 and D9S15,
which are tightly linked to the FRDA locus (Chamber-
lain et al. 1988; Fujita et al. 1989), and show linkage dis-
equilibrium with the disease (Hanauer et al. 1990, Fujita
et al. 1990; Pandolfo et al. 1990). Lod score calculations
give a confidence interval (max lod-1) for the position of
the FRDA gene of 0.7cM on each side of the D9S15
marker. This interval should correspond to approximately
1.5Mb, one-third of which is now cloned in YACs. In
order to search for possible recombination and variation
in linkage disequilibrium with FRDA, we isolated new
highly polymorphic markers. Several (CA), microsatel-
lite repeats that are potentially polymorphic have been
identified. One of them, GS4, was further characterized
because of its position outside of the interval defined by
markers MCT112 and 26P. GS4 is highly polymorphic
(PIC =0.83) and was found in linkage equilibrium with
the neighboring microsatellite and Mspl polymorphisms
at MCT112, which are 80kb away, in both normal and
FA chromosomes (G.S., manuscript in preparation).
Another polymorphic microsatellite, located between
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MCT112 and 26P, has been isolated by direct YAC sub-
cloning (G.S., manuscript in preparation). Markers from
G$4 to 26P are now used to define haplotypes over a 310
kb region, especially in populations where a founder ef-
fect is suspected to account for a high incidence of FA.
In a preliminary analysis of Louisiana-Acadian patients,
markers described in this paper were used to identify a
major haplotype in strong linkage disequilibrium with
the disease (Sirugo et al. 1991). It was possible to infer
that some minor haplotypes were likely to have derived
from the major one by ancient recombination events,
suggesting a localization of the FA gene on the D9S15-
D9SS5 side of GS4. This could fit with the decreased link-
age disequilibrium (compared with D9S15; Fujita et al.
1990) that we observed with GS4 in the French FA fam-
ilies.
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