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Abstract

Familial dysautonomia (FD) is a reces-
sive neurological disorder that affects the
development of the sensory and auto-
nomic nervous system. The gene defect
appears to be limited to the Ashkenazi
Jewish population, where the carrier fre-
quency is 1 in 30. One hundred and
ninety-one marker loci representing all
autosomes were tested for linkage with
the FD genetic defect in 23 families. A
combination of pairwise and multipoint
analyses excluded the FD gene from at
least 60% of the autosomal genome. The
program EXCLUDE predicted regions of
chromosomes 2, 4, 5q, 9, or 10 as the most
promising locations for future analyses.
(¥ Med Gener 1993;30:47-52)

Familial dysautonomia (FD), or the Riley-Day
syndrome, is a rare inherited neurological dis-
ease affecting the development and survival of
sensory, sympathetic, and some parasympath-
etic neurones.!? It is the most common and
best known of a group of rare disorders,
termed congenital sensory neuropathies, that
are characterised by widespread sensory and
variable autonomic dysfunction. Patients with
FD are affected from birth with a variety of
symptoms such as decreased sensitivity to pain
and temperature, vomiting crises, and cardio-
vascular instability, all of which might result
from a deficiency in a neuronal growth factor
pathway.** Diagnosis of FD is based on the
following cardinal criteria: absence of fungi-
form papillae on the tongue, absence of flare
after injection of intradermal histamine, de-
creased or absent deep tendon reflexes, and
absence of overflow of emotional tears.??
Neuropathological findings have clearly differ-
entiated FD from other congenital neuro-
pathies.? The disorder has autosomal recessive
inheritance with complete penetrance and cur-
rently appears to be confined to persons of
Ashkenazi Jewish descent. In this population,
the estimated carrier frequency is 1 in 30 with
a disease incidence of 1 in 3600 live births.”
The clear cut pattern of transmission, appar-
ent restriction to one ethnic population,
straightforward diagnosis, and lack of con-
founding phenocopies suggest that all cases of
FD might have descended from a single
founder mutation.?

Chromosomal localisation of the gene caus-
ing FD would facilitate genetic counselling
and prenatal diagnosis in affected families.
Subsequent delineation of closely linked

markers which may show strong linkage dis-
equilibrium with the disorder and, ultimately,
identification of the defective gene could allow
screening of the entire at risk population to
identify carriers, and potentially reduce the
incidence of new cases. Consequently, we have
sought to identify the position of the FD gene
using genetic linkage analysis. While the dis-
ease gene has not yet been located, the exclu-
sion of large regions of the genome will serve to
guide future analyses to accelerate discovery of
the FD locus.

Subjects and methods

FD FAMILIES

Patients’ files from the Dysautonomia Center
at the New York University Medical Center
were used to obtain families with more than
one dysautonomic child. Twenty-one families
were identified as having two or three surviv-
ing affected subjects (fig 1). Two additional
families were chosen for linkage analysis based
on a large number of unaffected sibs (family
10, fig 1) and parents who are first cousins
(family 14, fig 1). All families were from North
America or Israel. The diagnosis of FD was
confirmed in all cases based on standard cri-
teria.?? Cell lines (130 lymphoblast, two fibro-
blast) were established from family members
shown in fig 1 (except for those marked with *).

DNA ANALYSIS
For typing restriction fragment length poly-
morphisms (RFLPs), genomic DNA was iso-
lated from cell lines, digested with restriction
endonuclease, resolved by electrophoresis on
0-8% agarose gels, and transferred to Hybond
N* membranes.® Blots were hybridised with
probe DNA radioactively labelled by random
priming and visualised by autoradiography as
previously described.®

For typing simple sequence repeat polymor-
phisms, the method described by Weber and
May® was used with the following modifica-
tions: PCR reaction volume was reduced to
10 pl using 5 to 10 ng genomic DNA, 40 ng of
each primer, and about 0-25 U Tagq polymerase
(Boehringer). In most cases, a-*P-dGTP
(3000 Ci/mmol, Amersham) was used as the
labelled nucleotide. PCR conditions varied as
described for the specific markers. Dried gels
were subjected to autoradiography for four to
16 hours using Kodak X-OMAT AR film.
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*Blood not collected.

Figure 1

Twenty-three families with familial dysautonomia used for linkage studies.

LINKAGE ANALYSIS
The LIPIN (v 2-1) data management pro-
gram'® was used for entry of marker pheno-

types into a VAX8700 computer. Pairwise lod.

scores were calculated using MLINK (v 3-5).1!
Autosomal recessive inheritance, complete
penetrance, no rate of new mutations, and a
gene frequency of 1/60 were assumed for FD.
Multipoint analyses used LINKMAP (v 4-9)"
to analyse groups of three to five markers at a
time. Exclusion maps of entire chromosomes
were generated from a set of overlapping three
to five point analyses (for example, analysis 1:
A-B-C-D; analysis 2: C-D-E-F, etc). No sig-
nificant differences were found for any interval
calculated in more than one analysis (for ex-
ample, C-D above). Likelihood estimates from
non-overlapping intervals (for example, A-B-
C and D-E-F) flanking the overlapping inter-
val were concatenated to construct the overall
multipoint curve. Lod scores < —2 were used
to define exclusion limits in both pairwise and
multipoint analyses. When several polymor-
phisms were tested at the same marker locus,
haplotyping was performed. Potential loca-
tions of the FD gene were estimated using the
program EXCLUDE.? The input to the
EXCLUDE program consists of chromosomal
position, locus name, data type, and the lin-
kage data in the form of a standard lod table
(table). The location of each marker on a
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chromosome is expressed as a fraction corres-
ponding to the proportion of the chromo-
some’s physical length between the locus and
the p-terminus. When the potential location of
a marker extends over a large physical seg-
ment, that marker is arbitrarily assumed to be
in the centre of the segment.

Results and discussion

In total, 191 marker loci were typed in the FD
pedigrees. Thirty-three of these were essen-
tially uninformative, yielding lod scores
between —0-5 and 0-5 at all recombination
fractions. Lod scores for these markers are not
presented. The lod scores for linkage to FD of
the other 158 marker loci are shown in the
table. None of the markers provided signific-
ant evidence of linkage, although several
yielded weak positive lod scores with the high-
est being +1-02 for D5S22. Most markers
allowed some degree of exclusion of the re-
spective flanking regions. The largest ranges of
exclusion, up to 6=0-24 on either side of the
marker (corresponding to 26 cM based on the
Kosambi mapping function or 33 cM based on
the Haldane mapping function), came from the
highly informative simple sequence repeat
polymorphisms. The region of exclusion
(expressed in the recombination fraction cor-
responding to 0= —2) for each marker is also
given in the table.

To maximise the information derived from
specific chromosomes with well established
genetic maps, we performed multipoint ana-
lyses assuming equal male and female recom-
bination rates, with distances fixed from the
sex averaged genetic maps.??? Fig 2 presents
examples of multipoint exclusion of the FD
gene from chromosomes 1q, 17, 21q, and 22q.
Two candidate genes for FD have been
mapped to chromosome 1: NFGB, encoding
the nerve growth factor f subunit (previously
excluded as the site of the FD defect!), and
NTRKI1, encoding a tropomyosin receptor
kinase (a protein that serves as a component of
the high affinity NGF receptor®). Since
NTRKI1 maps to chromosome 1q32-q41% (a
region covered by REN, DI1S81, and
D1S5103), we decided to perform multipoint
analysis of chromosome 1q. The probes used
span almost the entire length of 1q, covering
167cM from NGFB in 1pl3 to D1S102 in
1q32—44."* FD was excluded from most inter-
marker intervals as well from 4cM distal to
NGFB and from 16cM distal to DI1S102.
Only two regions of chromosome 1q were not
formally excluded (score < —2): a segment of
the 45 cM interval between D1S61 and REN,
and a segment between CRP and NGFB.

Chromosome 17 was analysed because one
Ashkenazi Jewish subject is afflicted with both
FD and Charcot-Marie-Tooth disease type
la (unpublished data). CMTIA has been
assigned to chromosome 17p12-p11.2 between
D17S! in 17pl13.2-pl13.3 and DI17S871 in
17p12-p11.2.7 The low affinity NGF receptor
(NGFR), another candidate gene for FD that
was excluded as the gene causing the disor-
der,’ also maps to chromosome 17. The marker
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Results of pairwise linkage analysis of familial dysautonomia with various polymorphic DNA loci.

Lod score at 6

Chromosomal Excluded

location* Locus 0-00 0-05 0-10 0-20 030 0-40 region (8)t Ref
1p32 D1S857 — —3-58 -205 -0:77 -0-26 -0:05 +10 13
1p31.2 D1S116 — -757 —391 -1-30 —-0-43 -0-09 +16 14
1pl3 NGFB -0 —1-65 —0-86 -024 -0-04 +0-00 + 4 13
1(q21.1) CRP - —2-84 -1-15 -0-08 +0-10 +0-05 + 7 13
1(q21.3) D1S104 -0 —-13-16 -755 —296 -1-10 -0-32 +24 13
1(q22) D1S61 - —295 -1-01 -0-14 +0-25 +0-09 + 7 13
1(q31) REN -0 -5-51 -273 -073 -0-13 -0-00 +13 13
1(q31) D1S58 — o0 —2-88 -153 -054 -0-19 -0-04 + 8 13
1(q32) D1S581 - -10-03 -562 -2-09 —-0-71 -014 +20 13
1(q32) D1S103 — —12-83 —693 —2:42 -0-77 —=0-15 +22 13
1(q42) D1802 - -673 —3.73 -131 —0-41 —-0-08 +16 13
2p25 POMC - —263 —1:38 —041 -0-09 -0-00 + 7 14
2p24 APOB —© —-2-16 -0-87 —0-06 +0-07 +0-03 + 6 14,15
2(p23) D2S548 - -0-30 +0-37 +0-59 +0-39 +0-12 + 0 15
2pl2 CD8A — o0 -10-02 -5-01 -1-29 -0-11 +0-13 +17 14
2ql2-q21 ILI - —4-92 —1-87 —-0-06 +035 +0-18 +10 14
2(q21.1) D2S44 — 0 —2:96 —-1:35 -0-23 +0-04 +0-04 + 7 15
2(q34) D2S50 - -097 —0-51 -0-17 -0-05 —-0-01 + 0 15
2q36-q37 PGLU -0 - 8:87 —477 —-1-52 -037 -0-01 +17 16
2(q36) D2S61 - -274 —1-41 —0-41 -0-09 -0-01 + 7 15
2q37 D2S3 -0 -1-71 —0-82 -0-20 -0-03 -0-00 + 4 14
2 D2S71 -0 —4:26 —149 -0-19 +0-36 +0-13 + 9 14
2 D2S72 — 0 -599 —249 —-033 +0-06 +0-01 +11 14
3p24.1-p22 THRB — 0 —1-68 -0-79 -0-19 -003 -0-01 + 4 14
3q21-q24 RHO -0 -12-70 —7-49 —3-06 -114 -0-27 +24 14
3q27-q28 D3819 — o —841 —3-85 —0-86 -0-09 +0-04 +15 14
3928 SST -0 —3-87 —147 +0-02 +0-22 +0-09 + 9 14
4p16.3 D4S10 - —1-87 -111 -0-47 -0-18 -0-04 +5 14
4plé6.1 RAF1P! — o0 —-193 -1-14 —0-46 -0-17 -0-04 + 5 14
4pl13-pl12 GABRB! -0 —8-07 —3:66 ~-0-66 +0-06 +0-08 +14 14
4p D4S124 -0 —2-24 -107 -0-27 —-0-05 -0:00 + 6 14
4q25 EGF -0 —0-98 -049 -0-13 —-0-03 -0-00 + 0 14
5(p15.3) D5S117 — -495 -158 +0-42 +0-57 +0-22 + 9 17
5pl4 D5S19 -0 —2-86 —1:38 —-0-30 —-0-01 +0-02 + 7 14
5(p14) D5S111 -0 —4-67 —2:15 —-033 +0-10 +0-07 +11 17
5(pl3) D5S108 — 0 —-3:52 —1-48 —-0-14 +0-11 +0-05 + 8 17
5(q11.2) D5S118 — o0 —6-68 -3-31 —0-86 -014 +0-00 +14 17
5(ql3) D58107 - -7-70 —3-48 -0-63 +0-05 +0-07 +14 17
5(q13) D5839 -0 —-1311 —-7-22 —2'56 -0-80 -014 +21 17
5933.3-q34 CFS1 - -753 —3-51 —-0-74 —-0-04 +0:03 +14 17
5q34—qter D5822 - —3-61 -057 +1-02 +0-87 +0-30 + 7 17
6p25-p24 F13A41 — 0 —9-22 —4-58 -1-10 —0-04 +0-14 +16 14
6p23—ql2 TRM!I - —1-84 —-0-29 +0-51 +043 +0-14 + 5 14
6p D6S105 - —6-57 —-3-27 -0-96 -0-30 -0-13 +14 14
6q27 D6S37 — 0 —6-40 -3-59 —1-31 —-043 —0-09 +17 14
6 TCF2D — o0 -11-60 —6-18 —-1-98 -054 —-0-11 +20 18
Tpter-p21 PDGFA — o0 —-1:37 -0-65 —-0-16 -0-04 -0-00 + 2 14
7q35-qter D7839% - -379 -194 —0-58 -0-15 -0-02 +10 14
7 D75435 — o0 -9-00 —4-84 —1-66 -053 -011 +18 14
7 D78440 — 0 -625 -259 -0-21 +0-27 +0-20 +11 14
8p21.1-pl11.2 ANK1 — o0 —3-38 —1-84 —-0-78 —0-39 -0-20 +10 14
8pi12 D8S87 — o0 ~554 —2:62 —0-66 -0-17 —-0-05 +12 14
8q13-q21.2 D8S84 — o0 -692 —3-56 -125 -053 -0-19 +15 14
8q21-q22 D8S85 — 00 -655 —3-04 —0-64 —-0-04 +0-02 +13 14
8q23-q24 PENK -0 -515 —2-69 —-0-82 -0-21 -0-03 +13 14
8q24 MYC - —1-27 —-043 +0-10 +0-15 +0-06 + 2 14
8 D8S17 — o -157 —048 +0-18 +0-22 +0-08 + 3 14
8 D8S39 — 0 —2-46 -141 -0-54 —-0-18 —0-04 + 7 14
8 D8S88 -0 -9-70 -514 -1-64 -0-45 -0:07 +18 14
9pter-ql11 D9S1 - -675 —3-87 - 146 —0-49 -0-10 +16 14
9934 D9S7 — o0 —278 -1:38 —-0-36 —0-06 -0-00 + 8 14
9q34.1 ASS — 00 -507 —1-64 +0-41 +0-54 +0-20 + 9 14
9g34-qter D9S66 — o0 —6:34 —2:40 +0-08 +0-44 +0-20 + 6 14
10q22—q23 D10S4 — o —0-46 —0-06 +0-16 +0-14 +0-05 + 0 14
11pl5.5 HRAS — 0 —-1-42 -0-59 -0-06 +0:03 +0-15 + 3 14
11pl15.5 INS - —533 —2:38 —0-40 -0-06 +0-07 +11 14
11q13 INT2 - —643 —2:99 —0-61 —-0-02 +0-03 +13 14
11921-q22 D11835 -0 —2:85 -0-50 +0-67 +0-54 +0-17 + 6 14
11932 D11S351 — —-2.20 -053 +0-34 +0-31 +0-10 + 6 14
11922.3—q23.3 DI115144 -0 +0-09 +0:57 +0-61 +0-36 +0-11 + 0 14
11g23—qter DI11829 ~ 0 —-0-42 -0-06 +0-09 +0:06 +0-02 + 0 14
11g23.3—q24 D118420 -0 —899 —4-62 —-1-32 -0-27 -0-01 +17 14
11 DI11S145 — oo -3-04 —1-58 —-0:47 —-0-11 -0-01 + 9 14
12pl12.1 KRAS2 - —0-58 -029 -0-08 —-0-02 -0-00 + 0 14
12q12 KRT18 -0 —2-99 —142 -0-33 -0-03 +0-02 + 8 AB, unpublished
12q14 DI12S6 — o0 —3.93 —-234 —0-96 -035 -0-08 +11 14
12g23—qter PLA2 -0 —-3:27 -091 +0-36 +0-38 +0-13 + 7 14
12q Di2S14 -0 -0-69 -0-12 +0-17 +0-14 +0-05 + 0 14
12q D12817 - —0-86 -0-26 +0-08 +0-09 +0-03 + 0 14
12 D12S43 — 0 —9-88 -522 —1:66 —0-41 —-0-01 +19 14
13q12 FLTI — 00 —4-61 —2-42 -074 —-0-18 —0-01 +12 14
13q14 D13837 — o0 —-293 —-1-67 —063 —-021 —-0-04 + 7 14
13q14.2 RB1 — 00 —2-71 —1-30 —-0-27 +0-01 +0-02 + 7 14
13q21 Di13S12 -0 —1-38 —-0-84 -0-36 -0'14 —0-03 + 2 14
13q32.2 D13S71 -0 —17-85 —4-03 —-1-20 -0-29 -0-03 +16 14
13 D13S17 — o0 —4-00 -2-27 -0-84 -0-28 —0-06 +11 14
14q24.3 D14S43 ) —-7-03 —352 —096 -0-16 +0-02 +15 14
14923.33 Di14S1 - —272 -1-15 —-0-10 +0-10 +0-05 + 7 14
14 Di14S813 — —-2-23 —-1-23 —-043 -0-14 —-0-03 + 6 14
14 D14S34 — o0 —4-39 —1-62 +0-07 +0-28 +0-12 + 9 14
15q15 THBS1 — o0 —-133 —0-36 +0-15 +0-15 +0-05 + 3 14
15(q31) D15S30 —oc -351 —-2:07 —0-90 —-0-36 —0-09 +10 14,19
15(q22.1) D15S28 — o0 —145 -0-75 —0-42 —0-06 —-0-01 + 2 14,19
15(q22.3) D15S26 — 0 -1-18 ~0-69 -0-27 -0-10 —-0-02 + 2 14,19
15(q24) D15837 — —2:43 -1-03 —-0-13 +0-05 +0-03 + 6 14,19
15(q26.1) D15S3 — o0 -473 -2-61 —-0-94 —0-31 -0-07 +12 14,19
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Table— continued

Lod score at 6
Chromosomal Excluded
location* Locus 0-00 0-05 0-10 0-20 0-30 0-40 region (6)t Ref
16p D16S83 -0 —-1-62 -0-39 +0-29 +0-27 +0-09 + 4 14
16q D168261 — 0 —-9:35 -5-20 —-191 -0-61 —-0-09 +20 14
16q D16S265 — 0 —890 —-4-50 —1-18 -0-15 +0-05 +16 14
16q D16S266 — -977 —-5-26 -175 —0-49 -0-07 +19 14
16 D16S260 - —-7-06 —3-88 —-1-32 -0-37 —0-04 +17 14
17(p13.3) D17S85 - —4-63 —2-17 —-0-49 —-0-67 +0-00 11 20
17p13.3 D17S528 - —1-68 —0-65 -0-04 +0-05 +0-02 + 4 14
17(p13.1) TP53 — +0-11 +0-19 +0-13 +0-04 +0-01 + 0 20
17(p13.1) D1781 - —-5-05 —-276 —-0-93 -0-25 —0-01 +13 20
17p12-pl1.2 D178261 — —345 -1-79 -0-57 -0-16 —-0-02 + 9 14
17p11.2 D17871 e ) -5-20 —2-81 -1-02 -035 —-0-07 +13 20
17(q12) D17858 - —5-95 —3:42 -131 —-045 —0-09 +16 20
17(q21) MTBT — -1-99 —-125 —-0-57 —-023 —-0-05 5 20
17(q21.3) NGFR - —-3-26 —-195 -0-81 -0-30 -0-07 +10 20
17(q23) GH — —4-11 —-235 -090 -0-32 —-0-07 +12 20
17(g25) TK1 - —2-62 —1-28 —-035 —-0-07 —-0-00 * 7 20
18pl11.3 D18S3 - -074 —-0-31 —0-02 +0-04 +0-02 + 0 14
18pl1 D18S6 — —1.28 -0-59 —-011 +0-00 +0-01 + 2 14,19
18(q1l.1) (19D) —oC -1-87 —-1-01 —-0-32 —0-00 -0-01 5 LJO, unpublished
18(q11.2) (LDRI111)§ — o —045 +0-22 +0-42 +0-25 +0-07 + 0 LJO, unpublished
18(ql2.1) Di18S519 — 00 -095 —-0-25 +0-11 +0-10 +0-03 + 0 14,19
18q21.3 BCL2 — —-1.29 —0-68 -023 -0-07 —-0-01 + 3 14
18q21.3—qter Di18S5 - —2:62 -1-39 —-043 -0-10 —-0-01 + 7 14
18q22-qter ERV1I -0 —-1-74 —-1-02 —-0-45 -019 —-0-05 + 4 14
18q22—qter MBP — —2-88 —1-41 -0-32 —-0-01 +0-02 + 8 14
18q23 Di18S11 — — 847 -479 —1-83 —0-65 -015 *+19 14
18(q23) D18S17 - —381 —-224 -0-90 —-0-32 -0-07 +11 14,19
18 (27F)} - —-2:06 —-1-27 -0-57 —-0-23 -0-06 + 5 LJO, unpublished
19q12—ql3.1 D19S75 - —-470 —-1-78 +0-04 +0-25 +0-05 +10 14
19q13.1 D19S547 - —-765 —3-94 -1-15 —-0-30 -0-10 +16 14
19q13.4 D19822 - -1-20 —-0-57 —-0-18 -0-07 —0-01 + 1 14
20p12 D20S27 - —-9:95 —-5-16 —-1-60 —-044 —-0-09 +17 14
20q D20S19 - -732 —4-21 -1-61 —0-56 —-012 +17 14
20 D20S32 — —318 —-2-16 -1-16 —-0-60 —-0-24 +11 21
21qll.1 D21S813 — -6'15 —3-36 -1-13 —-0-32 —-0-05 +15 22,23
21qll.1 D21852 — o -513 —2-74 —-095 —-0-32 -0-07 +13 23
21(ql1.2) D21S1 — -560 -310 -1-12 —-036 —-0-07 +14 22,23
21(ql1.2) D21S11 — —-251 —1-32 —-0-42 -0-11 —-0-02 + 7 22,23
21(q21) D21S8 - -3-56 -1-89 —-0-63 -019 -0-03 +10 22,23
21(q21) APP - 346 —-1-90 —-0-62 -017 -0-02 10 22,23
21(q21) D21S58 - —-3-08 -1-52 -0-41 —-0-08 —-001 + 8 22,23
21(q21) D21S17 - -1-74 —0-64 —-0-04 +0-13 +0:05 + 4 22,23
21(q21) ETS2 — o -093 —0-46 —-0-11 —-0-01 +0-00 + 0 23
21(q22.1) D21S15 - -3-89 —-215 -0-77 —-025 —-005 +11 22,23
21(q22.2) D21S19 - —-2-39 -125 —0-42 -013 —-0-03 + 7 22,23
21(q22.3) CD18 — —4-22 —-2:27 -0-77 -0-23 -0-04 +11 23
22(qll.1) D2289 - —-255 -123 -0-30 -0-05 +0-00 + 7 24
22(q11.2) IGLV — —1-66 —0-00 +0-73 +0-53 +0-17 + 4 24
22(ql1.2) D22S10 — —-1-56 ~0-43 +0-16 +0-16 +005 + 4 24
22(ql11.2) BCR - -279 -135 -030 —-0-02 +0-01 + 7 24
22(qll.2) CRYB2 — -2-85 —1-46 —-0-38 —-0-05 +0-01 + 7 JLH, unpublished
22(ql11.2) D22S15 - +0-10 +0-45 +0-51 +0-32 +0-10 + 0 24
22(ql1.2) D22S1 -0 -1-68 -075 -010 +0:05 +0-03 + 4 24
22(ql2.1) D22S28 — -112 —-0-03 +0-43 +0-29 +0-09 + 1 24
22(ql2.1) D22829 — 0 -0-40 +0-43 +0-68 +0-42 +0-13 + 0 24
22(ql2.2) D22S20 - -115 —0-45 -0-04 +0-03 +0-01 + 1 24
22(q12.3) MB - -171 -0-78 -0-16 -0-01 +0-00 + 4 JLH, unpublished
22(ql3.1) PDGFB — ™ —6-06 -3-19 —0-98 —-030 —-0-12 +14 24
22(q13.1) D22S64 - —-0-25 +0-26 +0-40 +0-25 +0-08 + 0 JLH, unpublished
22(ql13.2) D22822 - —-321 —1-61 -0-42 -0-07 -0-00 + 8 24
22(ql3.3) D22821 - -1-71 —-0-80 -0-20 —-0-03 +0-00 + 4 24
22(ql3.3) D22845 — 0 —1.12 —-0-50 -0-05 +0-04 +0-02 + 0 JLH, unpublished

* Based on physical mapping (without brackets) or genetic mapping (with brackets).

The chromosomal location for each marker locus was based on the physical

location cited in the reference, or on updated information from the Genome Data Base.!* When genetic mapping information was used to estimate physical map
locations, the location is given in brackets. When both were available, the genetic mapping was preferred over the physical mapping, since the chromosomal location
listed in the table was used to determine relative chromosomal location for the EXCLUDE program (see Methods).

+ Exclusion was calculated as the recombination fraction 6 at Z= —2.
1 Probes without locus names.
§ LDRI111 is a probe previously assigned to chromosome 17. Linkage data maps it to chromosome 18.

loci tested on chromosome 17 span almost the
entire chromosome, 147 cM, from D17S85 in
17p13 to TK1 in 17923.2-q25.3."% FD was
excluded from all intermarker intervals,
including the region of CMTI1A, and from
10 cM beyond each end of the genetic map (fig
2). Thus, all of chromosome 17, except for the
most telomeric regions, was excluded as a
potential site for the FD locus.

Chromosomes 21 and 22 are small acrocen-
tric chromosomes with well established genetic
maps.?*?* For chromosome 21, the overall
negativity of the pairwise scores (table) was
reflected in the multipoint analysis (fig 2). The
entire 95 cM map, along with 15cM beyond
either end, was excluded, essentially eliminat-
ing this autosome in FD. For chromosome 22,

several markers gave weak positive lod scores
(table). The most informative markers on the
chromosome were used in the multipoint
analysis (fig 2) which excluded FD from the
entire chromosome 22 genetic map, except for
the 20 cM interval between D22S21 and
D22545, near the telomere of 22q.

Other chromosomal regions that showed
weak positive scores in pairwise analyses,
chromosome 11q and chromosome 9q34, were
also analysed using multipoint methods. Most
of 11q was excluded (data not shown). The
intervals between ASS, D9S66, and D9S7 on
9q were both excluded, but a non-significant
positive lod score of 1:45 remained at 6=0-2
centromeric to ASS. Similar but more limited
multipoint analyses have excluded a number of
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Figure 2 Multipoint exclusion of FD from chromosomes 1q, 17, 21, and 22. Multipoint exclusion was performed in all cases as described in
Subjects and methods. The markers were positioned according to their genetic map locations, with the locus closest to the p telomere arbitrarily
assigned the map location 0-0 (LFH, unpublished results)."* %2 Arrows denote the locations of each named marker locus. Map positions are given
in Morgans. Location score of — 2 (the conventional value for exclusion) is marked.

intermarker intervals on other chromosomes.
In no case did multipoint analysis yield a
significant positive lod score (> +3).

It is not possible to provide an exact calcula-
tion of the percentage of the genome excluded
using the pairwise and multipoint methods,
owing to uncertainties concerning the exact
length of the human genetic map and the

F

1(1:5%) 2(94%) 3(3-5%) 4(10 3%) 5(16-7%)

6(0:0%) 7(1-2%) 8(0-1%) 9(11-4%) 10(30-3%) 11(4-4%) 12(3-3%)

13(0:0%) 14(5:1%) 15(1-1%) 16 (0-1%) 17 (0-0%) 18(0-9%)
| |

19(0-7%) 20 (0-0%) 21(0-0%) 22(0-0%)

Figure 3 Exclusion map for FD using the program EXCLUDE. All marker loci

from the table were analysed

as described in Subjects and methods. Vertical lines

represent the proportional length of each chromosome. Below each chromosome is the

autosome number, accompani

ed by the relative probability that the FD gene is located

on that autosome. The shaded regions along the chromosome show the possible locations
of the disease gene with the areas of the shaded regions corresponding to the relative
probability referred to above.

precise degree of overlap between the excluded
regions for adjacent markers. However, given
the number of markers tested and their disper-
sion throughout the genome, we conservat-
ively estimate that our data exclude FD from at
least 60% of the autosomal genome.

Since the major goal of this research is to
define the position of the FD gene, we have
used the program EXCLUDE to predict pro-
mising locations for future analysis. Fig 3
presents the results of this analysis. The pro-
gram estimates the probability that the FD
gene is located on a given chromosome relative
to all other chromosomal regions and expresses
this relative probability as a shaded area, ad-
jacent to a line drawing that is proportional to
the chromosome’s length. The most likely site
of the disease gene on that chromosome can
then be judged from the distribution of the
shaded region. This approach is valid under
the assumption of genetic homogeneity, a rea-
sonable likelihood in this case since FD is
restricted to Ashkenazi Jews, suggesting a
founder effect in this population. The most
likely locations are: chromosome 5q distal to
D5822; the entire chromosome 10, where just
one marker locus was tested; the centromeric
part of chromosome 9q; and chromosome 4q.
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Other locations are less favourable and probes
mapped to these regions will be examined only
after testing all of the regions indicated above.
Although the EXCLUDE program appears to
eliminate FD from at least 85% of the genome,
it should be noted that such calculations
involve numerous assumptions that over-
estimate the extent of the excluded regions.
However, given the number of FD families
available for linkage analysis, the conservative
exclusion of at least 60% of the genome, and
the prediction by EXCLUDE of the most
probabile locations, a linked marker for familial
dysautonomia should be found soon.
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