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Summary

X-linked juvenile retinoschisis (RS) is a recessively inher-
ited disorder resulting in poor visual acuity. Affected
males typically show retinal degeneration and intraretinal
splitting. The prevalence of RS is 1:15,000-1:30,000.
Elsewhere we have mapped the RS gene between the
markers DXS43 and DXS274 in Xp22.1-p22.2. To nar-
row the RS region, we analyzed 31 Finnish RS families
with the markers DXS418, DXS999, DXS7161, and
DXS365 and a new polymorphic microsatellite marker,
HYAT1. Multipoint linkage analysis allowed us to local-
ize the RS gene between the markers DXS418 and
DXS7161 (LOD score = 31.3). We have covered this
region with nine YAC clones. On the basis of the sizes
of the YACs, sequence-tagged site (STS) content map-
ping, and restriction mapping, the physical distance be-
tween DXS418 and DXS7161 is -0.9 Mb. A total of five
potential CpG islands could be identified. For haplotype
analysis, eight additional Finnish RS families were ana-
lyzed with the markers DXS1195, DXS418, JIYAT1,
DXS999, DXS7161, and DXS365. On the basis of the
linkage-disequilibrium data that were derived from the
genetically isolated Finnish population, the critical region
for RS could be narrowed to 0.2-0.3 cM, between the
markers DXS418 and HYAT1.

Introduction

X-linked juvenile retinoschisis (RS; MIM 312700 [McKu-
sick 1994]) is a recessively inherited disorder resulting in
poor visual acuity. Because of the progressive nature of
the disease, retinal structures and functions gradually de-
teriorate. Electrodiagnostic findings have suggested that
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the primary defect might be in Muller cells (Condon et
al. 1986). Although Arden et al. (1988) have reported a
study in which abnormal rod-cone interaction was dem-
onstrated in carriers, there are no definitive ophthalmo-
scopic findings for the carrier state. Carrier females are
unaffected, and clinical detection of the carrier state is
not definitive on the basis of present methods.
Data allowing the prevalence of RS to be determined

are scarce. In Finland the prevalence of RS is > 1:17,000
(de la Chapelle et al. 1994), and in northern France the
corresponding number is 1:28,000 (Puech et al. 1991).
It tentatively has been suggested that the worldwide
prevalence of RS is 1:15,000-1:30,000 or even higher
(de la Chapelle et al. 1994).
A number of linkage studies have localized the RS

gene to the distal short arm of the X chromosome
(Wieacker et al. 1983; Alitalo et al. 1987, 1988, 1991;
Dahl et al. 1988; Gellert et al. 1988; Sieving et al. 1990;
Kaplan et al. 1991; Oudet et al. 1992; Bergen et al.
1994; Weber et al. 1995). At present, the nearest flank-
ing markers with which obligate recombination events
have been identified are DXS418 on the distal side and
DXS999-DXS7161 on the proximal side (Dumur et al.
1995; Pawar et al. 1995; Trump et al. 1996; Van de
Vosse et al. 1996; present paper). Three YAC contigs
spanning the RS region have been published elsewhere
(Alitalo et al. 1995; Ferrero et al. 1995; Van de Vosse
et al. 1996). Using new YAC clones and clones from a
6-Mb YAC contig described elsewhere (Alitalo et al.
1995), we now have constructed a restriction map of
the DXS418-DXS7161 region, which suggests that the
length of the RS critical region is -900 kb.

It has been shown that linkage disequilibrium can
provide a powerful tool for high-resolution genetic map-
ping of genes in isolated populations. The method has
been applied to the mapping of several disease genes in
the Finnish population (Hastbacka et al. 1992; Lehes-
joki et al. 1993; Sulisalo et al. 1994; Tahvanainen et al.
1995; Hoglund et al. 1995), and it has decisively guided
the actual isolation of genes (Hastbacka et al. 1994;
Pennaccio et al. 1996). Because a finer localization of the
RS gene is desirable to facilitate the positional cloning of
the gene, we now have isolated new microsatellite mark-
ers from the DXS418-DXS7161 region and, in linkage-
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disequilibrium analyses, have used the distribution of
their alleles to further narrow the RS candidate region.

Subjects and Methods

Subjects
A total of 31 Finnish RS families from southern and

northern Finland were chosen for linkage studies (Ali-
talo et al. 1991). The pedigrees of these families have
been published elsewhere (Alitalo 1990). Data from an
additional eight RS families were included in the haplo-
type analysis. Altogether, 277 individuals, including 101
affected patients, were analyzed. DNAs from 100 nor-
mal men and 50 normal women from western and
northern Finland (Alitalo et al. 1991) were used to ob-
tain allele frequencies and heterozygosity values for the
new markers.

Isolation of New CA Repeats
The cosmids ICRFc104E2112, ICRFc104L0845, and

ICRFc104K1942 were obtained by hybridizing the
ICRF Reference Library cosmid filters (Lehrach et al.
1990) with the YAC end fragments 6717L, 3847L, and
1774L, respectively. After digestion and electrophoresis,
the cosmid DNA was transferred to nylon membranes
(Hybond N; Amersham). The filters were hybridized
with a [a-32P]dCTP-labeled poly-CA probe (Pharmacia)
by use of standard protocols. Positive cosmids were di-
gested with Sau3AI and were subcloned into pBlue-
script-vector. CA-positive subclones were then se-
quenced by use of an automatic sequencer (373A;
Applied Biosystems). Primers for the microsatellite
markers were chosen either manually or by the PRIMER
program (version 0.5; Whitehead Institute for Biomedi-
cal Research). All new STSs are listed in table 1. The
sequences have been deposited in GenBank (accession
numbers U82599-U82606).

DNA Marker Typing
Published primer sequences and PCR conditions were

used for the markers DXS418, DXS999, DXS7161, and
DXS365 (Browne et al. 1992; Weissenbach et al. 1992;
Van de Vosse et al. 1993; J. Weissenbach, personal com-
munication). Primer sequences for the markers HYAT1
and HYAT2 are shown in table 1. PCR reactions and
electrophoresis were performed by use of standard pro-
tocols. The gels were visualized by use of a modified
silver-staining protocol (Bassam et al. 1991).

Linkage Analysis
Pairwise and multilocus linkage analyses were per-

formed by use of the FASTLINK 2.2 version of the
LINKAGE package of computer programs (Lathrop et
al. 1984; Cottingham et al. 1993). Pairwise LOD scores

(Z) between RS and the markers were calculated by use
of the MLINK and LODSCORE programs. The pro-
gram options were set for a recessive sex-linked trait,
and all results were obtained under the assumption of
complete penetrance in individuals hemizygous for the
disease allele. The gene frequency of the disease was
estimated to be .001 in those rural districts of Finland
where our patients originated, and the mutation fre-
quency was estimated to be .000001. These parameters
were chosen so that any error in the analysis would be
on the conservative side. Our mutation-rate choice was
similar to those used in other Finnish disease-heritage
analyses (Sulisalo et al. 1994; Hoglund et al. 1995). The
previously published microsatellite allele frequencies
were used (Kidd et al. 1989; Browne et al. 1992; Fasman
et al. 1994). The allele frequencies of HYAT1 and
HYAT2 were those obtained from Finnish blood donors
(table 2). Multipoint analysis was performed by use of
LINKMAP. We utilized a fixed order for marker loci
(Nelson et al. 1995) and our own data.

Haplotype Analysis
Haplotype analysis was performed with the markers

DXS43, DXS1195, DXS418, HYAT1, DXS999,
DXS7161, DXS365, and DXS274. All markers were
dinucleotide repeats, except for the earlier-analyzed
RFLPs, DXS43 and DXS274 (Alitalo et al. 1988, 1991).
The haplotypes for the disease-bearing chromosomes,
as well as for the healthy chromosomes, were derived
from inspection of the family data.

Linkage-Disequilibrium Analysis
Linkage-disequilibrium tests are commonly applied

under the hypothesis of a major founding disease haplo-
type in the disease chromosomes. It was known, how-
ever, that the birthplaces of Finnish RS carrier females
form two distinct groups, one western and one northern,
when placed on the map of Finland (shown in the report
by Alitalo [1990]). Thus, the two groups of patients
have been treated separately in all the analyses.

Three different methods were applied, to fully exploit
the potential of linkage-disequilibrium analysis in dis-
ease-gene mapping. First, Fisher's exact test with Bonfer-
roni correction for multiple alleles was used to record
possible linkage disequilibrium; that is, the nonrandom
distribution of alleles of the markers DXS43, DXS1 195,
DXS418, HYAT1, DXS999, DXS7161, DXS365, and
DXS274 in disease haplotypes was compared with that
in the normal haplotypes.

Second, those loci in which the allele distribution in
disease chromosomes deviated significantly from that of
normal chromosomes in the first test were subjected to
further analyses. The level of linkage disequilibrium was
used as a measure of the genetic distance between each

1140



Huopaniemi et al.: X-Linked Juvenile Retinoschisis

Table 1

STSs Used in Present Study

PCR Primersa Product Size
Locus Marker (5' to 3') (bp)

DXS 9911 HYAT1 {GCTATTATCTGCTATGCAGTGG} 160-186

DXS 9912 HYAT2 {GTGCATGTGGTGTTGCAGG } 188-194

HYAT3 {AGCACATGCACGCATGLTAC } 241IATTAGTCCAGGGCAATTGGCI
6717R {GGACCCCTTCCTGGTAACAT } 143

6717L {ATTCAGGACTCrrATGCCC } 157ICTACTCTrGTATCTCTGAGG J
3847R {TTCCTCTGCACCTCACTGC 1 202

3847L ICACACTGTTT-CCCAGAGCAC I1923 CATCCAGGCAGCATGATTAA }

08931R {CCTGCCCCAGTITITATTGAG } 111a CATGGGTGTAtinexcATGTfCAGACTAGr

a'A 55°C annealing temperature was used in all PCR reactions, except for marker HYAT2 (63°C).

polymorphic marker and the RS locus, by use of the
algorithm published elsewhere (Hastbacka et al. 1992;
Lehesjoki et al. 1993). The generation number and re-
combination fraction (0) in this algorithm refer to those
meioses in which recombination has been possible; that
is, only meioses in females are counted. The relationship
between the generation number that was used in calcula-

Table 2

Allele Sizes and Frequencies of Two New Microsatellite Markers

Size
Allele (bp) Frequencya

HYAT1, heterozygosity .74 (35/47):
1 160 .01
2 170 .01
3 174 .02
4 176 .03
5 178 .35
6 180 .40
7 182 .12
8 184 .04
9 186 .02
CEPH133202 180, 178

HYAT2, heterozygosity .10 (5/50):
1 188 .05
2 190 .02
3 192 .92
4 194 .01
CEPH133202 192, 188

a Estimated from 100 X chromosomes from Finland.

tions (reported in table 3 and fig. 1) and true time inter-
val in generations since the beginning of expansion of
the founder mutation depends both on mutation rate in
males and on selection against males who have RS; these
factors are not known with certainty. When interpreting
the outcome of the algorithm, we used the estimation
that, in every second generation, males have transmitted
the trait, and thus the real-time interval in generations
is approximately two times the generation number used.

Third, we performed a multipoint linkage-disequi-
librium test with a recently introduced algorithm,
which can combine the information of several mark-
ers-in our case seven-into a comprehensive assay
for the probability of the disease-gene locus being lo-
cated at each map point (Terwilliger 1995). The results
are given as Z values that, in both outlook and statisti-
cal interpretation, closely resemble multipoint linkage
analysis (fig. 2).

Restriction Map of the DXS4 18-DXS7161 Region
A total of six individual YAC clones from a previously

published YAC contig (Alitalo et al. 1995), covering the
region DXS418-DXS7161, were restriction mapped. In
addition to these clones, we obtained two new YACs,
yWDX6717 (240 kb) and yWIDX3847 (190 kb), from
the St. Louis library (Kere et al. 1992; Nagaraja et al.
1994) and one YAC, CEPHy9O4EO8931 (170 kb), from
the ICRF (Albertsen et al. 1990). These YACs were posi-
tive for the STSs 1774L, 0922R, and 0922L. The YAC
end fragments 1774L and 0922R flanked a region that,
in our previous YAC contig (Alitalo et al. 1995), was
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Table 3

Significance of Allelic Association, Allelic Excess, and Point Estimates for Distance of Each Marker
from RS Gene

DISTANCE ESTIMATES FOR FEMALE
GENERATION NUMBER OF

(CM)
ALLELIC

MARKER SIGNIFICANCE EXCESS 10 20 30

DXS43 <.05 .61 4.71 2.33 1.53
DXS1195 <.001 .82 1.92 .91 .58
DXS418 <.001 .92 .74 .32 .18
HYAT1 Not significant .5 6.66 3.34 2.20
DXS999 <.001 .68 3.64 1.78 1.16
DXS7161 <.001 .83 1.69 .80 .50
DXS365 <.01 .61 4.67 2.31 1.51

covered with only one highly unstable YAC, yh-
CEPH939H9. YAC DNA extraction, pulsed-field elec-
trophoresis, and restriction mapping were performed as
described elsewhere (Alitalo et al. 1995).

Generation of New STSs from YAC Ends
End fragments of the new YACs were isolated by use

of ligation-mediated PCR as described elsewhere (Kere
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et al. 1992; Alitalo et al. 1995). Isolated end fragments
were purified with the Wizard DNA purification system
(Promega) and were sequenced to get new STSs.

Results
New Microsatellite Markers

Dinucleotide markers HYAT1 ([CA]24), HYAT2
([CA]8G[CA]13), and HYAT3 ([CA]8) were isolated from
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Figure 1 Estimates of genetic distances between RS and seven marker loci. Estimates are shown as a function of number of (female)
generations. Calculations were performed by use of a method based on the Luria-Delbruck principle, as described in the text. The 95%
confidence interval, based on sampling error for Pexcess, is shown for locus DXS418.
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Figure 2 Multipoint linkage-disequilibrium analysis. Locus DXS43 was chosen as the starting point (0). The telomere is to the left.

the cosmids of the DXS418-DXS7161 region. The allele
sizes and frequencies for markers HYAT1 and HYAT2
are shown in table 2. HYAT1 proved to be a very infor-
mative marker, with a heterozygosity value of .74-in
contrast to both HYAT2, which was not informative in
our families, and HYAT3, which was not polymorphic.
Genetic Mapping of RS

Linkage analysis.-Results of the two-point linkage
analysis are summarized in table 4. No recombinations
were observed between RS and markers HYAT 1 (Zmax
= 13.35 at 0 = .00) and DXS999 (Zmax = 17.48 at 0
= .00). The closest flanking markers that showed recom-
binations with RS were DXS418 on the distal side and
DXS7161 on the proximal side.

Table 4

Zmax for Linkage between RS and Seven Polymorphic
X-Chromosome Markers in 31 Families

95% Confidence
Locus Zmax Omax Limitsa

DXS43 13.90 .015 .00-.08
DXS418 24.78 .016 .002-.06
HYAT1 13.35 .00 .00-.06
DXS999 17.48 .00 .00-.06
DXS7161 14.20 .014 .00-.07
DXS365 9.70 .022 .00-.11
DXS274 7.99 .056 .00-.16

a Based on the ±1-Z method.

Multilocus linkage analyses were used to determine the
most likely position of RS with respect to a fixed map of
markers. The multipoint linkage analysis (LINKMAP)
was performed with RS and the markers DXS43-
DXS418-HYAT1-DXS999-DXS7161-DXS274-DXS365,
in that order and with distances of 1.6 cM, 0.3 cM, 0.5
cM, 0.1 cM, 1 cM, and 1 cM. This order is based on our
physical map and on the consensus physical map of the
human X chromosome (Nelson et al. 1995). Because four
of the markers mapped within a region of 900 kb, it was
not possible to obtain reliable genetic distances by use of
the available linkage data. We therefore used physical
distances, assuming that 1 Mb = 1 cM in this region.
Our previous studies support this estimation (Alitalo et
al. 1995), and, if the whole X chromosome is taken into
consideration, 1 Mb will, on average, be 1.2 cM (Nelson
et al. 1995). The results of the eight-point analysis are
shown in figure 3. The LINKMAP analysis gave a peak
multipoint Z of 31.3 for the RS locus being located be-
tween DXS418 and DXS7161. The odds for this location
were 10,000 times greater than the odds favoring any
other marker interval.

Haplotype analysis.-The distribution of alleles at
marker loci DXS43, DXS1195, DXS418, HYATI,
DXS999, DXS7161, DXS365, and DXS274 among the
RS-carrying chromosomes and normal chromosomes is
shown in table 5. If only the extensively studied markers
DXS1 195-DXS418-HYAT1 -DXS999-DXS7161 -
DXS365 are taken into consideration, 12 different hap-
lotypes can be seen on the disease-bearing chromosomes.
The most common haplotype found in the northern fam-
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Figure 3 Results of an eight-point linkage analysis of 31 Finnish RS families (by LINKMAP). Locus DXS43 was chosen as the starting
point (0), and the other loci were positioned from it according to the distances as described in the text. The centromere is to the right.

ilies (58%; 2-12-5-1-7-5) differs totally from the most
common haplotype in the western families (78%; 1-8-6-
3-5-4). None of the normal chromosomes carried these
haplotypes. This finding strongly supports the hypothe-
sis that there are at least two different mutations respon-
sible for RS in Finland.
The 2.1-Mb DXS1195-DXS7161 region was con-

served in all the northern families, but in the western
families six different variant haplotypes could be seen.
Of those six haplotypes, only two RS chromosomes car-
ried, at DXS418, an allele other than 8. Even these two
haplotypes, 1-7-5-7-2 and 2-9-6-9-2, share either the
common allele 1 at DXS1195 or allele 6 at HYAT1,
with the ancestral haplotype 1-8-6-3-5. The atypical
haplotypes represent either different RS mutations, an-
cestral recombinations, or, perhaps more likely, muta-
tions at the DXS418 locus. DXS418 seems to be a highly
mutable microsatellite marker, since we have been able
to observe three actual mutations in our RS families,
both in RS and in non-RS X-chromosome segregation.
The alleles are numbered according to their repeat
lengths, and the observed changes represent shifts in
length of -2 and +2 bp; there are two 8-17 mutations
and one 8-+9 mutation (data not shown). In conclusion,
the haplotype data suggest that the RS gene is located

close to the most conserved locus-namely, DXS418.
A total of 93% of all the RS chromosomes carried allele
8 at this locus, whereas only 15% of the normal X
chromosomes had allele 8 (Pexcess = .92).

Linkage-disequilibrium mapping of RS.-The distri-
bution of alleles on RS chromosomes of the western
patients was significantly nonrandom at each tested
marker locus, except for HYAT1 (table 3). Because the
haplotype analysis of the northern patients showed a
conserved haplotype that encompasses the whole
DXS1195-DXS7161 region, northern data were not
used in further analysis.
To calculate point estimates for genetic distances,

we used the analytic method based on Luria-Delbruck
theory. Point estimates for the distances between mark-
ers and the disease gene, plotted against the number of
generations, are depicted in figure 1. Estimated dis-
tances for generation values 10, 20, and 30 are also
shown in table 3. RS appears to lie closest to the marker
DXS418, with an estimated distance of 0.2-0.3 cM.
The generation number used refers to female meiosis
only, not to the real-time interval measured in genera-
tions. We estimate that the mutation was introduced
into the population :40-50 generations ago (for more
details, see Discussion). If it is assumed that there is
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Table 5

Haplotypes Associated with RS at Seven Marker Loci-and Alleles found in RS Chromosomes of Western Patients, Compared with Alleles
in Normal X Chromosomes

A. Haplotypes associated with RS at Seven Marker Loci

WESTERN RS FAMILIES NORTHERN RS FAMILIES
DISTANCE (n = 30) (n = 9)
BETWEEN MARKERS

(kb) MARKER Haplotype'

DXS43 2 1 2 ND 2 ND ND 1 1 1 1 ND ND 1
1,000 [ DXS1195 1 1 1 1 1 1 l 3 1 2 2 2 2 2

300 [DXS418 8 8 8 8 8 8 8 7 9 12 12 12 12
500 [HYAT1 6 6 6 6 6 4 5 7 5 6 5 5 5 5

100 [DXS999 3 3 3 3 3 3 5 1 7 9 1 1 1 1
1 000 [DXS7161 5 5 5 5 5 5 6 5 2 2 7 7 7 7
1,000 [DXS365 4 4 4 4 3 4 6 6 ND 1 5 5 6 4

DXS274 1 1 2 ND 1 ND ND 1 1 1 1 ND ND ND

No. of Familes

15 1 1 1 2 4 1 3 1 1 6 1 1 1

B. Alleles in RS Chromosomes of Western Patients, Compared with Alleles in Normal X Chromosomes

No. of Normal
Chromosomes
Analyzed Marker Allele (%b) Allele (%b) Allele (%b) Allele (%b) Allele (%b)

38 DXS43 1 (25/74) 2 (75/26)
27 DXS1195 1 (87/22) 2 (3/27) 3 (10/52)
61 DXS418 7 (3/18) 8 (94/15) 9 (3/21)
64 HYAT1 4 (13/6) 5 (7/36) 6 (70/42) 7 (10/11)
63 DXS999 1 (10/25) 3 (80/38) 5 (3.33/5) 7 (3.33/27) 9 (3.33/0)
64 DXS7161 2 (7/25) S (90/47) 6 (3/17)
34 DXS365 2 (3/3) 3 (7/26) 4 (76/24) 6 (14/18)
36 DXS274 1 (96/58) 2 (4/42)

a The region retaining the common haplotype is boxed.
b % of alleles in western RS chromosomes/% of alleles in normal chromosomes.

no selection pressure, this corresponds to a (female)
generation number of -20-25.
The results of multipoint linkage-disequilibrium anal-

ysis are shown in figure 2. The highest Z value, 25.55,
was obtained at 0.0009 cM distal to DXS418, with a
99.9% confidence interval (Zmax ± 3 Z units) that spans
the whole 3.3-cM DXS43-DXS365 region.

Physical Map of the RS Region
Since our goal is to map and clone the RS gene, it is

important to estimate distances between the flanking
markers and to have a dense STS coverage over the
RS region. The -1-Mb YAC contig, extending from
DXS418 to DXS7161, is depicted in figure 4. Twenty
STSs were mapped to this region. The new STSs are
given in table 1. Confirmation of the overlaps between
the YACs was obtained by probe-content mapping and

restriction mapping. Although a minimum of four non-
chimeric YACs covers the RS region, the restriction
map was constructed by use of nine YACs. Our data
suggest that the distances between the markers
DXS418-HYAT1-DXS999-DXS7161 are, in order,
=300 kb, -500 kb, and -50 kb, and thus the distance
between the flanking markers DXS418 and DXS7161
is -850 kb.
Enzymes that frequently cut in CpG islands were used

in order to determine the likely gene density in the re-
gion. A total of five CpG islands were identified, under
the assumption that the presence of at least three rare-
cutter sites is indicative of a putative CpG island. The
restriction sites were found in at least two YACs, when-
ever two YACs were overlapping. The mapping data
showed no discrepancies between the different YACs
analyzed.
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Figure 4 Restriction map of the DXS418-DXS7161 region. The STSs were defined by PCR and/or hybridization (table 1; Alitalo et al
1995). Potential CpG islands are indicated by arrows. The gray regions of the YAC clones indicate areas that are not X specific.

Discussion

This paper presents the results of genetic and physical
mapping of RS. Both informative recombination events
in the 31 Finnish RS families and multipoint linkage
analysis localized the RS gene between the markers
DXS418 and DXS7161, confirming previous reports
(Dumur et al. 1995; Trump et al. 1996; Van de Vosse
et al. 1996). A complete YAC contig covering the RS
candidate region was constructed, and 20 STSs were

mapped to this interval. Restriction mapping of the
YACs was performed to refine the estimates of distance
between the markers of the DXS418-DXS7161 region.
Another feature of the 1-Mb restriction map was to

reveal CpG islands. Consonant with the idea that high
GC level is indicative of high gene content (Bernardi
1989), combined with the information that -45% of
all genes may be associated with CpG islands (Larsen
et al. 1992), the five putative CpG islands found in the
1-Mb region suggest that the segment is probably gene

poor. Because the -900-kb DXS418-DXS7161 region
is still a fairly large region, when one is thinking about
effective cloning attempts, we isolated two new micro-
satellite markers from the interval. One useful microsat-
ellite (HYAT1) with nine alleles was obtained from a

cosmid positive for the YAC end fragment 1774L. No
recombinations were found between HYAT1 and RS,

and the allele results proved to be useful in haplotype
and linkage-disequilibrium analysis.

Linkage-disequilibrium mapping has been a useful
tool in the mapping of genetic diseases. Because the
method exploits recombinations that have occurred
during the entire history of the population studied, it
partially avoids the typical restrictions of traditional
linkage analysis. Isolated populations, such as the
Finns, are ideal for linkage-disequilibrium studies. Fin-
land's present population of -5 million is believed to
originate largely from a small founder population
whose expansion began 2,000-2,500 years ago (Nev-
anlinna 1972; Norio 1981; de la Chapelle 1993). Per-
haps more important, Satakunta county in western Fin-
land, where 70% of the Finnish RS patients originate,
is known to have had an already exceptionally stable
inhabitation during the Stone Age 3000-1600 B.C.
(Pertola 1977). The accumulation of RS in Satakunta
is highest in the rural district of Noormarkku, where
1.2% of the females are RS carriers (Eriksson et al.
1972). It is known that a small number of people al-
ready were living in the eastern parts of Noormarkku in
4000-1400 B.C., but the permanent inhabitation most
probably was established in -600 A.D. (Peevo 1977).
On the basis of the historical information, we have
estimated that the RS mutation in western Finland has
existed for ¢40-50 generations, thus allowing recom-
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binations to narrow considerably the region of strong-
est linkage disequilibrium. The northern part of Fin-
land, where the rest of the RS patients originate, was
inhabited only 500 years ago. Most of the markers
analyzed in this study map within 1 Mb, yet the most
common haplotype of the western patients differs to-
tally from the northern haplotype, strongly favoring
the hypothesis of two independent RS mutations in
Finland. Recombination events alone cannot explain
these findings. It can be assumed that the potential
northern RS mutation is younger, or was introduced
into the population later, than the western mutation.
The dichotomy seen in grandparental birthplaces and

disease-chromosome haplotypes of RS patients could have
complicated our linkage-disequilibrium analyses. The di-
vision of RS patients into two groups was clear, except
for two patients who might represent either independent
RS mutations or simply mutations at marker loci. The
potential problem was resolved after analysis of the haplo-
types of the northern patients. The distribution of alleles
on RS chromosomes of northern patients was nonrandom
for the markers DXS418, DXS999, DXS365, and
DXS274. The allelic excess values were 1.0 for all the
markers except DXS365 (.78), which made it impossible
to estimate distances between RS and the markers studied
(data not shown). In view of the fact that the whole
DXS1 195-DXS7161 region was conserved in all the
northern patients, the results were not used in further
analysis, and the distance estimations were based on the
results obtained from the western patients only.
The distribution of alleles of the western patients was

significantly nonrandom at each tested marker locus,
except for HYAT1. Luria-Delbruck analysis was used
successfully to estimate the distances between RS and
the other markers. On the basis of this analysis, the RS
gene is located 200-300 kb from DXS418, provided
that the generation number is 40-50 and 1 cM = 1 Mb.
We note that the uncertainties about both the number
of generations since founding and the relation between
physical and genetic distances must be taken seriously
when one is interpreting the results for single polymor-
phic markers. On the other hand, the distance estimation
correlates well with our linkage and haplotype data,
which suggested that the RS gene is located proximal to
DXS418 and distal to HYAT1, a distance of -300 kb.
The multipoint linkage-disequilibrium analysis is in
agreement with this location; however, the confidence
interval was large.
The chromosomal area in which RS most likely is

located is presently narrowed almost beyond the practi-
cal limits of genetic studies, and future research will be
performed by physical means. Our present studies are
directed toward the isolation of genes in the 300-kb RS
region.
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