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Summary

The X-linked recessive type of retinitis pigmentosa (XLRP) causes progressive night blindness, visual field
constriction, and eventual blindness in affected males by the third or fourth decade of life. The biochemi-
cal basis of the disease is unknown, and prenatal diagnosis and definitive carrier diagnosis remain elusive.
Heterogeneity in XLRP has been suggested by linkage studies of families affected with XLRP and by
phenotypic differences observed in female carriers. Localization of XLRP near Xpl11.3 has been suggested
by close linkage to an RFLP at the locus DXS7 (Xpl1.3) detected by probe L1.28. In other studies a locus
for XLRP with metallic sheen has been linked to the ornithine transcarbamylase (OTC) locus mapping to
the Xp21 region. In this study, by linkage analysis using seven RFLP markers between Xp21 and Xcen, we
examined four families with multiple affected individuals. Close linkage was found between XLRP and
polymorphic sites OTC (0 = .06 with lod 5.69), DXS84 (6 = .05 with lod 4.08), and DXS206 (6 = .06
with lod 2.56), defined by probes OTC, 754, and X]J, respectively. The close linkage of OTC, 754, and XJ
to XLRP localizes the XLRP locus to the Xp21 region. Data from recombinations in three of four families
place the locus above L1.28 and below the Duchenne muscular dystrophy (DMD) gene, consistent with an
Xp21 localization. In one family, however, one affected male revealed a crossover between XLRP and all
DNA markers, except for the more distal DXS28 (C7), while his brother is recombined for this marker
(C7) and not other, more proximal markers. This suggests that in this family the XLRP mutation maps

near DXS28 and above the DMD locus.

Introduction

The X-linked recessive type of retinitis pigmentosa
(XLRP)is considered to be the most severe clinical form
of RP disorders. It accounts for 7%-30% of all cases
and affects about 1 in 20,000 of the population (Jay
1972; Bird 1975; Boughman et al. 1980; Heckenlively
1983). In all genetic forms of RP, the classic ophthalmol-
scopic findings are midperipheral pigmentary changes,
waxlike disks, and narrow retinal vessels. Although no
phenotypic variation has been descibed in the retinas
of affected males with XLRP, the carrier state has shown
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at least three retinal phenotypes: metallic sheen (tapetal-
like) reflex, peripheral pigmentary degeneration, and
no fundus abnormality (Falls and Cotterman 1948;
Francois 1962; Schappert-Kimmiser 1963; Bird and
Bloch 1970; Bird 1975; Fishman et al. 1986). The metal-
lic sheen is seen in fundi of some XLRP carriers. Fundus
and electroretinographic abnormalities can detect only
a portion of carriers—and then only if the latter are
tested in later stages of life. Carrier identification is,
therefore, particularly problematic in young daughters
of female carriers who are at risk of transmitting the
disease to their sons but do not demonstrate any retinal
abnormalities indicative of the carrier state.

The gene responsible for XLRP appears to map on
the short arm of the X chromosome, but uncertainty
exists as to its exact location. The initial report by Bhat-
tacharya et al. (1984) of close linkage of XLRP with
DXS7 (probe L1.28), which maps to Xpll.3, gave a
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maximum likelihood estimate of 3 centimorgans (cM)
from DXS7 (95% confidence limits 0-15 cM). How-
ever, three reports have suggested that there may be a
site for XLRP at Xp21, more distal from the centro-
mere (Nussbaum et al. 1985; Francke et al. 1985; Den-
ton et al. 1988). Nussbaum et al. (1985) found that
in one large pedigree the locus for XLRP with metallic
sheen in the heterozygote segregated with the ornithine
transcarbamylase (OTC) locus located at Xp21 and that
four crossovers were detected between the DXS7 and
XLRP loci. Analysis of four phase-known meioses in-
formative for DXS7, XLRP, and OTC suggested that
XLRP with metallic reflex in the heterozygote maps dis-
tal to DXS7 (Xpl1) and closer to the OTC locus (Xp21).

In support of this more distal location for XLRP, a
patient, BB, has been described with four X-linked dis-
orders; RP, Duchenne muscular dystrophy (DMD),
McLeod phenotype, and chronic granulomatous dis-
ease (CGD). His karyotype revealed an interstitial de-
letion of Xp21. The DXS84 locus (probe 754) was found
to be deleted, but the more centromeric OTC gene was
not, suggesting that XLRP maps distal to OTC on the
chromosome (Francke et al. 1985). DMD, McLeod
phenotype, and CGD have all been mapped to Xp21.
The DMD gene has been cloned, and its map location
at Xp21.1-21.2 is unequivocal (Ray et al. 1985; Monaco
et al. 1987; Burghes et al. 1987). The CGD locus has
been mapped at Xp21.1 and cloned on the centromeric
side of the DMD locus (Baehner et al. 1986; Royer-
Pokora et al. 1986). The locus for the McLeod pheno-
type has been established between the CGD and DMD
loci by analysis of patients with Xp21 deletions (Ber-
telson et al. 1988). This leaves XLRP as the remaining
locus to be verified as mapping within the BB deletion.

In an attempt to further define the locus for XLRP
we report here the results of linkage analysis with seven
loci on the X chromosome that span the region between

Xcen and Xp21 in four Canadian XLRP families of
different ethnic origins. |

Material and Methods
Family Studies

Four families in which XLRP is segregating were
ascertained through the ophthalmic genetic clinics at
The Hospital for Sick Children in Toronto. Figures 1-4
illustrate the four pedigrees, F20, F13, Fl1, and Fl1,
respectively. Kindreds F11 and F13 are of British descent,
F20 is of Italian ancestry, and F1 is of Scottish origin.
Detailed family histories and pedigrees were obtained
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through personal interviews with family members in
each kindred. Available family members underwent
careful ocular examinations—including Goldman pe-
rimetry, dark adaptometry, and electroretinography
(ERG)—by one of us (M.A.M.). The criteria used for
identifying affected males and female carriers and for
establishment of X linkage have been previously de-
scribed (Bird 1975; Deutman 1977; Wright et al. 1983).
Females at risk were taken to be XLRP heterozygotes
if they had abnormal electrodiagnostic testing with ei-
ther (1) ophthalmoscopic changes consistent with the
carrier state or (2) a normal fundus (Fishman et al.
1986). In some instances the carrier status of females
was inferred if the pedigree structure showed them to
be obligate heterozygotes. Males above the age of 13
years with no symptoms, normal examination, and a
normal ERG were classified as unaffected.

On ophthalmoscopic examinations, only carriers in
F13 demonstrated the tapetal reflex (metallic sheen) in
their retinas. The other carriers had variable degrees
of retinal pigment epithelium atrophy and pigmentary
migration to the inner retinal layers. Several of the
affected males in this pedigree F13 had a milder form
of XLRP. Several in their thirties still maintain func-
tioning visual acuities and drive during the day. In the
other three families the affected males were legally blind
before age 30.

DNA Analysis

Peripheral venous blood was collected in EDTA and
used as a source of leukocyte DNA. In certain instances,
heparinized blood was collected for establishing per-
manent lymphoblastoid lines by Epstein-Barr virus
transformation (Wilson et al. 1982).

High-molecular-weight leukocyte DNA was isolated
from 20 ml of whole blood as described by Kunkel et
al. (1982). For RFLP analysis, 5 ug of DNA were
digested with apropriate restriction endonucleases by
using 3-5 units/ug DNA for 6 h under appropriate
buffer and temperature conditions. The resultant re-
striction fragments were separated by electrophoresis
for 19-22 h at a constant voltage of 45 V through 0.6%
agarose gels and transferred in 2 x SSC to Hybond®-
N membranes (Amersham) by the method of Southern
(1975). Prior to transfer the agarose gels were placed
in denaturing solution (0.5 N NaOH, 1.5 M NaCl)
for 40 min followed by 60 min of neutralization (1.5
M NaCl; 0.2 M Tris, H 7.5; 1 mM EDTA, pH 8.0).
The blots were hybridized for 18 h at 42 C in Blotto
(5 x SSC; 0.5% Carnation skim milk powder; 0.5%
SDS; 10% dextran sulfate; 40% formamide; 0.2 M so-
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Table |
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RFLP Loci and Probes Used between Xp21-X Centromere

Locus Probe

Location Enzyme Alleles Frequencies

DXS28 ....... C7 Xp21.3 EcoRV 7.5,8 .85, .15
DXS164 ...... pERT87-30 Xp21.2 Bgllt 30, 8 .63, .37
DSX164 ...... pERT87-15 Xp21.2 Tagl 3.3,3.5 .67, .33
DXS206 ... ... XJ1.1 Xp21.1-21.2 Tagl 3.1,3.8 72, .28
DXS206 ...... XJs.1 Xp21.1-21.2 Sphl 24,17 .20, .80
DXS84 ....... 754 Xp21.1 Pstl 11,9 .62, .38
DXS84 ....... 754-11 Xp21.1 EcoRI 4.2,2.2 .84, .16
OTC......... OTC Xp21.1 BamHI 18,5.2 .75, .25
HO731 Xp21.1 Mspl 6.6, 6.2 .61, .39

Mspl 5.1,4.4 73, .27

DXS7 ........ L1.28 Xp1l.3 Tagql 12,9 .68, .32
DXS14 ....... 58-1 Xpli-cen Mspl 4,2.5 .65, .35

dium phosphate, pH 6.7, and 200 ug denatured salmon
sperm DNA/ml (Johnson et al. 1984).

The DNA probes used in this study are listed in table
1. The human DNA inserts were purified from the vec-
tor by gel electrophoresis and by NACS column chro-
matography (BRL). Purified probes were radiolabeled
by nick-translation (Rigby et al. 1977) or random prim-
ing (Feinberg and Vogelstein 1983 ) to a specific activity
of 108-10° dpm/ pg. The probe concentration for each
blot was 2.5 x 106 dpm/ml. The blots were washed
at 42 Cin 2 x SSC, 0.1% SDS for 30 min, followed
by one 30-min wash in 0.2 x SSC, 0.1% SDS at 60
C. Blots were exposed to Kodak XAR film at —-70 C
for 1-3 days with a DuPont Cronex® Lightning Plus
intensifying screen.

- Linkage Analysis

The seven DNA marker loci examined are DXS28
(C7) (Bakker et al. 1985); DXS164 (pERT-87) (Kunkel
et al. 1986); DXS206 (X]) (Ray et al. 1985); DXS84
(754) (Kofker et al. 1985); OTC (Horwich et al. 1984);
DXS7 (L1.28), a gift from P. Pearson (Wieacker et al.
1984); and DXS14 (58-1) (Brunset al. 1984). The poly-
morphic probes used to detect the RFLP and their lo-
cation are described in table 1. The order of the alleles
in each haplotype follows the currently accepted order
of the loci on the short arm of the X chromosome; cen-
tromere-1.1.28 (DXS7)-OTC (OTC)-754 (DXS84)-X]
(DXS206)-pERT87 (DXS164)-C7 (DXS28)-telomere
(Goodfellow et al. 1985; Ray et al. 1985; Kunkel et
al. 1986). In family 20 (fig. 1), two additional probes,
p20 (Wapenaar et al. 1987) and J66 (Ginjaar et al.
1987), were used to define the site of recombination

in individual II-6. The latter two probes were gifts from
G.].B. van Ommen and map within the DMD gene
between DXS164 and DXS28.

Linkage analysis was carried out on an IBM-PS/2
using the computer program LIPED (Ott 1974) and ILINK
(Lathrop et al. 1986) for pairwise and mulitilocus anal-
ysis, respectively. For LIPED, the frequency of the XLRP
gene in the general population was taken to be .0001
(Bunker et al. 1984). The RFLP allele frequencies used
are previously published values and are shown in table
1. In the multilocus analysis, the spontaneous muta-
tion rate was taken as zero and penetrance was assumed
to be 100%. Confidence limits were derived from the
z — 1 method proposed by Conneally et al. (19835).
In the analysis the two pERT87 probes, 87-30 and 87-
15 (DXS164), were treated as one, as were the X] probes,
XJ1.1 and XJ5.1 (DXS206), and the 754 probes, 754
and 754-11 (DXS84). The maximum likelihood recom-
bination distance, Omax, between the loci was chosen
as the value of the recombination distance, 8, that max-
imizes the odds ratio.

Results

The results of the RFLP analysis are summarized in
the four pedigrees (figs. 1-4). Individuals for whom the
XLRP status was unavailable or uncertain are identified
in the figure captions. Results of the two-point maxi-
mum likelihood estimates for recombination fractions
between XLRP and the seven RFLP loci are shown in
table 2. For each RFLP locus, values for 8,2 and the
lod score at Omax are given. The 90% confidence limits
on Omax are given for lod scores greater than 3.
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Table 2
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Linkage Data Between the XLRP Locus and Each Marker Locus on Xp

Lop AT RECOMBINATION FRACTION (0) OF

Con-

Locus N* .00 .01 05 .10 1S 20 25 30 35 40 O Lop L 2P o
DX$28 (C7).......... 2 -199.98 -1.70 .14 .71 .89 89 .80 .63 .42 .20 .18 .91 17 3
DXS164 (pERT87).... 3 -198.08 -4.31 .53 .72 1.21 1.36 1.32 1.14 .89 .58 .21 1.36 33 6
DXS206 (X])......... 3 -97.30 213 255 249 230 2.04 1.74 1.41 1.05 .69 .06 2.56 16 1
DXS84 (754) . ........ 3 -9568 3.73 4.08 3.91 3.60 3.21 2.77 2.27 1.74 1.17 .05 4.08 .002-.22 21 1
OTC (OTC) ......... 4  -93.90 5.47 565 528 475 413 3.45 2.72 1.98 1.24 .03 5.69 .002-.15 29 1
DXS7 (L1.28) ........ 3 -197.78 -1.46 .37 .92 1.08 1.06 .95 .76 .53 .29 .17 1.09 17 3

(.12 1.63 16 2p
DXS14 (58-1) ........ 3 -299.97 -5.53 -2.23 -.99 —-.38 .04 .14 .21 .21 .16 .22 .33 17 5
(.27 .44 16 4y

3 Number of informative families.

b Number of scored meioses.

¢ Number of recombinants.

4 Lod and 9, if germinal mosaicism occurred in family 1.

For these four families XLRP was found to be tightly
linked to genetic markers in Xp21, OTC, and DXS84
(754), with Omax of .03 (90% confidence limits of 0
.002-0.15) and .05 (90% confidence limits of § .002-
.22), respectively. RFLP locus DXS206 (X]J), located
at Xp21, also shows linkage to XLRP with a Omax of
.06.

Each of these markers showed only one recombina-
tion with XLRP. This occurred in individul II-6 (fig.
1) of family 20. In this affected male there was an ap-
parent recombination between XLRP and all markers
tested except for DXS28 (C7) (fig. 1), suggesting that
in this family the XLRP mutation maps near DXS28
and above the DMD gene markers (pERT 87-15, XJ1.1,
and XJ5.1). Two additional DMD gene probes, J66 and
p20, which lie between DXS28 and DXS164, were used
to further characterize the limits of the recombination
in this patient and to seek a junction fragment that might
suggest the possibility of a cytogenetically undetect-
able inversion. No anomalous bands were seen in this
individual or his mother, but individual II-6 was found
to be recombined for probes J66 and p20. One of his
affected brothers, I1I-4, carrries the opposite recombinant
chromosome, recombinant for DXS28 but not for the
more proximal markers, suggesting a map location for
XLRP below DXS28. Thus, in this family the muta-
tion appears to lie between DXS28 and the DMD lo-
cus, a result inconsistent with either previously pub-
lished linkage data or the fact that the deletionin BB—a
male affected with DMD, CGD, McLeod phenotype
and RP—does not extend above the DMD locus.

In family 13 (fig. 2) two apparent crossovers were
detected between the centromeric locus DXS$14 (58-1)
and XLRP. These were seen in affected males I1I-3 and
[I-7. Three additional recombinations detected in fe-
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Figure | Segregation of RFLP alleles with XLRP in family 20.

The summary of the probes and alleles is given above in the same
order as the data presented along the sides of the chromosome stick
figures. When phase is known, alleles in coupling are placed on the
same side of the vertical line. The mother, I-1, is heterozygous for
XLRP, C7, J66, p20, pERT87-15, XJ5.1, 754, OTC, L1.28, and 58-
1. Asterisks (*) mark the loci that are recombined with XLRP. Son
1I-6 is recombined (*) for J66, p20, pERT87-15, XJ5.1, 754, OTC,
L1.28, and 58-1. Another son, II-4, is a recombinant for C7 (*). Daugh-
ter II-1, aged 40 years, at time of detailed ophthalmic evaluation,
has been scored as normal.
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FAMILY 13
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Figure 2 Segregation of RFLP alleles with XLRP for family
13. In this pedigree the carriers have the metallic sheen or tapetal
reflex and some males appear to have a milder form of XLRP. Car-
riers are partially informative for pERT87-15, XJ1.1, X]5.1, 754, OTC
(Mspl polymorphism, 6.6/6.2), and 58-1. None of the carriers were
informative for L1.28 probes. Clinical status of individuals III-§, II-
6, I1-9, IV, IV-2, IV-3, and IV-5 is unknown. Male IV-3 has in-
herited the same affected X chromosome as his affected brother, IV-
4, but no ophthalmological examination has been performed on him.
Females III-5 and III-9 also appear to have inherited the X chromo-
some with the XLRP mutation from their carrier mother. The status
of these females and their sons—1IV-1, IV-2, and IV-5—is also un-
known. Since males in this pedigree still have functioning vision at
age 30, diagnosis may not have been made or may be delayed in
these individuals of questionable status. The alleles of these seven
individuals were not included in the lod calculations.

males I1I-5 and III-9 and in male [V-5 were not consid-
ered in the calculations, owing to their questionable
XLRP status. There were no detectable recombinations
between XLRP and either OTC or the more distal
probes. DXS7 (L1.28), however, was not informative
in this family. Therefore, in this family the XLRP gene
maps telomeric to DXS14.

Family 1 (fig. 3) has two recombinants occurring in
two affected brothers, III-1 and III-2. They both dem-
onstrate recombinations between XLRP and the loci
DXS7 (1.1.28) and DXS14 (58.1), placing the XLRP lo-
cus telomeric to DXS7. These recombinants occur
within the same region with the probes available and
could represent independent recombination events.
However, another possibility is that they may be a sin-
gle recombination in a gonadal stem line of their mother,
resulting in germ-line mosaicism, as has been docu-
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Figure 3 Pedigree of family 1. Carrier females are heterozy-
gous for probes XJ1.1, OTC (Mspl polymorphism, 6.6/6.2), .1.28,
and 58-1. Females II-1 and II-2 are also informative for XJ5.1. None
of the carriers were informative for 754 or 754-11 (EcoRI polymor-
phism). Both sons of II-1—1III-1, and I1I-2 — are recombinant for L.1.28
and 58-1(*). Individual III-3, age 5, has inherited the same chromo-
some as his affected maternal grandfather, but his mother has re-
fused ophthalmological examination and ERG testing of this child.
His genotypic information was excluded from the linkage analysis.

mented in several DMD families (Bakker et al. 1987;
Darras and Francke 1987; Monaco et al. 1987). With
the available markers it is not possible to distinguish
between these two possibilities. For this reason these
crossovers in family 1 were counted as one single and
two independent recombinants. Table 2 includes lod
scores and Omax values for both possibilities.

In family 11 (fig. 4) the parents of individuals in gener-
ation I were not available for study. However, the geno-
types of the females, III-1 and III-6, could be derived
for the family pedigrees by minimizing the total num-
ber of possible recombinations. In generation II1, it was
predicted that there were a minimum of three recom-
binants for XLRP with DXS164, regardless of the
marker configurations in the two females. In these three
recombinants XLRP segregates with the markers. It ap-
pears that the mutation is proximal to the DMD gene
(i.e., centromeric to DXS164 in fig. 4). There are two
other apparent recombinants with DXS164 in IV-6 and
V-6, and in each case the XLRP gene cosegregates with

the proximal markers mapping the XLRP locus below
the DMD region.
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DXs28 8/7.5
DXS164(pERT87-15) 3.6/3.3
FAMILY 11 DXS206 (XJ1.1)  3.8/3.1
DXS206 (XJ5.1)  24/17
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1
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Figure 4 Pedigree of family 11. Pedigree is partially informa-
tive for C7, pERT87-15, XJ1.1, 754, OTC (Mspl polymorphism,
4.4/5.1), and L1.28. Recombinations (*) occurred with pERT87-15
(5) and C7 (2). No recombinants were seen with XJ1.1, 754, OTC,
or L1.28. Female V-5 was scored as normal following electrodiag-
nostic and ocular examination. V-8 is a young girl who has not been
examined and was, therefore, not included in the linkage analysis.
RFLP alleles were inferred for generation II to give minimal number
of recombinants.

To establish an order between the XLRP phenotype
and Xp loci, multilocus analysis was carried out with
ILINK. However, owing to the small size of the data set
and the chance lack of informativeness, results of the
multipoint testing were inconclusive.

Discussion

In this report linkage data for XLRP and seven RFLP
loci on the short arm of the X chromosome indicate
that the most probable assignment of XLRP is to the
Xp21 region. The results are based on the analysis of
four informative kindreds—two British, one Italian
(family 20), and one Scottish {family 11)—who carry
the mutation for typical XLRP. Only one of the British
families (family 13) demonstrated the tapetal reflex.
When two-point analysis was used, the tightest linkage
was demonstrated between XLRP and two Xp21 loci,
OTC and DXS84 (754) (table 2). Linkage of XLRP to
DXS7 (L1.28) was considerably weaker. Markers more
proximal to DXS7 and distal to Xp21 gave greater link-
age distances from XLRP, as expected.
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More significant than the lod score data are the
meiotic recombinations that occurred in these families.
The recombinants in family 1 map XLRP distal to DXS7
and are consistent with results from family 13, in which
two recombinants for probe 58-1 also position XLRP
on the telomeric side of DXS14. In family 11 the recom-
binants localize the XLRP locus below DXS164. The
recombinations in families 1, 13, and 11, therefore, place
the XLRP locus between DXS7 and DXS164 (DMD
region).

The results in family 20 are inconsistent with results
obtained in the other families. Individual II-6 has a
recombination between XLRP and seven of the probes
tested, mapping the XLRP mutation in this family dis-
tal to the DMD locus. His brother, I1-4, has a recombi-
nation at DXS$28 (C7), placing the XLRP site below
DXS28. However, several families have been reported
with multiple phenotypes of adrenal hypoplasia (AH),
glycerol kinase deficiency (GK), and DMD in various
combinations and deletions of the probes C7, L1, and
754. Since the loci for AH and GK map between C7
and DMD and since none of the individuals with dele-
tions of this region express the RP phenotype, the XLRP
gene is not likely to be located between DXS28 and
the DMD gene (Kousseff 1981; Bartley et al. 1986; Rein-
ier et al. 1983; Patil et al. 1985; Wieringa et al. 1985;
Francke et al. 1987; Kenwrick et al. 1987). The dele-
tion in patient BB, known to have RP, does not extend
above the DMD locus (Koenig et al. 1987).

Evidence in favor of an XLRP locus centromeric to
DXS84 (754) comes from DMD patients with deletions
of DXS84 and with no detectable evidence of RP or
CGD. One of these cases has been studied by pulsed-
field gel electrophoresis (van Ommen et al. 1986) using
cx5.4 (DXS148), an Xp21 probe centromeric to DXS84
(754). A junction fragment was detected in this patient,
indicating a deletion breakpoint close to but above
DXS148. In contrast, BB, known to have RP, is deleted
for cx5.4. His deletion, unlike other large DMD dele-
tions, extends considerably more centromeric. This
would explain why only he has CGD and RP, while
other patients with multiple phenotypes do not. To our
knowledge, there is only one other patient reported with
CGD and DMD (Kousseff 1981), but, unfortunately,
ophthalmological examination was not reported. There
have also been two older reports of RP occurring in
patients with a muscular dystrophy phenotype (Unter-
richter 1941; Reinberg 1950), but details are insufficient
to draw firm conclusions.

There are at least three possible explanations for the
results observed in family 20. One possibility is that
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there may be an inversion in the family that reverses
the order of XLRP and DMD, placing XLRP next to
DXS$28. Although there is no cytogenetic evidence for
such an inversion, it cannot be ruled out. A second pos-
sibility is that three crossovers could be responsible for
the pattern of the markers. Another possibility is that
the RP in this family may be autosomal recessive rather
than X linked. However, this is unlikely, considering
the severity of their clinical course and electrophysio-
logical findings. Three of the four affected brothers have
had severe visual loss prior to age 30, high myopia, and

nonrecordable ERGs. The severity of their clinical

findings is more compatible with the X-linked form of
RP than with the autosomal recessive form. If the anom-
alous results in this family are excluded from the analy-
sis, they do not alter the main conclusion of this paper,
namely, that there is close linkage of XLRP to both
OTC and DXS84; in fact, the number of OTC and
DXS84 recombinants is reduced to zero and strengthens
the main conclusion.

The locus for XLRP has previously been found to
exhibit tight linkage to DXS7 (L1.28), which is thought
to be located at Xpl1 (Bhattacharya et al. 1984; Mukai
et al. 1985; Friedrich et al. 1985, Clayton et al. 1987,
Wright et al. 1987). The initial data of Bhattacharya
et al. (1984) was based on four kindreds with typical
XLRP and on another family with a variant of XLRP,
choroidoretinal dystrophy. The maximum likelihood
estimate of linkage distance was 3 cM (95% confidence
limit 0-15 cM). Mukai et al. (1985), in a subsequent
study of four informative kindreds, reported a 10-cM
distance. When combined with Bhattacharya’s results,
the distance was 5 cM, with a 90% confidence inter-
val of 1.5-14 cM. A third study, using C-banding het-

-eromorphism as a centromeric polymorphic marker,
demonstrated significant linkage of XLRP to the cen-
tromere at an approximate distance of 11 cM (Friedrich
et al. 1985).

The recombination fraction in the normal popula-
tion for X-linked markers gives an estimated distance
between DXS7 and DXS84 of approximately 12.5 cM
(Drayna and White 1985). If the estimate of Bhat-
tacharya et al. (1984) for the distance between DXS7
and XLRP is taken as being close to the upper 95%
confidence limit of 15 cM, this distance would be com-
patible with an XLRP locus at Xp21. Other groups,
including ours, have observed closer linkage to the
probes in the Xp21 region. Nussbaum et al. (1985),
using a large Latin-American kindred with XLRP in
which the carriers demonstrate a metallic sheen or tape-
tal reflex, found that four recombinants occurred be-
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tween DXS7 and XLRP. These individuals were not
recombined for OTC, indicating that the XLRP muta-
tion is much closer to the OTC locus at Xp21. Denton
et al. (1988) have reported linkage data in three large
pedigrees segregating for XLRP with the tapetal reflex
in the heterozygotes. Strongest linkage was found be-
tween the XLRP locus at OTC, with a maximum lod
score of 10.64 at a recombination fraction of .00. Anal-
ysis of three-point crossovers from these three kindreds
suggested that the XLRP locus is distal to DXS7 and
proximal to DXS84.

Recently Wright et al. (1987) have addressed the ques-
tion of a locus at Xp21 by performing multipoint link-
age analysis with nine markers in 20 kindreds. Although
the multilocus analysis indicates that the position of
the XLRP locus is closer to DXS7 (lod = 9.35 at ©
= .06 with DXS7 and 2.80 at 6 = .16 with OTC),
it is difficult to assess the information. It is not clear
how many scorable meioses were analyzed for each
probe, since the complete pedigree data are not given.
The authors provide only one example in a single fam-
ily of a crossover for DXS84, OTC, and XLRP and never
comment on whether DXS7 and the more centromeric
markers are informative or recombinant in this family.
In addition, the mother’s chromosomes are inferred and
the recombinations seen in the two daughters raise the
possibility of nonpaternity. Even if the question of pater-
nity is resolved, the recombinations in these daughters
are identical and they could possibly be the result of
germ-line mosaicism, as described for individuals I1I-2
and III-3 in family 1 of our study.

It appears at present that there is no clear distinction
to the positioning of XLRP at Xp21 or Xpll. There
are two possibilities for explaining the discrepancies
in localizing the XLRP gene. One is that a single locus
for XLRP exists in the short arm of the X chromosome,
somewhere between DXS7 and DXS84, with the dis-
crepant data due simply to the results of small sample
size. To analyze this situation, a large number of XLRP
families must be studied with multiple informative
markers. This is currently in progress. XLRP family
linkage data is being collected from major centers
throughout the world for multipoint linkage analysis.
Multilocus analysis is most useful when the data on
a large number of families are available; however, for
small data sets, such as that used in this study, it is of-
ten difficult to draw useful conclusions from this type
of analysis. In such data sets the interlocus genetic dis-
tance may fail to reach significance or to generate
meaningful maximum likelihood recombination esti-
mates. Similarly, chance lack of informativeness may
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yield recombination fractions of two adjacent intervals
incompatible with that of the composite interval. There-
fore, although visual inspection of the pedigrees indi-
cates that XLRP maps telomeric to L1.28 and although
two-point analysis indicates tight linkage of OTC and
754, multilocus linkage analysis was not helpful in iden-
tifying the most likely placement of XLRP among the
set of marker loci.

Another possibility that may also be tested by mul-
tipoint analysis given larger number of families is that
of heterogeneity; there may be two XLRP loci—e.g.,
Xpll and Xp21—on the short arm of the X chromo-
some. In fact, clinical evidence supports the presence
of two distinct loci for XLRP. The frequency of XLRP
is significantly different between populations in North
America and Great Britain. In Great Britain XLRP com-
prises 25%-30% of all RP cases reported, while in the
United States and Canada only 8% of RP is X linked
(Jay 1972; Bird 1975; Fishman 1978; Macrae 1982).
Heterogeneity is further supported by phenotypic differ-
ences observed in female carriers. Although only one
of our pedigrees exhibits the tapetal reflex in the het-
erozygotes, there are reports of other pedigrees demon-
strating segregation of XLRP with tapetal reflex with
OTC (Nussbaum et al. 1985; Denton et al. 1988).

The best indication that there is a locus for XLRP
located in Xp21 comes from the male patient BB, who
has DMD, CGD, RP, and McLeod red cell phenotype.
This deletion extends from the DMD locus toward the
centromere to include the DXS84 locus but not the OTC
locus (Francke et al. 1985). The loci for DMD, CGD,
and Mcleod phenotype have been mapped to Xp21
(Kunkel et al. 1985; Ray et al. 1985; Bachner et al. 1986;
Bertelson et al. 1988). Although the diagnosis of XLRP
has been questioned in the patient (Clayton et al. 1986;
Wright et al. 1987), in our view the clinical and patho-
logical findings seen in BB are highly consistent with
the diagnosis of XLRP. Although there are no charac-
teristic clinical features to distinguish the genetic pheno-
types of RP, BB’s early onset and severe involvement
by age 15 are compatible with the X-linked type (Fish-
man 1978; Berson et al. 1980). The early detection (age
2 years) of his pigmentary retinopathy is probably due
to the fact that he was examined by an ophthalmolo-
gist at age 2 for failure to thrive, at an age prior to onset
of ocular symptoms. The salt-and-pepper piginentary
disturbance described in BB at age 2 is usually detected
in the X-linked form of RP in the first decade of life
(Tasman 1983). The only atypical feature associated
with his RP was his refractive error, which was hyperopic
rather than myopic. Myopia is found in 95% of pa-
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tients with XLRP, compared with 12% of the normal
population (Sieving and Fishman 1978). Histological
examination of his 3-h postmortem retinas showed only
cone photoreceptors and total absence of rod pho-
toreceptors, in agreement with the ultrastructural find-
ings in retinas from a similar-age patient with XLRP
(Hurwitz et al. 1985; Szamier et al. 1979). The sugges-
tion that the RP phenotype in BB is due to his CGD
gene deletion (Wright et al. 1987) is unlikely, since the
focal chorioretinal lesions described in some males with
CGD were never seen in BB. Furthermore, the elec-
troretinographic examinations of patients with CGD
are almost always normal, while in BB no rod or cone
responses were detectable (Martyn et al. 1972; R. A.
Pagon, personal communication). Thus, it would ap-
pear from the evidence that BB most likely had XLRP
in addition to his DMD, CGD, and McLeod pheno-
types. If this is the case, then there can be little question
that a gene for XLRP exists in band Xp21, between
DXS84 and the OTC gene. The results from three of
our four families are entirely consistent with this con-
clusion.

In summary, the linkage data presently available do
not exclude either the Xp21 region or the Xpll region
as a location(s) for XLRP genes. If accurate prenatal
diagnosis and carrier detection is to be established, new
families need to be studied and multipoint linkage anal-
ysis of all existing data needs to be performed. Such
analysis is underway as a multicenter collaborative
effort, and the results may help clarify the present avail-
able data in the linkage of the XLRP gene.
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