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Summary

Forty-one Spanish families with polycystic kidney disease 1 (PKD1) were studied for evidence of linkage
disequilibrium between the disease locus and six closely linked markers. Four of these loci-three highly
polymorphic microsatellites (SM6, CW3, and CW2) and an RFLP marker (BLu24)-are described for the first
time in this report. Overall the results reveal many different haplotypes on the disease-carrying chromosome,
suggesting a variety of independent PKD1 mutations. However, linkage disequilibrium was found between
BLu24 and PKD1, and this was corroborated by haplotype analysis including the microsatellite polymorphisms.
From this analysis a group of closely related haplotypes, consisting of four markers, was found on 40% of PKD1
chromosomes, although markers flanking this homogeneous region showed greater variability. This study has
highlighted an interesting subpopulation of Spanish PKD1 chromosomes, many of which have a common origin,
that may be useful for localizing the PKD1 locus more precisely.

Introduction

Autosomal dominant polycystic kidney disease
(ADPKD) is the most common inherited disorder that
leads to renal failure in adults, with a worldwide preva-
lence of approximately 1 in 1,000 (Gabow 1991). The
disease is characterized by the enlargement, often mas-
sively, of kidneys because of the formation of innumera-
ble fluid-filled cysts, which cause renal insufficiency in
half the affected individuals before the age of 70 years.
Although renal cysts do not always cause morbidity,
ADPKD accounts for 10% of all cases of end-stage
kidney disease in Caucasians. Other manifestations of
the disease are hepatic cysts, cardiac valvular abnormali-
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ties, cerebral aneurysms, and hypertension (Gabow
1991).

In the majority of cases, ADPKD is due to mutation
of a locus, designated "polycystic kidney disease 1"
(PKD1), which has been assigned to 16p13.3 (Reeders
et al. 1985). However, in a minority of families, the
ADPKD phenotype is not linked to PKD1 markers
(Kimberling et al. 1988; Romeo et al. 1988; Bachner et
al. 1990), and a second locus, on 4q, probably account-
ing for most of the remaining families, has recently been
described (Kimberling et al. 1993; Peters et al. 1993). In
the Spanish population the frequency of PKD1-linked
mutations has been estimated at 85% (Peral et al. 1993),
a value similar to that obtained from a study of 273
European families (Peters and Sandkuijl 1992). By study
of PKD1 families by genetic linkage analysis, the PKD1
locus has been localized proximal to the probe GGG1
(D16S259), but distal to 26.6PROX (D16S125) and
SM7 (D16S283), in a region spanning 600 kb (Harris et
al. 1991; Germino et al. 1992; Somlo et al. 1992) (fig. 1).
To localize the PKD1 gene more precisely, we looked

for evidence of linkage disequilibrium between the
PKD1 locus and closely linked markers. This strategy

899



Peral et al.

a:
I
Ch

0)'a

PKDI
I i~~~~~~~~

250kb

CL
04m

CD
CD

x
0 C
a: CL

2 I
Cn Cy> cN

16p - - 4%
telomere - ' '.

Nb

50kb

co05
0d

U)

C.)
(0

CO)

N' cA

ZIP1B
ZIP4A

73D11

Figure I Top, Map of the terminal part of chromosome 16p, showing the PKD1 region and polymorphic markers previously used to

analyze the Spanish PKD1 families. Data are summarized from Breuning et al. (1990), Harris et al. (1990, 1991, and submitted), and Germino et

al. (1992). Bottom, Detailed map of the PKD1 area, showing the positions of markers used in this study (boldface) and the location of the
STSs-JC5 and SMSB-used to screen for YACs (italics). The locations of the cosmids ZIP1B and ZIP4A and 73D11 are also illustrated.

was previously used in the isolation of the cystic fibro-
sis gene (Kerem et al. 1989) and, recently, correctly
identified the area containing the Huntington disease
gene (Huntington's Disease Collaborative Research
Group 1993), despite conflicting results from genetic
linkage studies. However, this approach will only be
successful if the new mutation rate is low and, hence, if
many patients are related through a common ancestor.
Previous studies have suggested a relatively high muta-
tion rate for ADPKD (Dalgaard 1957), on the basis of
an apparent high frequency of ADPKD subjects with
unaffected parents and the perceived reproductive dis-
advantage of individuals with polycystic kidney disease.
In a more recent report (Davies et al. 1991), five possi-
ble new mutations were identified in 209 Welsh
ADPKD families from a population of 2.1 million, sug-

gesting a lower, but nevertheless detectable, rate of new
mutation. Despite these observations, linkage disequi-
librium has been previously identified in PKD1 families;
significant allelic association was found between the
proximal flanking marker-VK5B (D16S94)-and PKD1,
in a preliminary analysis of 33 Scottish ADPKD families
(Pound et al. 1992).
We have studied 41 previously characterized Spanish

PKD1 families in which no evidence of linkage disequi-

librium between PKD1 and seven markers that flank
the PKD1 locus (3'HVR, 2BP5, GGG1, 26.6PROX,
VKSB, 218EP6, and 24.1; fig. 1) had been found (Peral
et al. 1993; authors' unpublished results). We have now
refined this study by using six markers that map in the
PKD1 candidate region. Our results indicate that a wide
variety of haplotypes are represented on PKD1 chro-
mosomes, suggesting that many different independent
mutations have given rise to PKD1. Nevertheless,
within this population there is evidence of a subgroup
of PKD1 chromosomes, present in 40% of affected fam-
ilies that may be ancestrally related.

Subjects, Material, and Methods

Families and Patients
The diagnosis ofADPKD was based on the finding of

at least one cyst in one kidney and of two or more in the
other, by ultrasonic scanning (Bear et al. 1984). Each
family included in this study had at least either three
affected persons or two affected and two unaffected
members, although most families were considerably
larger. All the families had been previously character-
ized as being PKD1; a heterogeneity test was carried out
using the HOMOG program (Ott 1985), and families in
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Linkage Disequilibrium with PKD1 Locus

Table I

Sequence of Primers Used for PCR Amplification of Markers Described in Present Study

Marker Locus Symbol Repeat Sequencea PCR Primers

SM6 ....... D16S665 (TG)1OC(CG),OTGC (GT)3 {SM6A 5'-GCGCAG TCTCAACTAACACG-3'

CW3 ........ D16S664 (AC)20 CW3A 5'-AATATCTCATCAGACTTTGC-3'CW3 D165664 (AC)20 l~~~~~~CW3B5'-TAAATTGTTGTATGTATTTTAC-3'
CW2 ........ D16S663 (AC)26 CW2A 5'-GTCTTTCTAGGAATGAAATCAT-3'CW2 D165663 (AC)26 l~~~~~~CW2B5'-ATTGCAGCAAGACTCCATCT-3'

.DBLuA 5'-AATTCCCCCTCGGCTAAGCTG-3'BLu24 ....... D16S662 ... BLuB 5'-TGTCGAGTTGTGAGCCCCTGC-3'

a Size of most frequent allele.

which the probability of linkage to PKD1 was >.90
were included for further analysis (Peral et al. 1993).

Isolation ofMarkers
YACs were isolated from the CEPH YAC library (Al-

bertsen et al. 1990) by the PCR screening method
(Green and Olson 1990) with primers for SMSB (Harris
et al. 1991) and, for the locus JC5 (which was sub-
cloned from the cosmid JCII; Germino et al. 1990),
with the primers JC5E(A) 5' GACTCTTAAGGGTCT-
ATCCCT 3' and JC5E(B) 5' AGCCAGGCTCTAGAT-
CACTCA 3', which yielded a product of 110 bp. DNA
was isolated, either in solution or in agarose blocks,
from the yeast and was characterized by standard
methods. Alu-PCR was performed as described by Nel-
son et al. (1989), with the primer 938 (Hirst et al. 1991).
A partial MboI library in bacteriophage X EMBL3 was
produced from total yeast DNA containing the YAC
y77C8 (described below). Cosmids were isolated from
the Los Alamos human chromosome 16 library (Stal-
lings et al. 1990), and fragments containing (CA)n were
identified, isolated, and sequenced as described else-
where (Harris et al. 1991).

Characterization of Polymorphisms
The primer sequences used to amplify the newly de-

scribed microsatellites, as well as the nature of the re-
peated areas, are shown in table 1. The previously de-
scribed CA repeats-16AC2.5 (Thompson et al. 1992)
and KG8 (Snarey et al., submitted)-were identified in-
dependently (see Results), and thus novel primers were
used to amplify these markers: for 16AC2.5, CW4A 5'
AAGGCTGGCAGAGGAGGTGA 3' and CW4B 5'
CTAATCGGCGGGGAGCTCTA 3'; and, for KG8,
BP1A 5' CACAGCCAGCTCCGAGGG 3' and BP1B 5'

TCCTCCTGGGGGCTGGCTC 3'. The microsatellites
were amplified and scored on native acrylamide gels as
described elsewhere (Harris et al. 1991). The MgCl2
concentrations and annealing temperatures used for
amplification of the microsatellites were as follows:
KG8, 0.5 mM, 58°C; SM6, 1.25 mM, 60°C; 16AC2.5,
1.5 mM, 60°C; CW3, 2 mM, 52°C; and CW2, 1.25
mM, 550C. An RsaI polymorphism (BLu24) was identi-
fied with BLu2, a 1.5-kb Sau3AI single-copy subclone
of ZIP1B, by the method of Murray et al. (1987), using
a somatic cell hybrid (N-BuHIA) as the source of a
normal single chromosome 16. The primers used to
amplify the BLu24 RFLP are shown in table 1, with
amplification as for the microsatellites with 0.75 MgCl2
and annealing at 65°C. The resulting product was di-
gested with RsaI and was visualized on a 2% agarose gel
with alleles of 529 bp, for L1, and 413/116 bp, for L2.

Statistical Analysis
By analysis of pedigrees, we unequivocally identified

the allele associated with PKD1 for each marker. To
test for linkage disequilibrium a X2 test with the null
hypothesis of no linkage disequilibrium was calculated
for BLu24, with 1 df. For multiallelic loci, we used a
previously defined %2 statistic (Hill 1975; Weir and
Cockerham 1978).

Results

Isolation of Polymorphic Markers
To provide new markers for detailed genetic analysis

of PKD1 families, microsatellite markers were sought
within the PKD1 candidate region between GGG1 and
SM7 (see fig. 1). In an attempt to clone this region, the
YACs-y77C8 and y376B1-were isolated from the
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Table 2

Details of Polymorphic Markers Used in Present Study

No. (%) OF
ALLELE CHROMOSOMES
LENGTH

ALLELE (bp) Normal Affecteda %2 df P

KG8 (n = 148b):
Al ..............

A2 ..............

A3 ..............

A4 ..............

A5 ..............

A6 ..............

A7 ..............

A8 ..............

SM6 (n = 218b):
Bi ..............

B2 ..............

B3 ..............

B4 ..............

B7 ..............

B8 ..............

B9 ..............

B10 .............

B11 .............

B12 .............

B13 .............

B14 .............

B15 .............

B17 .............

B24 .............

B28 .............

16AC2.5 (n = 218b):
C2 ..............

C3 ..............

C4 ..............

CS ..............

C6 ..............

C7 ..............

C8 ..............

C9 ..............

C1o .............

CW3 (n = 214b):
D3 ..............

D4 ..............

D5 ..............

D6 ..............

D7 ..............

D8 ..............

D9 ..............

CW2 (n = 220b):
F2 ...............

F3 ...............

F4 ...............

F5 ...............

F6 ...............

F7 ...............

F8 ...............

F9 ...............

F10 .............

6.06
130
128
126
124
122
120
118
116

140
138
136
134
128
126
124
122
120
118
116
114
112
108
94
86

121
119
117
115
113
111

109
107
105

87
85
83
81
79
77
75

129
127
125
123
121
119
117
115
113

7 (4.7)
15 (10.1)
1 (0.6)
5 (3.4)

95 (64.2)
2 (1.3)
10 (6.8)
13 (8.8)

3 (1.4)
2 (0.9)
5 (2.3)
6 (2.8)
1 (0.5)
2 (0.9)

53 (24.3)
108 (49.5)
4 (1.8)
5 (2.3)
16 (7.3)
1 (0.5)
4 (1.8)
1 (0.5)
4 (1.8)
3 (1.4)

2 (0.9)
18 (8.2)
49 (22.5)
49 (22.5)
35 (16.0)
8 (3.6)

51 (23.4)
5 (2.3)
1 (0.5)

4 (1.9)
42 (19.6)
26 (12.1)
123 (57.5)
12 (5.6)
6 (2.8)
1 (0.5)

1 (0.5)
9 (4.1)

20 (9.1)
64 (29.1)
38 (17.3)
34 (15.5)
18 (8.2)
1 (0.5)
1 (0.5)

7 .53
1 (2.4)
9 (22.0)
1 (2.4)
1 (2.4)

23 (56.1)

2 (4.9)
4 (9.8)

18.95 15 .22

1 (2.4)

4 (9.8)
12 (29.3)
18 (43.9)

5 (12.2)

1 (2.4)

7.29 8 .50

4 (9.8)
9 (22.0)
9 (22.0)
2 (4.9)
3 (7.3)
14 (34.1)

9.38 6 .15
3 (7.3)
4 (9.8)
4 (9.8)

28 (68.3)

2 (4.9)

12.74 12 .39

1 (2.4)
2 (4.9)
12 (29.3)
3 (7.3)

11 (26.8)
4 (9.8)

1 (2.4)

(continued)
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Table 2 (continued)

No. (%) OF
ALLELE CHROMOSOMES
LENGTH

ALLELE (bp) Normal Affecteda X2 df P

CW2 (n = 220b)
(continued):

Fi .111 3(1.4)
F12 .109 3 (1.4) 2 (4.9)
F13 .107 27 (12.3) 4 (9.8)
F14 .105 1 (0.5) 1 (2.4)

BLu24 (n = 208b): 6.81 1 .009
L .529 158 (76.0) 23 (56.1)

L2 .413/116 50 (24.0) 18 (43.9)

a Forty-one affected chromosomes were analyzed.
b No. of normal nonrelated chromosomes analyzed in the Spanish population.

CEPH human YAC library by using the sequence-
tagged sites (STSs) JC5 and SM5B, respectively (fig. 1).
y376B1 was unstable, and, although the isolated ends
of the YAC were mapped in genomic DNA, 350 kb
apart (right end between 26-6 DIS and 26-6 PROX and
left end between SM6 and GGG1), analysis by pulsed-
field gel electrophoresis revealed deleted YACs of 290
and 150 kb. Alu-PCR was used to generate human-spe-
cific probes from this YAC, which were hybridized to a
cosmid library. One positive, novel cosmid, 73D1 1, was
obtained, which mapped -100 kb distal to SM5B.
Two (CA). repeats were isolated from this cosmid:
CW1 (the same as W5.2; Snarey et al., submitted) and
CW2 (fig. 1).
y77C8 is a 300-kb YAC but has a complex rearrange-

ment, in that it both is chimeric with chromosome 3
and has a large interstitial deletion within the segment
of chromosome 16 DNA. The junction between the
chromosome 3 material and the chromosome 16 mate-
rial was subcloned in the bacteriophage X77A. An in-
ternal 4.2-kb BamHI fragment from this phage, which
mapped to the proximal part of the PKD1 region, was
used to isolate the cosmids, ZIP1B and ZIP4A; these
two overlapping cosmids contain the microsatellites
CW4 (same as 16AC2.5; Thompson et al. 1992) and
CW3, respectively (fig. 1). An additional probe, BLu24,
which identifies an RsaI polymorphism, was isolated
from ZIP1B. The orientation of these markers on the
chromosome was determined from a crossover be-
tween CW3 and 16AC2.5, which placed CW3 proximal
to 16AC2.5, and, with additional mapping, BLu24 was
located 5-10 kb distal of 16AC2.5 (fig. 1). The precise

locations of CW2 and CW3 were determined by map-
ping them to the previously described PKD1 cosmid
contig (Germino et al. 1992; Snarey et al., submitted).
The two most distal microsatellites were isolated from
clones described elsewhere-SM6 from SMII and BP1
(same as KG8; Snarey et al., submitted) from AH4 (Eu-
ropean Chromosome 16 Tuberous Sclerosis Consor-
tium 1993; fig. 1).

Analysis ofPKD I Families with the Polymorphic Markers
A total of 369 individuals from 41 Spanish PKD1

families, 159 of whom were affected, were analyzed
with the five microsatellites-KG8, SM6, 16AC2.5,
CW3, and CW2-and with the RFLP marker BLu24.
No recombination between any of the markers studied
and the PKD1 locus was observed in these families. The
allele sizes and frequencies for each of the microsatel-
lites and for BLu24, analyzed on normal and PKD1
chromosomes in the Spanish population, are summa-
rized in table 2. Each of the microsatellite markers is
highly informative, with an observed heterozygosity of
.56, .69, .81, .60, and .83, for KG8, SM6, 16AC2.5,
CW3, and CW2, respectively. BLu24 has an observed
heterozygosity of .36.
These results clearly show that, with all of the

markers studied, many different alleles are associated
with PKD1. If, by application of the X2 test, each of the
microsatellites is tested formally for evidence of linkage
disequilibrium with PKD1, the results in table 2 show
that none of these gives a significant P value. This find-
ing is emphasized if extended PKD1-associated haplo-
types, including all six markers, are analyzed; different

903



Peral et al.

haplotypes are represented on each of the 41 PKD1
chromosomes. These results are consistent with the
view that many different mutations have given rise to
PKD1 in this population. Alternatively, this population
may contain a few ancient PKD1 mutations, but the
original haplotypes associated with these could have
diverged by recombination and marker mutation over a
period of time.

Although no significant allelic association was evi-
dent with the microsatellites, we did detect linkage dis-
equilibrium with the RFLP marker BLu24. In this case a
significant P value was found (P < .01; table 2), with
overrepresentation of the L2 allele on PKD1 chromo-
somes (44%, compared with 24% on normal chromo-
somes).

Extended PKD I Haplotypes
This evidence of significant allelic association be-

tween the BLu24 allele L2 and PKD1 highlighted a sub-
population that could be studied for the presence of a
common PKD1 haplotype. As a first step, we analyzed a
haplotype consisting of the physically close markers:
BLu24, 16AC2.5, and CW3 (see fig. 1), to determine
which alleles were associated with PKD1, and we com-
pared the results found on the BLu24, Li and L2 chro-
mosomes. The observed haplotype distribution is
shown in table 3, with 16 different haplotypes dis-
cerned from 41 PKD1 chromosomes.
Twelve different PKD1 haplotypes were found asso-

ciated with the Li allele of BLu24. None of these were
found significantly more frequently on PKD1 than on
normal chromosomes. The most frequent haplotypes
on PKD1 chromosomes were also overrepresented on
the normal ones, with only one haplotype just present
in the PKD1 population; and this haplotype was only
on one chromosome. Although it is possible that these
various haplotypes have evolved by recombination and
marker mutations from one or a small number of com-
mon haplotypes, it seems most likely that many differ-
ent PKD1 mutations have occurred on Li chromo-
somes.

However, in the case of haplotypes associated with
the L2 allele, we observed two haplotypes that were
overrepresented in the PKD1 population. The haplo-
type most often associated with PKD1-L2,C8,D6-
accounted for 30% of the disease chromosomes but for
only 9% of normal ones; and the second most frequent
L2,PKD1 haplotype-L2,C7,D6-was found on 7.3%
of affected chromosomes, whereas only 1 of 208 nor-
mal chromosomes carried this haplotype (table 3).
The observation that the haplotypes associated with

Table 3
Frequencies of BLu24, 16AC2.5, and CW3 Haplotypes on
PKD I and Normal Chromosomes

No. (%) OF
ALLELE CHROMOSOMES

BLu24 16AC2.5 CW3 PKD1 Normal

L2 C8 D6 12 (29.26) 19 (9.13)
L2 C7 D6 3 (7.32) 1 (.48)
L2 C8 D5 2 (4.88) 8 (3.85)
L2 C4 D6 1 (2.44) 6 (2.88)

Others ... 0 16 (7.69)
Li CS D6 ..... 4 (9.76) 24 (11.54)
Li C4 D6 ..... 4 (9.76) 22 (10.58)
Li C3 D6 ..... 3 (7.32) 9 (4.33)
Li CS D4 ..... 2 (4.88) 18 (8.65)
LI CS D3 ..... 2 (4.88) 1 (.48)
Li CS D5 ..... 1 (2.44) 3 (1.44)
Li C4 D4 ..... 2 (4.88) 13 (6.25)
Li C4 D3 ..... 1 (2.44) 1 (.48)
LI C4 D8 ..... 1 (2.44) 0
Li C6 D6 ..... 1 (2.44) 26 (12.50)
Li C6 D8 ..... 1 (2.44) 2 (.96)
Li C3 D5 ..... 1 (2.44) 5 (2.40)

Others ... 0 34 (16.35)
Total ... 41 208

the L2 allele of BLu24 form a relatively homogeneous
group strengthens the case-suggested by the allelic as-
sociation with BLu24 (L2)-that many of these PKD1
chromosomes may be ancestrally related. If we examine
the association between L2 and the D6,CW3 allele, we
see that it is highly enriched in the PKD1 population,
with the association not being explained by normal link-
age disequilibrium between these markers. The L2,D6
haplotype is present on 89% (16/18) of PKD1 chromo-
somes associated with L2, compared with 58% (29/50)
of normal L2 chromosomes. The other PKD1 haplo-
type with the L2 allele (L2,C8,D5) differs from the D6
allele by just one CA repeat. It is possible that CW3 has
undergone a slippage mutation to gain a repeat unit and
to alter the D6 allele (81 bp) to a D5 (83 bp) (see Discus-
sion).
The overrepresentation of the C8,16AC2.5 allele

with PKD1 (table 2) is entirely due to association in the
L2 population (table 3). However, detailed analysis in
this case shows that this association can largely be ex-
plained by very strong linkage disequilibrium between
the C8 and L2 alleles in the normal population-38/50
(76%), compared with 14/18 (78%) in the PKD1 popu-
lation. If, however, the argument of slippage mutation,
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Table 4

Extended Haplotypes on PKD I Chromosomes with the
BLu24,L2 Allele

KG8 SM6 BLu24 16AC2.5 CW3 CW2

AS B10 L2 C8 D6 F7
A2 B10 L2 C8 D6 F7
Al B10 L2 C8 D6 F7
A7 B10 L2 C8 D6 F6
A2 B10 L2 C8 D6 FS
AS B10 L2 C8 D6 F12
AS B10 L2 C8 DS F4
AS B10 L2 C8 DS F10
A2 B1O L2 C7 D6 F7
A3 B10 L2 C7 D6 F7
A2 B9 L2 C8 D6 F7
AS B9 L2 C8 D6 F7
A2 B9 L2 C8 D6 F14
A8 B9 L2 C8 D6 FS
A8 B9 L2 C7 D6 FS
AS B8 L2 C8 D6 F8
A2 B8 L2 C8 D6 F7
AS9 B13 L2 C4 D6 F8

NOTE.-Each haplotype is present on one PKDl chromosome.
(The extended haplotypes of PKD1 chromosomes associated with
the LI allele can be obtained from the author on request.)

' This PKD1 haplotype is very different from the others and is
probably an independent mutation.

as described above for CW3, is used to suggest that the
C7 allele of 16AC2.5, seen on three L2-associated
PKD1 chromosomes, is also derived from the more fre-
quent C8 allele, then 17 of the 18 L2-associated PKD1
haplotypes may have a common origin. The other
L2,PKD1 chromosome has a much larger 16AC2.5 al-
lele (C4) and so is probably due to an independent mu-
tation.

If the L2,C8,D6 haplotype is a PKD1 founder chro-
mosome, further analysis of chromosomes with this or
closely related haplotypes, with the proximal marker
CW2 and distal flanking markers SM6 and KG8 may be
expected to also show similarities. Table 4 lists the ex-
tended haplotypes of the 18 L2,PKD1 chromosomes.
We can see from this analysis that 18 different haplo-
types are associated with PKD1; each patient has a dif-
ferent haplotype. Clearly, at first sight, this result does
not lend support to the idea of a common origin. How-
ever, further analysis does show some interesting associ-
ations between each marker and the L2 allele; either a
much more limited range of alleles is associated with
the L2,PKD1 chromosomes than in the normal L2 pop-
ulation, or a specific allele is highly enriched in the

L2,PKD1 population, compared with normal L2 chro-
mosomes.

For SM6 we find just three alleles, which differ by
only 2 bp from each other, associated with the
L2,PKD1 population, compared with 11 different al-
leles on normal L2 chromosomes. The most frequent
allele, B10, is found on 55.6% of L2,PKD1 chromo-
somes and on 44% of normal L2 chromosomes. Seven-
teen of the 18 L2,PKD1 chromosomes have similar hap-
lotypes with the four markers-SM6, BLu24,16AC2.5,
and CW3-with each of these haplotypes found more
frequently on PKD1 chromosomes. The most distal
marker, KG8, shows many different alleles (six of a to-
tal of eight observed) associated with the disease on
L2-bearing chromosomes, and these differ in size by as
many as 14 bp. Nevertheless, A2, the allele most
enriched in the PKD1 population (table 2), is repre-
sented on 33.3% of affected L2 chromosomes but on
only 8% of normal L2 chromosomes. On the proximal
side, again one allele-F7 of CW2-is present on a
much higher proportion of L2,PKD1 chromosomes
(44%), compared with normal chromosomes (26%).
However, overall, eight CW2 alleles are associated with
PKD1 on L2 chromosomes, and, although some of
these differ from the most frequent (F7) allele by just
one dinucleotide, others differ by as many as seven CA
repeats. Beyond the immediate PKD1 region, we could
not find evidence of association between the L2,PKD1
chromosomes and particular alleles of the flanking dis-
tal (GGG1) or proximal (26.6 PROX, VKSB, or
218EP6) markers.

Discussion

We have described three new microsatellite markers
from the PKD1 region, which, in association with four
previously described CA repeats from this area (Harris
et al. 1991; Thompson et al. 1992; Snarey et al., submit-
ted), provide a formidable set of markers for both link-
age analysis and presymptomatic diagnosis of PKD1.
The recent identification of the tuberous sclerosis 2
locus (TSC2) in this area (European Chromosome 16
Tuberous Sclerosis Consortium 1993) means that these
polymorphisms will also be useful for genetic analysis
of TSC2 families. Studies are underway to determine if
the PKD1 candidate region can be further refined by
analysis of known crossovers between PKD1 and exist-
ing flanking markers, using these microsatellites. How-
ever, the number of known crossovers is small, and the
size of the candidate region, at -600 kb (Harris et al.
1991; Germino et al. 1992; Somlo et al. 1992), will be
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difficult to further refine by this method. For this rea-
son we have searched for evidence of linkage disequilib-
rium between the microsatellites and PKD1, to deter-
mine if this method would help to localize this locus.
However, the data from this study reveal a complex
structure to the Spanish PKD1 population and indicate
that the results need to be interpreted with caution.
The clearest result from this study of linkage disequi-

librium is that many different haplotypes, constructed
with markers from within the PKD1 candidate region,
are associated with PKD1. The simplest explanation for
this finding is that many independent mutations have
given rise to PKD1. This result is consistent both with
other studies' description of a significant new mutation
rate for PKD1 (Dalgaard 1957; Davies et al. 1991) and
with our own observations of occasional cases that ap-
pear to be new mutations. Despite the evidence of mul-
tiple different PKD1 mutations, there is, nevertheless,
evidence that part of this population may arise from a
common ancestor.
The only significant linkage disequilibrium seen with

a single marker in this study is with the RFLP probe,
BLu24. It is likely that linkage disequilibrium is seen
with this marker because the association is with the rare
allele, L2 (seen in just 24% of normals and in 44% of
PKD1 individuals), and therefore is more readily identi-
fied. Support for a common origin of at least part of the
BLu24,L2,PKD1 population is found by analyzing the
microsatellites flanking this marker. For markers KG8,
16AC2.5, CW3, and CW2 the alleles most enriched in
the whole PKD1 population, compared with normal
controls-i.e., A2 (22% in PKD1 and 10% in normal
controls), C8 (34% in PKD1 and 23% in normal con-
trols), D6 (68% in PKD1 and 57% in normal controls),
and F7 (22% in PKD1 and 15% in normal controls) (see
table 2)-are all overrepresented on L2,PKD1, but not
on L1,PKD1, chromosomes. For KG8, 6 of the 9
A2,PKD1 alleles are associated with L2, while, for
CW2, 8 of 11 F7,PKD1 alleles are on L2 chromosomes.
The CW3 allele found most often on PKD1 chromo-
somes, D6, is particularly enriched in the L2,PKD1 pop-
ulation-89%, compared with 52% in L1,PKD1 chro-
mosomes. All C8,CW4 alleles associated with PKD1 are
on L2 chromosomes; however, this can be explained by
strong linkage disequilibrium between CW4 and BLu24
(see Results).

In light of both the significant linkage disequilibrium
seen between BLu24,L2 and PKD1 and the enrichment
of specific alleles for the other markers in the L2,PKD1
population, why is no single haplotype seen that ac-
counts at least for a proportion of this population? This

might be partly explained by a significant rate of new
mutation of the microsatellites themselves. If the cen-
tral part of the haplotype including SM6, BLu24, CW4,
and CW3 (table 4) is examined, a founder haplotype
consisting of B10,L2,C8,D6 can be proposed that ac-
counts for a third (6/18) of L2,PKD1 chromosomes.
Furthermore, 11 of the remaining 12 L2,PKD1 haplo-
types are similar to the founder and may have evolved
from it because of microsatellite mutations.

It is thought that slippage during reannealing that
occurs after DNA replication is the mechanism by
which the characteristic 2-bp differences of microsatel-
lite polymorphisms arise (Schl6tterer and Tautz 1992).
The mutation rate, manifesting as the heterozygosity at
a microsatellite locus, is greater with larger runs of un-
interrupted repeats (Weber 1990). However, observa-
tion of microsatellites in families, their allele distribu-
tions, and comparison with the larger minisatellites
(Jeffreys et al. 1988) suggest that the generation of new
alleles may be complex and that different microsatel-
lites will mutate at different rates. We have seen the
appearance of new microsatellite alleles during pedigree
analysis, especially for SM6, indicating that this locus
may be particularly prone to new mutation. It is also of
interest that all of the markers studied show significant
linkage disequilibrium with BLu24 (CW2, P < .05;
CW3, P < .001; and 16AC2.5, P < .001), except for
SM6 and the most distal, KG8. It is therefore possible
that microsatellite slippage explains the variability of
the markers SM6, 16AC2.5, and CW3 from the
founder haplotype-in all but the last haplotype in ta-
ble 4, which probably arose independently. It is worth
noting that the marker showing greatest variability
from the founder of these four is SM6, which probably
has the highest new mutation rate.

Alternatively, it could be argued that different, inde-
pendent mutations have occurred on the same or re-
lated founder haplotype. This is not that unlikely, be-
cause the alleles associated with L2 in this haplotype
either show strong marker-to-marker disequilibrium
(C8,16AC2.5) or are the most frequent alleles in the
population (SM6, B10, and CW3,D6).

If we extend the haplotype to include the flanking
markers KG8 and CW2, we can see that the L2,PKD1
population is much more varied and that the alleles seen
with these two markers are not readily explained by
slippage, as many of the markers differ greatly, in size,
from the most enriched alleles, A2 and F7, respectively.
It is attractive to suggest that the variability seen with
these alleles is due to recombination between the PKD1
locus and these two markers. Such an explanation
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would indicate that the PKD1 locus is situated in the
-300 kb between these markers. On the proximal side,
this interpretation is supported by the observation of
crossovers between PKD1 and proximal markers in this
interval (Somlo et al. 1992). There is, however, no evi-
dence of corresponding crossovers on the distal side,
i.e., between KG8 and SM6.

It is possible, however, that the crossover hypothesis
is too simple and that the L2,PKD1 population consists
of several independent mutations as discussed above-
e.g., one associated with KG8 allele A2, but others on
AS or A8 backgrounds, which nevertheless have similar
SM6, CW4, and CW3 haplotypes. It may be possible to
determine if this is the case by analyzing the L2,PKD1
families with a number of more stable, RFLP polymor-
phisms (such as BLu24), from across the candidate re-
gion, to see if a single haplotype can account for the
majority of L2,PKD1 chromosomes.
Our studies have shed some light on the complexity

of a PKD1 population. Although there is evidence of
many different PKD1 mutations, there is also an indica-
tion that, of the population, -40% may be ancestrally
related. It is difficult, with the present evidence, to say
precisely where the PKD1 locus lies, but this study has
resulted in the identification of an interesting subpopu-
lation, further study of which may help answer this
question.
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