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Summary

Pseudo-vitamin D-deficiency rickets (PDDR) was
mapped close to D12S90 and between proximal
D12S3 12 and distal (D12S305,D12S104) microsatel-
lites that were subsequently found on a single YAC
clone. Analysis of a complex haplotype in linkage dis-
equilibrium (LD) with the disease discriminated among
distinct founder effects in French Canadian populations
in Acadia and in Charlevoix-Saguenay-Lac-Saint-Jean
(Ch-SLSJ), as well as an earlier one in precolonial Eu-
rope. A simple demographic model suggested the histori-
cal age of the founder effect in Ch-SLSJ to be - 12 gener-
ations. The corresponding LD data are consistent with
this figure when they are analyzed within the framework
of Luria-Delbruck model, which takes into account the
population growth. Population sampling due to a lim-
ited number of first settlers and the rapid demographic
expansion appear to have played a major role in the
founding of PDDR in Ch-SLSJ and, presumably, other
genetic disorders endemic to French Canada. Similarly,
the founder effect in Ashkenazim, coinciding with their
early settlement in medieval Poland and subsequent
expansion eastward, could explain the origin of frequent
genetic diseases in this population.

Introduction

Pseudo-vitamin D-deficiency rickets (PDDR), also re-
ferred to as "vitamin D dependency type I" (MIM
264700), is an autosomal recessive disorder character-
ized by hypocalcemia, secondary hyperparathyroidism,
and early onset of rickets (Prader et al. 1961). Diagnosis
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is confirmed by determination of very low or undetect-
able levels of 1,25-dihydroxyvitamin D, the active form
of vitamin D (Fraser et al. 1973; Delvin et al. 1981).
PDDR results from renal 25(OH)-vitamin D la-hydrox-
ylase deficiency, but the underlying molecular defect re-
mains unknown. It could be due to a mutation in cyto-
chrome P450ccla, the moiety conferring specificity to
this three-subunit enzyme. However, a defect in a gene
regulating its expression is another possibility. Cyto-
chrome P450cc24 was excluded as a candidate gene for
PDDR by its localization to 20q13.3 (Labuda et al.
1993), whereas the disease has been mapped, by linkage
analysis, to 12ql3-14, close to the collagen (COL2A1)
locus and to a haplotype consisting of three anonymous
markers, hereafter referred to as "3MH" (Labuda et al.
1990).

In order to refine PDDR localization for positional
cloning, we pursued linkage analysis by family studies
and by the linkage disequilibrium (LD) approach. LD,
which has played an important role in the fine mapping
of cystic fibrosis (Kerem et al. 1989) and in localization
of the vitamin D receptor adjacent to the COL2A1 gene
(Labuda et al. 1992), takes advantage of the fact that
all affected chromosomes originating from a common
ancestor share the same alleles for markers in the vicinity
of the disease locus. This set of neighboring alleles forms
the ancestral or "founder" haplotype, which is expected
to decay over the generations, with the alleles of the
outer markers being exchanged more readily by recom-
bination. The gain in mapping resolution by LD analysis
is due to the increased number of meioses, M, analyzed,
when the information from all generations following the
founder event is used (Hastbacka et al. 1992; Lehesjoki
et al. 1993; Ellis et al. 1994; Sulisalo et al. 1994; Mitchi-
son et al. 1995; Levy et al. 1996; Varilo et al. 1996).
Alternatively, if genetic distances are known, LD analy-
sis allows one to estimate the age of founder effect(s)
(Bodmer 1972; Serre et al. 1990; Risch et al. 1995b).
Hastbacka et al. (1992) recognized that the quantita-

tive results of LD analysis are altered in the population
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undergoing demographic expansion, which is typically
the case when the founder effect is observed. To calcu-
late the likely genetic distances from their LD data in
the Finnish population, they applied the model of Luria
and Delbruck (1943), originally developed for the analy-
sis of mutations in growing bacterial cultures. Their
work, followed by that of others (Kaplan et al. 1995;
Terwilliger 1995), also pointed to the importance of
demographic effects in the founding of genetic diseases
in expanding populations.
As in the Finns (de la Chapelle 1993) and Ashkenazim

(Motulsky 1995), so in French Canadians, where more
than a dozen otherwise rare genetic diseases are com-
mon, the unique genetic profile can be related to their
demographic history. French colonization of eastern
Canada began in the early 17th century. A region of
maritime Canada known as Acadia was first colonized
in the early 1600s by direct immigration from France
and by subsequent rapid growth (Arsenault 1978). The
first settlement, which gave rise to the Acadian popula-
tion, was at Port Royal (now Annapolis, Nova Scotia),
and in 1671 it had 373 inhabitants (Arsenault 1978).
The population grew to 2,000 in 1713 and further ex-
panded to 18,000 inhabitants in 1750. With the British
conquest in 1755, >10,000 Acadians were deported
along the eastern coast of the United States as far as
Louisiana, with a resulting steep decline of the Acadian
population in Canada (8,000 in 1800). A large part of
this population emigrated to neighboring regions of
New Brunswick, Cape Breton, and Prince Edward Is-
land, and over time it grew to 139,000 in 1901 and
to 286,000 in 1951. Now Canadians claiming Acadian
descendants number 357,000 (Canadian Encyclopedia
1984).

Charlevoix, a geographically isolated area on the
northern shore of the Saint Lawrence river, was colo-
nized later, beginning in 1675, by a small number of
founders (599 total; for details, see Subjects and Meth-
ods and fig. 1) arriving from the region of Quebec City
over a period of seven generations (Jette et al. 1991).
Beginning in 1838, the familial migration from Charle-
voix also populated the shores of the Saguenay river,
the Lac-Saint-Jean area, and the Haute-Cote-Nord
(Gauvreau et al. 1991). This population, referred to as
that of "Ch-SLSJ," grew from 18,000 in 1852 to
>65,000 in 1911 and to -310,000 today.
The founder effect of PDDR in French Canadians has

been indicated by genetic data (Labuda et al. 1990),
consistent with the carrier frequency of 1/26 in the Ch-
SLSJ region (De Braekeleer 1991), -1/60 in the Acadian
population (D.E.C.C., unpublished observation), and
<1/500 elsewhere (as estimated in the Polish popula-
tion). Other genetic disorders that are rare or unknown
elsewhere also have been found at elevated frequency in
the Ch-SLSJ region. They include spastic ataxia, with a
carrier frequency of 1/21; tyrosinemia I, 1/22; polyneu-
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Figure 1 Demographic expansion in Ch-SLSJ between 1675 and
1850. The genetic contribution of each of seven immigration waves
(designated "1"-"7" on the right) to the total population in a given
time interval is highlighted by a different pattern in the histogram.
The number of founders (Jette et al. 1991) within each wave of immi-
grants is given in parentheses. The value d = .8 was obtained by simple
iteration from the data (see Subjects and Methods), from knowing the
total number of inhabitants in 1852 (Jette et al. 1991).

ropathy, 1/25; cytochrome C oxidase deficiency, 1/28;
sarcosinemia, 1/29; histidinemia, 1/32; cystinosis, 1/39;
mucolipidosis, 1/39; lipoprotein lipase deficiency, 1/43;
and pyruvate kinase deficiency, 1/64 (De Braekeleer
1991; Gahl et al. 1995; Kornfeld and Sly 1995; Levy et
al. 1995; Mitchell et al. 1995; Scott 1995; Tanaka and
Pagalia 1995).

In this study we provide the assignment of PDDR
between markers located on a single YAC clone. Analy-
sis of a complex haplotype has been used to detect LD
and to discriminate among founder effects in Acadia
and Ch-SLSJ, where demographic effects can account
for the founding of rare mutations including PDDR.

Subjects and Methods
Families
Thirty-two nuclear PDDR families, which included

49 patients, were studied. Ten of these families have
been described elsewhere (Labuda et al. 1990). All Que-
bec families (n = 20) originated from (on the basis of
parental or grandparental birthplaces) Ch-SLSJ. Aca-
dian families were from Prince Edward Island (n = 3)
and New Brunswick (n = 2). One family was of mixed
Quebec-New Brunswick origin, and one from Prince
Edward Island was of non-Acadian ancestry. Three fam-
ilies were from Poland; and two were from Florida, one
each of European and Filipino origin.
Genetic Typing
The DNA marker loci used are listed in table 1; the

typing of 3MH and COL2A1 has been described else-
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Table 1

Two-Point Linkage Analysis Between PDDR and 12q1 3-14 Markers

Locus (a Maximum Z

COL2A1 .120 2.99
3MH .086 (.023-.192) 4.66
D12S361 .072 (.020-.195) 3.35
D12S96 .030 (.010-.140) 4.05
D12S325 .051 (.011-.150) 4.43
D12S103 .138 1.48
D12S359 .097 (.035-.220) 3.34
D12S312 .025 (.001-.119) 5.27
D12S90 .000 (.042) 7.49
D12S305 .027 (.001-.128) 4.65
D12S104 .026 (.001-.140) 3.35
D12S355 .036 (.007-.109) 6.99
D12S83 .056 (.015-.144) 5.37

a Data in parentheses are bounds obtained as values at the maximum
Z minus the LOD unit.

where (Labuda et al. 1990, 1992). All analyzed micro-
satellite markers were from Gyapay et al. (1994). For
the marker D12S312 a primer pair different from the
published one has been used: forward, GGTAATTAT-
GATTGTTGTTAGAG; and reverse, GCAGGCATT-
TGTAAGCATATA. All PCR reactions were carried out
in a total volume of 20 p1 in 20 mM Tris-HCl pH 8.4,
50 mM KCI, 2 mM MgCl2, 0.2 mM each dNTP, 0.5
jiM each primer (one labeled with [y]-32P-ATP, used at
0.5 x 106 cpm/reaction), 40 ng genomic or YAC DNA,
and 0.5-1 U Taq polymerase (Perkin Elmer). The incu-
bation cycle, 940C/550C/720C for 45 s each, was re-
peated 30 times. Alleles were numbered as follows: the
longest variant identified was assigned number "1," and
all the shorter ones were numbered by adding the num-
ber of CA dinucleotides by which they differed from
allele 1. Haplotypes were constructed by using the most
parsimonious phase, by tracing segregation of alleles in
families, and by using the published map order (fig. 2b)
(Gyapay et al. 1994), subsequently refined in light of
our results (fig. 2c).
Linkage Analysis in the Families

Pairwise estimates of the recombination fraction (0)
and the corresponding LOD score (Z) between PDDR
and each of the markers were calculated by using the
MLINK computer program from the LINKAGE pack-
age (Lathrop et al. 1985). The COL2A1 and 3MH hap-
lotypes consisting of Hinfl and PvuII polymorphisms
(Labuda et al. 1992) and tightly linked anonymous
markers D12S14, D12S17, and D12S6 (Labuda et al.
1990) were run each as a single locus for linkage against
PDDR.

Physical Mapping of the PDDR Locus
DNA from YAC clones (Research Genetics) were

typed with microsatellites as described above, by using

total yeast and human genomic DNA as negative and
positive controls, respectively.

Demographic Model
Colonization of Ch-SLSJ (Jette et al. 1991) was di-

vided into seven migration waves (j = 1,2, ... ,7, start-
ing at 1675, 1700,..., 1825), each within a time inter-
val of 25 years corresponding to a single generation.
Under the assumption of a uniform growth rate ed per
generation, the contribution of each immigration wave
j to the total population N, at time t is described by
Nit = Nj0ed(t-tio)/2S (thus Nt = lNjt), where tj, describes
the starting year of immigration of the founders within
wave j and Nj, is their number; (t - ti,)/25 describes the
number of generations g between the immigration date
and time t. On the basis of knowing Nio's between 1675
and 1850 and Nt at t = 1850 (Jette et al. 1991), d = .8
was calculated from the equation above, by iteration
(see fig. 1). If the PDDR carriers followed the same
growth, their number in 1975, calculated from the same
equation by assuming a single founder, was Ng = edg
- 15,000 (g = 12 since 1675). This is consistent with
the number of carriers, 12,000, in the present population
of Ch-SLSJ (on the basis of the 1/26 carrier rate). Histori-
cal records are less detailed for Acadians whose first
settlement started at the beginning of 17th century; we
used g = 15 as the putative historical age of the founder
effect and d = .6, on the basis of the population growth
between 1800 and 1951 (see the Introduction). Here
again, Ng = edg 8,000 is consistent with the present-
day carrier population of 6,000, based on the 1/60 carrier
frequency.
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Figure 2 Steps in PDDR mapping. a, Localization of PDDR
on human chromosome 12q13-14 (Labuda et al. 1990). b, Regional
microsatellites map (Gaypay et al. 1994), with markers of unresolved
order shown in columns. c, Refined map of PDDR and its flanking
markers, based on LD and family studies. d, YAC clones positive for
PDDR-flanking markers.
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LD
LD was easily revealed by simple inspection of the

data, because of the sufficient complexity of the tested
haplotype. All noncarrier chromosomes were different
from those carrying the disease, and the disequilibrium
coefficient, D', was 1. D' = (pf - PPf)(PcPfP cP f) 1/2
where PCf is the frequency of the founder haplotype on
carrier chromosomes, pf is that of the founder haplotype,
pc is that of the carrier chromosomes, p-, = 1- Pc is
that of all the noncarrier chromosomes, and p-f = 1
- pf is that of all the haplotypes other than the founder
haplotype. Thus, when pcf = P. = Pc, D' = 1.

Quantitative analysis of LD data is based on the ear-
lier works of Jennings (1917) and Robbins (1917). If
loci recombine at a rate of 0 per generation (i.e., genetic
distance is 0), then a proportion (1 - 0) cosegregates,
and, after g generations, a proportion P = (1 - 0)9 is
expected to have cosegregated. At a small 0, P egg.
Thus, knowing P from typing experiments, we can esti-
mate either g or 0 from the relation

InP=-0g. (1)

However, in rapidly growing populations, according
to the model of Luria and Delbruck (1943; also see
Hastbacka et al. 1992) the recombinations immediately
following the founder event are less likely than those
during later generations. To estimate the likely number
of recombinants (see eqq. 6-8 in Luria and Delbruck
1943), one omits the contribution of a number go of
generations immediately following the founder event,
during which the number of meioses M is such that only
one recombination is expected; that is, at the genetic
distance 0, MgO = 1/0.
The number of meioses M since the founder event

corresponds to the sum of carrier chromosomes over all
generations i (i = 1,2, ... ,g), Mg = INi, where, in a
population growing at a rate d, Ni = edi. Since Xed
= (edg - 1)edl(ed - 1) and since edg - 1 edg (at edg
>> 1), the number of the meioses M down to generation
g is Mg = edgfd, where fd = edl(ed - 1) (note that, when
d is small, fd = lid). For MgO = 1/0,

go = -lid ln(Ofd) . (2)

The parameter go (Luria-Delbruck correction) thus de-
pends on the 0 considered and on d, characteristics of
the haplotype and of the growing population of carrier
chromosomes, respectively. For the current population
of founder chromosomes Ng = Ng0ed(g-go) thus g - go
= (ld) ln(ONgfd). We will refer to the difference g - go
as g apparent, gapped since this, rather than the historical
g, is the likely value that is obtained from the experimen-
tal data. To calculate genetic distances 0 from the ob-
served P. g in equation (1) should be replaced by gapp:

In P = -Od[ln(0Ngfd)], (3)

and the range 0 and 0+ can be obtained from the equa-
tions

In P = -0-ld[ln(O0Ngfd) + 2] ,

In P = -0+/d[ln(0+Ngfd) - 2],

(3a)

(3b)

respectively (Hastbacka et al. 1992; Kaplan et al. 1995).

Results

Linkage Studies in Families
PDDR families were typed with 12 microsatellite

markers from the chromosome 12q13-14 region (fig.
2b). Significant Z values in two-point linkage analysis
with the disease (table 1) were obtained for 10 of the
microsatellites and for markers studied previously (La-
buda et al. 1990). Recombinations critical for establish-
ing the closest flanking markers were observed in the
families shown in figure 3. In family 19, two affected
sibs differed at the marker loci D12S305, D12S104,
D12S355, and D12S83, revealing a maternal (I-1) re-
combination that placed these markers distal to the dis-
ease locus. In family 9, a crossover in individual I-2
(and detected in II-2) localized markers D12S355 and
D12S83 distal to the PDDR locus as well as to both
D12S305 and D12S104, separating the previously unor-
dered loci (D12S305,D12S104) and D12S355. On the
proximal side of PDDR, several recombinations with
the cluster (D12S96,D12S325,D12S103,D12S359) were
observed. Proximal location of D12S312 to the disease
was established from a paternal (1-2) recombination in
family 11, detected in affected individual II-4. More-
over, in family 9a, a maternal (11-1) recombination ob-
served in unaffected individual 111-4 separated proximal
markers (D12S96, D12S325, D12S103, and D12S359)
from the D12S312 locus, placing the latter closest to the
disease. In summary, our family studies are consistent
with the following locus order: cen-D12S361 - (D12S96,
D12S325,D12S103,D12S359)-D12S312-(D 12S90,
PDDR) - (D12S305,D12S104) -D12S355 -D12S83 -tel.

Haplotypes in Populations
We reconstructed all haplotypes consisting of five

markers-D12S90,D12S305,D12S104,D12S355,
D12S83-and established the phase of all but eight car-
rier haplotypes consisting of 10 markers (fig. 4). In the
Ch-SLSJ population, the 11-5-4-5-2-4-7-1-1-9 consen-
sus (haplotype 1) was unambiguously identified on 39
carrier chromosomes and was inferred on 2 others (as
indicated by square brackets in fig. 4, haplotypes 4 and
10); 23 of these were independently sampled. All but
one (haplotype 14) of the remaining Ch-SLSJ variants
were identical with the consensus, at five or more loci
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Figure 3 Crossovers near the PDDR locus. Disease and normal alleles are designated by plus signs (+) and minus signs (-), respectively.
The numbers denote marker alleles, and brackets indicate ambiguity in the order of markers; and carrier haplotypes are boxed.

(indicated by black bars in fig. 4), indicating a single
founder effect. In a much smaller Acadian group, the
consensus haplotype (number 19) was 3-1-4-9-2-6-7-2-
5-6, pointing to a single albeit distinct founder effect.
In contrast, of the 35 haplotype variants on normal Ch-

SLSJ and Acadian chromosomes (not shown), all were
different. In two of three Polish families, PDDR patients
were homozygous at either 10 or 5 loci of the studied
haplotype. Similarly, a non-Acadian patient from mari-
time Canada was homozygous at nine loci. As expected,
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Figure 4 PDDR-carrier haplotypes from Ch-SLSJ and Acadia.
Haplotypes composed of 10 loci indicated at the top are shown in
rows, with numbers denoting alleles. Square brackets indicate phase
uncertainty. The phase of haplotypes 4 and 5 inferred in one family
was unambiguously assigned in others, as was similarly done for hap-
lotypes 10 and 11. Square brackets on haplotype 14 and 25 are single
because of the separation of chromosomes from a patient with inferred
phase into two groups of founders. The black bars denote segments

identical to the ancestral haplotype; the gray bars denote segments

recombined in previous generations; and the white bars denote seg-

ments recombined in the families studied. For a given haplotype vari-

ant, the total number of affected chromosomes and that of the inde-
pendent chromosomes are shown to the right (we assume that
chromosomes were independent if they went through six independent
meioses; those related, if different, are also included in this group).

consanguinity still plays a role in the appearance of ho-
mozygous affected individuals in populations where
overall incidence is very low.
As shown in figure 4, the haplotype D12S90-

D12S305-D12S104 is the most conserved (4-7-1 in Ch-
SLSJ and 6-7-2 in Acadia). The Acadian variant 6-7-2
was also identical to that in a Polish family (family 11;
fig. 3). More interesting, the 9-5-2 variant found in an-

other Polish patient was the same as both the non-Aca-
dian PDDR haplotype from maritime Canada and yet
another one from a family of European descent in Flor-

ida. Since we expect variants 6-7-2 and 9-5-2 to occur
in the general population at frequencies of 7.3% and
1.6%, respectively, their presence on carrier chromo-
somes from different ethnic backgrounds is unlikely to
be fortuitous and suggests identity by descent due to
earlier common founder event(s).

Founder Effects and Demographic Model
The occurrence of founder effects for PDDR in French

Canadians (in Acadia and Ch-SLSJ) should be consid-
ered in the context of this population's demographic
history. Assuming a uniform growth rate, we estimated
the contribution of each of the seven immigration waves
between 1675 and 1850 to the total population of Ch-
SLSJ (fig. 1). On the basis of this simple model (see
Subjects and Methods) it appears that in the middle of
19th century the genetic contribution of the descendants
of the first two immigration waves was >50%, a contri-
bution that rises to >75% if the third wave is included.
Because of the high growth rate (d = .8), after two to
three generations the Charlevoix population had be-
come sufficiently large (Ni, >> Nj,1) that the newcomers
could not significantly alter its genetic constitution. The
high incidence of a number of genetic disorders (includ-
ing PDDR) with a carrier frequency of 1.5%-5% (see
the Introduction) in the Ch-SLSJ region can thus be ex-
plained by rapid population growth after random sam-
pling of chromosomes bearing rare mutations during the
initial bottleneck (the term "bottleneck" applies to rare
variants such as disease mutations but not necessarily
to common polymorphisms of frequency ¢-.05). This
leads to the most likely figure of 12 generations (between
1675 and 1975) for the historical age of the founder
effect in Ch-SLSJ and is consistent with genealogical
studies (Bouchard et al. 1990; Heyer and Tremblay
1995), in the sense that genealogies of carriers can be
traced back to the first settlers, whereas the same seems
impossible with the founders from later generations. The
same model is likely to apply for Acadia (see Subjects
and Methods), for which we used 15 generations and a
d value of .6. The existence of two different founder
effects in Ch-SLSJ and Acadian populations is consid-
ered fortuitous but not surprising, since they derive from
different groups of settlers.

Quantitative Consideration of the Haplotype Data
The probability of a recurrent recombination, recreat-

ing an ancestral carrier haplotype from an already re-
combined one, is negligible except for the events involv-
ing terminal loci of the haplotype when it is occupied
by a frequent allele. In the latter case the terminal locus
typed can be removed from the quantitative analysis, as
was done with the leftmost D12S96 marker (allele 11,
present on 65% of normal chromosomes).
The proportion P of the nonrecombined segments

of the nine-marker haplotype, determined separately for

PDDR
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Figure 5 "Absolute" genetic distances between markers and
between markers and the disease. The distances, in 0(0-; 0+), above
and below the arrows are for Ch-SLSJ and Acadia, respectively, and
were calculated by using equation (3) (Ng values used were 15,000
for Ch-SLSJ and 8,000 for Acadia). P values denote the fraction of
a nonrecombined haplotype segment (as indicated by arrows) calcu-
lated for independent chromosomes from figure 4. The rightmost
column represents the age ratio of founder effects (gAcadia:gCh-SLSJ

lnPAcadia:lnPCh-SLSJ)-

Ch-SLSJ and Acadian chromosomes, is given in figure 5.
Using equation (3), which implements the Luria-Delbruck
model in LD mapping (Luria and Delbruck 1943; Hast-
backa et al. 1992), we calculated the "absolute" genetic
distances between markers or between markers and the
disease, within the studied haplotype. The 0 values ob-
tained for Ch-SLSJ and Acadia are in very good agreement
(in spite of the small size of the latter data set), which
supports the genetic model as well as the demographic and
historical parameters used in the calculations.
Although the relative distances within the haplotype

can be determined by comparing the corresponding InP
values from chromosomes of the same founder group,

the comparison of InP values for the same haplotype
segment but from different founder effects provides in-
formation on their relative age. For example, when such
pairwise combinations of PAcadia and PCh-SLSJ for six hap-
lotype segments are used, the mean ratio of gAcadia:

gCh-SLSJ, 1.33, was obtained, consistent with the likely
15:12, or 1.25, historical ratio (fig. 5).

Finally, under the assumption of a single recombina-
tion between the disease and markers D12S305 and
D12S104 among 37 Ch-SLSJ chromosomes, the distance
estimated from equation (3) thus could be .005 (range
.004-.007). The corresponding figure of .004 (range
.003-.005) is obtained if the data from both popula-
tions are combined (47 chromosomes and Ch-SLSJ pa-

rameters). The haplotype segment for loci D12S90,
D12S305, and D12S104 would be <0.4 cM. The fact
that the variants 4-7-1 and 6-7-2 of this haplotype are

shared by PDDR chromosomes of different ethnic origin
is consistent with the old precolonial founder effect(s),
since a segment of 0.4 cM is expected to remain unre-

combined on half of the chromosomes after >200 gener-

ations. The genetic distance between the disease and the
distal flanking markers estimated from the LD analysis
being 10 times shorter than that obtained by the fam-
ily studies (table 1) encouraged us to undertake the ex-

periments correlating the genetic and physical assign-
ment.

Typing YAC Clones
Three human YAC clones from the Cohen library (Co-

hen et al. 1993) were tested for the presence of markers
linked to the PDDR locus (table 2). Two of them, 777-f-
5 and 907-f-2 (molecular weight 580 and 1,580 kb, respec-

tively), were found to carry the proximal (D12S312) and
distal flanking markers (D12S305,D12S104) as well as the
marker D12S90 and thus, most likely, also the PDDR
gene.

Discussion

Quantitative LD has been used in the genetic mapping
of founder human populations (Hastbacka et al. 1992;
Lehesjoki et al. 1993; Ellis et al. 1994; Sulisalo et al.
1994; Mitchison et al. 1995; Levy et al. 1996; Varilo et

al. 1996). The Finnish founder population was consid-
ered ideal for such an approach, because of its size, age,

and numerous hereditary disorders due to a founder
effect (de la Chapelle 1993). Here we show that popula-

Table 2

PCR Amplification of PDDR-Linked Markers on YAC Clones

777-f-5 790-f-7 907-f-2

D12S103 - +
D12S359 - -

D12S312 + + +

D12S90 + - +

D12S305 + - +

D12S104 + - +

D12S355 + +

NOTE.-PlUS signs (+) and minus signs (-) denote presence and
absence of marker-locus amplification, respectively.

Lq Cl)cs Cs M cscMI)
c C) CD C

CXj c]J a)J D'J D OJ C] a) CO c]

0.048 (0.039-0.063)
0.060 (0.047-0.079)

0.044 (0.035.0.058)
0.046 (0.036-0.061)

0.040 (0.032-0.053)

0.046 (0.0360.061)
0.044(0.035-0.058) _

0.011 (0.009.0.016)
0.012 (0.009-0.018)

iPDOR

0.01 (0.009-0.016!,
0.012 (0.009.0.018)

0.009 (0.00740.013)

0.040 (0.032-.05
0.046 (0.03640.061)

0.037 (0.029-0.049)
0.034 (0.02740.046)

0.033 (0.0264-044)

0.029 (0.023.0.039)
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tions as young as those of Acadia and Ch-SLSJ in Que-
bec are also suitable for LD mapping to narrow down
genetic distances of tightly linked markers. Although the
information on the markers flanking the disease came
from the family studies, only the insight into historical
meioses allowed us to refine distances between the dis-
ease and the distal markers D12S305,D12S104. Marker
D12S90, which did not show any recombination with
the disease locus, either in the historical meioses or in
the families analyzed, is likely to be even closer. Finding
the same variants (4-7-1 and 6-7-2) of these three-
marker haplotypes in patients from different European
groups not only indicates an ancient precolonial origin
of the founding mutation(s) but also supports the tight
linkage of the distal markers D12S305, D12S104, and
D12S90 with the disease. A much more remote proximal
flanking marker (D12S312) is also found on the same
YAC clone, but, in light of our LD data, the disease
gene is likely to reside on the distal marker's side.

Using a simple demographic model (fig. 1), we have
shown that the founder effect of a number of genetic
disorders in Ch-SLSJ can be explained by (a) sampling
rare mutations due to a limited number of the first set-
tlers at the turn of the 17th century and (b) the important
genetic contribution of the first settlers to the following
generations. Given the size of the population in the mid-
dle of the 19th century (fig. 1), we do not expect any
significant changes in the genetic pool of Ch-SLSJ during
its subsequent expansion by the end of the 19th century
and in the 20th century. However, stochastic fluctua-
tions, such as those that have been documented by gene-
alogical studies (Heyer 1995), could have been of great
importance at the beginning of the population. Among
the first few settlers, some could have contributed more
than others to the genetic pool, thus explaining the ele-
vated carrier rate of some hereditary disorders (see the
Introduction) and the absence of others that are frequent
outside the region (e.g., Friedreich ataxia and Tay-Sachs
disease, which do not exist in SLSJ, are prevalent in
southeastern Quebec [Harding 1984; Gravel et al.
1995]).
The knowledge of the age of the founder effect is

required for calculation of "absolute" 0's from equation
(1). Use of the historical g = 12 in Ch-SLSJ to calculate
the length of the total haplotype from P = 24/37 in Ch-
SLSJ yields 0 = .036 (the corresponding value for Acadia
is 0 = .046, for g = 15). In contrast, if 0 = .07, known
independently from Genethon linkage studies on CEPH
families (Gyapay et al. 1994), is used to calculate the
age of the founder effect from the same data, 6.2 genera-
tions are obtained for Ch-SLSJ (9.9 for Acadia). Ac-
cepting this number would place the origin of the
founder effect at the first half of the 18th century, when
the population of Charlevoix and, subsequently, that of
Ch-SLSJ, already numbered 4,000-18,000 individuals.
This is inconceivable with the present-day carrier rate

of 1/26, as discussed above. This discrepancy is ex-
plained by the fact that equation (1) does not apply to
the growing population (Luria and Delbruck 1943) and
hence leads to the underestimation of the 0 value (tanta-
mount to the underestimation of the age if 0 is indepen-
dently known). The problem is resolved by replacing g
in equation (1) by gapp in equation (3). The correction
of the age of the founder effect can be obtained from
equation (2): go = 2.6 (0 = .07, d = .8) for CH-SLSJ,
and go = 3.1 (0 = .07, d = .6) for Acadia. These go
values, when added to the experimental gapp above, lead
to 8.8 and 13 generations, respectively, approaching the
historical estimates. The Luria-Delbruck model thus
provides a better description of experimental data than
does equation (1). However, it requires the knowledge
of additional parameters, the growth rate d, and the
number Ng of carrier chromosomes in the present-day
population. Usually there will be enough historical
knowledge to estimate a realistic range of d values to
be considered.

In the likelihood estimation of Kaplan et al. (1995),
the parameters d (therein denoted "X") and g are treated
as a nuisance confounded in the size of the disease popu-
lation (as our Ng above); this is especially convenient
when these parameters are impossible to estimate. How-
ever, the use of demographic parameter X << 1 in the
modeling of the Poisson branching process by Kaplan
et al. (1995) excludes our data set where large d values
(.8 and .6) are observed. Application of this approach
to the data on Finnish diastrophic dysplasia leads to 0
values larger than those obtained within the framework
of Luria-Delbruck formalism. This would indicate that
our corrected age gap, + go is an underestimate-that
is, that the go correction (eq. 2) is conservative. On the
other hand, Levy et al. (1996) used both the Luria-Del-
bruck and Kaplan et al. (1995) models to analyze the
data on familial Mediterranean fever in Moroccan Jews
and found good agreement between the corresponding
estimations of 0. Larger bounds in the approach of
Kaplan et al. (1995) could be explained by the fact that
both confounded parameters g and X are adjustable,
whereas in the Luria-Delbruck model d is fixed. How-
ever, by selecting a range of d values, one would auto-
matically obtain the range of evaluated distances. Alter-
natively, one may extend the lower and upper estimates
of 0 by using a range of g at a given d, as did Varilo et al.
(1996), who used the likelihood approach of Terwilliger
(1995) to analyze linkage disequilibrium in the CLNS
locus.

Given the uncertainty of the genetic distance:physical
distance ratio, the use of equation (1) rather than equa-
tion (3) can be, in some cases, of little consequence. An
average correspondence of 1 cM to 1 Mb underestimates
physical distances close to the centromeres and overesti-
mates them in telomeric regions (Watkins et al. 1994);
for example, 1 cM over 17 Mb was reported on human
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9p13-21.1 (Kwiatkowski et al. 1993). Such deviations
from a 1 cM:1 Mb genetic distance:physical distance
ratio also could be responsible for our finding of the
marker D12S312, separated from the distal markers by
-3 cM, on the same YAC clone.
Realizing the difference between historical g and gapp

is essential if we want to evaluate the age of the founder
effect and to understand the demographic and genetic
history of a population. In spite of its limitations, the
advantage of Luria-Delbruck formalism is that it pro-
vides a simple formula for estimating the genetic dis-
tances and the age of the founder effect. For assessing the
magnitude of the age correction required in a growing
population, the value of go can be easily calculated for a
range of 0 and d. The application of the Luria-Delbruck
correction to recently reported results on the founder
effect for idiopathic torsion dystonia (ITD) in Ashkenazi
Jews (Risch et al. 1995b) illustrates this point. ITD mu-
tation has been estimated as having originated between
1400 and 1750-that is, when the Jewish population
in eastern Europe already numbered between ¢ 10,000
(in 1400) and -450,000 (in 1750), respectively (Beinart
1992; Motulsky 1995). The above dating places the mu-
tation frequency at - 1/10,000 at the start-and most
likely at 1/100,000-contrasting with the present-day
frequency of 1/2,000-1/6,000. Since, however, the dat-
ing corresponds to the apparent number of generations,
the postulated age of the founder effect should be in-
creased. On the basis of the length of the haplotype (0
= .018) linked to ITD used in the study by Risch et al.
(1995b) and assuming that d = .3 (Risch et al. 1995a),
we estimated the Luria-Delbruck correction, go 9.
This correction, which, as we discussed above, is likely
to be conservative, moves the origin of the founder effect
back in time by :2 centuries, to the Middle Ages. The
ITD founder event would thus coincide with the found-
ing of the Jewish population in eastern Europe, and the
same could be the case for a number of genetic diseases
known to be endemic to this population (Motulsky
1995). The origin of the founder effect in the early 12th
century would be consistent with a demographic model
similar to that of Ch-SLSJ, in which the first settlers
contributed much more to the future generations than
did the later immigrants. Historical data, such as either
coins with Hebrew inscriptions minted under the reign
of Mieszko III the Old at the end of 12th century or the
privileges granted to Jews in the Statue of Kalisz in 1264
by Boleslaw V the Pious (Davies 1984; Beinart 1992),
document early settlements of Ashkenazim in medieval
Poland. Subsequent migration eastward followed by
great demographic expansion was presumably pro-
moted by Polish-Lithuanian union starting by the end
of the 14th century and putting the territories of present-
day Lithuania, Belarus, Ukraine, and Poland under a
single Jagiellonian rule. The frequent occurrence of a
number of otherwise rare genetic disorders thus could

be often explained by migration and demographic
expansion, such as that in Finns (de la Chapelle 1993)
and French Canadians.
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