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Abstract Founder effects are largely responsible for
changes in frequency profiles of genetic variants in local
populations or isolates. They are often recognized by
elevated incidence of certain hereditary disorders as
observed in regions of Charlevoix and Saguenay-Lac-
Saint-Jean (SLSJ) in Northeastern Quebec. Dominantly
transmitted myotonic dystrophy (DM1) is highly pre-
valent in SLSJ where its carrier rate reaches 1/550, com-
pared with 1/5,000 to 1/50,000 elsewhere. To shed light on

the origin of DM1 in this region, we have screened 50
nuclear DM1 families from SLSJ and studied the genetic
variation in a 2.05 Mb (2.9 cM) segment spanning the site
of the expansion mutation. The markers analyzed in-
cluded 22 biallelic SNPs and two microsatellites. Among
50 independent DM1 chromosomes, we distinguished ten
DM1-associated haplotypes and grouped them into three
haplotype families, A, B and C, based on the relevant
extent of allele sharing between them. To test whether the
data were consistent with a single entry of the mutation
into SLSJ, we evaluated the age of the founder effect from
the proportion of recombinant haplotypes. Taking the
prevalent haplotype A1_21 (58%) as ancestral to all the
disease-associated haplotypes in this study, the estimated
age of the founder effect was 19 generations, long pre-
dating the colonization of Nouvelle-France. In contrast,
considering A1_21 as ancestral to the haplotype family A
only, yielded the estimated founder age of nine genera-
tions, consistent with the settlement of Charlevoix at the
turn of 17th century and subsequent colonization of
SLSJ. We conclude that it was the carrier of haplotype A
(present day carrier rate of 1/730) that was a ‘‘driver’’ of
the founder effect, while minor haplotypes B and C, with
corresponding carrier rates of 1/3,000 and 1/10,000,
respectively, contribute DM1 to the incidence level
known in other populations. Other studies confirm that
this might be a general scenario in which a major ‘‘driver’’
mutation/haplotype issued from a founder effect is found
accompanied by distinct minor mutations/haplotypes
occurring at background population frequencies.

Keywords SNPs Æ Founder effect Æ Myotonic
dystrophy Æ Northeastern Quebec

Introduction

Myotonic dystrophy type I (DM1; MIM160900) or
Steinert disease, a dominantly inherited autosomal
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disorder with uneven penetrance, is the most common
form of muscle disease, characterized by progressive
muscle weakness, wasting and myotonia (Harper 1989).
It is caused by an expansion of CTG-trinucleotide re-
peats in the 3¢-untranslated region of the serine/threo-
nine protein kinase gene (DMPK, for dystrophia
myotonica protein kinase) on chromosome 19q13.3
(Brook et al. 1992; Fu et al. 1992). As opposed to the
normal range of 5–35 repeats, the number of CTG-re-
peats in alleles of DM1 patients ranges from 80 up to
several thousand (Brook et al. 1992; Fu et al. 1992;
Harley et al. 1992; Martorell et al. 2001). The disease-
causing alleles are believed to originate from so-called
protomutated alleles (of between 50 and 80 repeats) that
are unstable and occasionally expand (Brunner et al.
1992). The predisposing event(s) that led to a proto-
mutated allele could have occurred (1) once as an in-
crease of the size of the CTG-repeat to a critical
protomutated length, or (2) through the acquisition of
other modifications in cis promoting multiple indepen-
dent expansions to the protomutated state and beyond
(e.g. Labuda et al. 2000).

The DM1 predisposing mutation seems to have
originated only once for both the disease-causing alleles
and the protomutated state were found to be in tight
association with the same set of surrounding markers,
suggesting a single common ancestral chromosome
(Abbruzzese et al. 2002; Brunner et al. 1989; Goldman
et al. 1995, 1996; Junghans et al. 2001; Yamaoka et al.
1990). Due to its single origin, the ancestral haplotype
represents a genetic signature of DM1 or its protomu-
tated alleles. However, the length of the common, dis-
ease-associated haplotype decreases with time due to
recombination events. On the other hand, each time a
single copy of the predisposing chromosome enters a
new population, a founder effect is repeated, extending
the genetic signature of the disease over all marker al-
leles found on this de novo ancestral chromosome.

DM1 is particularly frequent in Saguenay-Lac-Saint-
Jean (SLSJ) and in Charlevoix (in Northeastern Que-
bec), where its carrier rate in the range of 1/500 to 1/600
(Mathieu et al. 1990) greatly exceeds that of 1/50,000 to
1/7,000 found in most other populations worldwide
(Harper 1989), including the rest of Quebec (�1/10,000;
Jack Puymirat, personal communication). This dramatic
increase in the DM1 carrier frequency resembles those
known for a number of other diseases in these popula-
tions and is likely to reflect a founder effect that has
occurred during the colonization of the Charlevoix and
SLSJ regions (hereafter collectively referred to as Ch–
SLSJ) in the 17th to 19th centuries (Gauvreau et al.
1991; Jetté et al. 1991; Labuda et al. 1996; Scriver 2001).
The SLSJ population (278,000 inhabitants as of 2004) is
relatively young. Sustained settlement in this region
started in the second quarter of the 19th century (Pouyez
and Lavoie 1983), with the majority of the first settlers
coming from the adjacent region of Charlevoix, whose
colonization began in the late 17th century, just a few
decades after the arrival of the first French settlers in

Canada (Jetté et al. 1991). In spite of a limited number
of founders, the average annual growth rate of around
3% from 1750 to 1850 led to demographic pressures that
induced strong emigration during the 19th century. As a
result, between 1838 and 1911, nearly 14,000 people
from Charlevoix emigrated to SLSJ (Gauvreau et al.
1991), such that approximately 65% of the contempo-
rary SLSJ gene pool can be attributed to founders from
Charlevoix (Tremblay et al. 2002).

To examine mechanisms of the DM1 frequency in-
crease in the SLSJ region, we analyzed a representative
sample of disease-carrying chromosomes in this popu-
lation. We found that an SNP-based and microsatellite-
enriched haplotype may serve as a genetic signature of
DM1-associated chromosomes in SLSJ. Indeed, assay-
ing an SNP-based haplotype may replace technically
demanding direct analysis of CTG-expansion and facil-
itate evaluation of the carrier/predisposition status at a
population scale. Our analysis of the extent of decay of
linkage disequilibrium between the disease and the
marker alleles suggests that while the founder effect
during the settlement of Charlevoix (and subsequently
SLSJ) may easily explain the high frequency of the dis-
ease observed today, more than one carrier has intro-
duced the disease to SLSJ.

Materials and methods

DNA samples

Nuclear DM1 families of French-Canadian origin from
the region of SLSJ were taken from a previous study
(Thibault et al. 1989); the presence of CTG-expansion
was subsequently confirmed. DNA samples of both
parents and two to three children, at least one of which
was affected by DM1, were analyzed in 37 families.
DNA of one affected parent and two affected children,
or of both parents and a single affected child, were
analyzed in 13 additional families. Unrelated population
samples (nine French-Canadian and nine Polish indi-
viduals), used for the searching of new DNA variants,
were obtained on a non-nominative basis from con-
senting adults. The research protocol was approved by
the relevant Institutional Review Boards.

Polymorphisms and genotyping

Twenty-nine segments, to be screened for the presence of
polymorphisms, were selected from ten contigs sur-
rounding the DMPK gene on chromosome 19q13.3, as
identified in the NCBI database (radiation-hybrid map
as of August 2000). Two to four amplicons of �300 bp
were designed in each of these segments using Primer 3
Software (Rozen and Skaletsky 2000). Electronic sup-
plementary material (ESM) Table 1S lists the primers
used in these assays. DNA fragments were amplified by
standard PCR using 10 ng of the genomic template per
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reaction. The products were analyzed by denaturing
high-pressure liquid chromatography (dHPLC) (using
the WAVE system, Transgenomic) at three different
temperatures. The purported heteroduplexes were se-
quenced in an ABI 377 Automated Sequencer (Perkin-
Elmer, Applied Biosystems, Foster City, Calif., USA).
Fourteen of the 24 substitution or small insertion/dele-
tion polymorphisms found by dHPLC were retained as
markers for subsequent genotyping of the DM1 families.

In addition, we genotyped four previously described
substitution polymorphisms from the ERCC2 locus
(Shen et al. 1998), three polymorphisms from introns 5,
9 and 14 of the DMPK gene (Mahadevan et al. 1993),
the TaqI RFLP polymorphism (D19S463) (Neville et al.
1994), and two dinucleotide repeats: D19S219 and
D19S412 (Gyapay et al. 1994). To resolve whether var-
iation in D19S412 on the affected chromosomes was due
to mutations or recombinations of this flanking micro-
satellite (see Results), an ad hoc, potentially polymor-

phic, CA-repeat marker, was typed in a subgroup of
DM1 patients. This marker was located approximately
100 kb in a centromeric direction from D19S412 and
defined by primers 99960F, AGCCTGAGCGACA-
GAATGAG and 99960R, ATGTGTCTCCTCCTTG-
GTGC.

Allelic state of substitution and small insertion/dele-
tion polymorphisms were determined by allele-specific
oligonucleotide (ASO) hybridization (Zietkiewicz et al.
1997) (ESM Table 1S). The TaqI RFLP assay was per-
formed according to Neville et al. (1994). Standard
denaturing electrophoresis in a polyacrylamide gel was
used to type the CA-repeats. Partial RFLP data from a
previous study by Thibault et al. (1989) were added for
the APOC2 (TaqI/NcoI), CKMM3 (TaqI/NcoI) and
Pd10 (Pvu2) loci.

Genomic positions of the markers constituting the
haplotype, according to the UCSC browser assembly
from April 2003 (http://genome.ucsc.edu/) (Kent et al.
2002), are given in Fig. 1. The relative order and dis-
tances of these positions changed frequently during the
period of 2000–2002, stabilizing only recently; this ex-
plains the uneven distribution of SNP markers analyzed
on either side of the DMPK gene. The resulting haplo-
type covers a region of 2.05 Mb, based on the UCSC
browser, or 2.9 cM, according to the deCode genetic
map (Kong et al. 2002).

The reported haplotypes were obtained directly from
pedigrees and subsequently confirmed by a computer-
assisted analysis using Cyrillic 2 (http://www.cyrillicsoft-
ware.com). Population frequencies of the haplotype-forming
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Fig. 1 DM1-associated haplotypes (lower) and the distribution of
the contributing markers with their names on top of the physical
map (upper), and with their UCSC map positions given at the level
where the orientation, centromeric to telomeric, is indicated.
Haplotype IDs given in the left column do not include the diversity
of the distal CA412 repeat, whose allelic state is indicated in the
rightmost column. Alleles of substitution polymorphisms are
represented by the corresponding nucleotide residue in the DNA
sequence; microsatellite polymorphisms by numbers describing
their repeat length; and RFLP polymorphisms by letters (e.g., S
for short in TaqI RFLP), as used in the literature
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alleles were obtained by counting them on all independent
chromosomes ‘‘entering’’ each analyzed pedigree, excluding
those associated with the disease. Haplotypes were given
arbitrary names, reflecting their structural similarity at the
level of biallelicmarkers; haplotypes associatedwith different
alleles of the CA412 microsatellite were distinguished by
adding the relevant extension, e.g. A1_21 would correspond
to haplotype A1 with 21 repeats at CA412 (see Fig. 1).

Statistical analysis

When a disease mutation (or a protomutation) arises de
novo or is introduced into a population by an immi-
grating carrier, all descendant individuals initially carry
the same disease-associated founder haplotype. The
fraction of the mutation-carrying chromosomes har-
boring the full-length founder haplotype decreases over
time, at a proportion (1–r) per generation, where r is the
recombination rate over the genetic distance considered.
After g generations, the expected proportion of a com-
plete (i.e. non-recombined) founder haplotype will be
P=(1–r)g. At a small r, the age of the founder effect g
can be estimated from the equation

ln P ¼ �rg ð1Þ

However, some haplotypes, identical by state with the
bona fide ancestral one, could have arisen by recombi-
nation, especially if alleles of the markers at the edges of
this haplotype occur at significant frequencies on normal
chromosomes. Consequently, the real proportion of
recombinants, corresponding to (1–P), differs from the
observed one, R, such that R=(1–P)(1–pn), where pn
describes the frequency of the linked allele present on
normal chromosomes. The observed proportion of re-
combinant haplotypes can be also expressed as R=1–pd,
where pd is the frequency of the corresponding allele on
the disease chromosomes. Substituting P=(pd–pn)/(1–
pn) into Eq. 1, we obtain

� ln
pd � pn
1� pn

� �
¼ rg ð2Þ

from which g, the age of the founder effect, can be
evaluated (Bengtsson and Thomson 1981).

If a population grows rapidly (Hastbacka et al. 1992;
Kaplan and Weir 1995; Luria and Delbrück 1943), the
number of generations since the founder effect would be
better approximated by adding the correction g0 to the
above estimate (Labuda et al. 1996, 1997). The correc-
tion is

go ¼ �
1

d
ln

rfd

1þ rfd

� �
ð3Þ

where fd=ed/(ed–1) in a population growing at a rate d
per generation. We note that a d of 0.8, estimated for the
Ch–SLSJ population assuming an average generation
time of 25 years (Labuda et al. 1996), would correspond

to d=0.96 if a generation span of 30 years was assumed,
or to d=0.89 per generation using an annual growth rate
of 3%.

Pairwise linkage disequilibrium in both disease and
non-disease chromosomes was measured by the param-
eter D according to Lewontin and Kojima (1960), using
the Arlequin Software (Schneider et al. 2000).

Genealogical reconstruction

Ascending genealogies of DM1 carriers were recon-
structed using the BALSAC-RETRO database (Jomphe
et al. 2001). All genealogies were completed up to the
first immigrants, going back as far as the early 17th
century. Mean kinship coefficients among DM1 carriers
were calculated by identifying all known common
ancestors over all known genealogical links between
each pair of carriers, for each generation level (up to 13
generations). For all ancestors found in the genealogies,
we calculated the number of carriers to which they were
related. Ancestors’ places and dates of marriage were
obtained from the BALSAC-RETRO marriage records.

Results

We genotyped 50 nuclear DM1 families for 22 bi-allelic
and two microsatellite markers along a 2.05 Mb region
surrounding the DMPK gene. The resulting haplotype
extends over 2.9 cM, 1.85 cM towards the centromere,
and 1.05 cM towards the telomere upstream from the
gene (Kong et al. 2002). On 50 independent carrier
chromosomes, we observed ten distinct haplotypes, as
shown in Fig. 1. The markers 61–85, including the
DMPK locus, constituted a core haplotype, common to
all the disease-chromosomes analyzed in this study.
More variability was observed among the marker alleles
at the left and right segments of the haplotype. For
convenience, we divided DM1 haplotypes into three
groups, denoted family A, B and C, which emphasize
their structural similarities at the level of the biallelic
markers. Family A was subdivided into two subgroups,
A1 and A2, which additionally differed in their allelic
states for CA412 microsatellite. Note that the DM1-
associated haplotypes included partial information on
the genotyped status of the APOC2, CKMM3 and Pd10
(D19S63) alleles, available from the previous study by
Thibault et al. (1989). These earlier results, while con-
sistent with our findings, were incomplete and therefore
could not be used in all the analyses reported below.
However, these data did help to phase chromosomes in
two DM1 families, and to distinguish between the A1
and A2 haplotype subgroups. Altogether, we observed
31 unambiguously phased A1 and five A2 haplotypes in
the disease chromosomes. Two additional A haplotypes
could have been either A1_21 or A2_21. For conve-
nience, in the analyses presented below, we have
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assumed having observed 32 A1 and six A2 haplotypes
(Fig. 1).

Looking at the markers downstream (centromeric) of
the DMPK locus (Fig. 1), haplotype A2_21 can be de-
rived from A1_21 by a recombination event exchanging
segment 51–3, 0.78 Mb downstream of the DMPK gene.
The B and C haplotypes differ from haplotype A in
segments 51–38, 0.4 Mb downstream from DMPK.
Haplotype B1_21 can be derived from B2_21 by a
recombination event, again exchanging segment 51–3. In
turn, haplotype B3_15 seems to be derived from B2_21
by a recombination event involving segment 91-CA412,
0.18 Mb upstream of DMPK. Haplotype C_21 can be
derived either from B1/2_21 by recombination occurring
between polymorphisms CKMM3 and 43, or from A1/
2_21 by recombination between the more distant
markers 38 and 61. Alternatively, A, B and C can be
ancestrally linked to one or more distinct ancestral
haplotypes.

In contrast to the disease-associated haplotypes,
those found on non-affected chromosomes, and thus
representing the general population, were highly diver-
sified. Consequently, allele frequencies of all contribut-
ing markers differed between these two groups of
chromosomes (Fig. 2). The difference was remarkable at
the level of biallelic markers, and even more pronounced
in the multiallelic microsatellites. From nine alleles of
CA219 microsatellite, only the shortest one (found in the
general population at a frequency of 28%) was seen on
the DM1 chromosomes (Fig. 2b), suggesting their
identity by descent at this particular locus. Nine alleles
of CA412, the most telomeric flanking microsatellite,
exhibited a bimodal population frequency distribution
(Fig. 2c), similar to that reported for CEPH families

(GDB: 246049). In this marker, one frequency peak was
at allele 21 (found on 37% of non-DM1 chromosomes)
surrounded by minor alleles, one or two repeats apart
(frequencies of about 5%). The second mode peaked at
alleles 16 and 15, representing 19 and 14% of the non-
DM1 chromosomes, respectively. Forty-four out of the
50 DM1 chromosomes (88%) were associated with the
CA412 allele 21 (Fig. 1). There was one clear case of
recombination, leading to haplotype B3_15, where
replacement of allele 21 by the frequent allele 15 at the
CA412 locus was accompanied by an allele replacement
at marker 91, 0.5 Mb closer to DMPK. The remaining
non-21 CA412 alleles found on the disease-associated
chromosomes were associated with haplotypes A1 and
A2. They all represented minor alleles separated from
the modal peak of 21 by one (alleles 20 or 22) or two
repeats (allele 19), as if they were due to stepwise
mutations (Valdes et al. 1993) rather than to crossover
events. This, however, is an unlikely possibility, implying
an unusually fast mutation rate, of the order of �102 per
generation, which is comparable to or even faster than
the recombination rate implied by the genetic distance
between CA412 and the disease locus. If mutations were
responsible for the CA412 variability in haplotypes A1
and A2, we would expect other markers, adjacent to this
repeat polymorphism, to be identical in the modal
(A1_21 and A2_21) and in the derived haplotypes
(A1_22, 20, 19 and A2_19), respectively. To test this, we
searched in silico for potentially polymorphic microsat-
ellite sequences adjacent to the CA412 locus. One
informative CA-repeat marker, located approximately
100 kb centromeric from CA412, was analyzed in 24
DM1 patients (due to shortage of the genomic material
we could not systematically test all DM1 families). We
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found that all 15 tested patients with the CA412 allele 21
shared the same common ‘‘upper allele’’ of the centro-
meric marker. On the contrary, patients with the CA412
allele 19 showed an allele of the ad hoc marker that was
two CA-repeats below the common ‘‘upper allele,’’ and
patients with CA412 alleles 15, 20 and 22 inherited yet
another common ‘‘lower allele’’. These findings are thus
consistent with the interpretation that recombinations,
and not stepwise mutations, were responsible for the
CA412 allele diversity on the DM1 chromosomes.

The age of the founder effect

The decay of linkage disequilibrium due to recombina-
tions (genetic clock) can be used to date the age of the
disease-associated mutation or that of its introduction
into the analyzed population on a particular haplotype
(see Materials and methods). Assuming a single founder
event, we considered the most common haplotype,
A1_21 (29 copies out of 50), as ancestral (Fig. 3a). Using
the recombination rate, r=0.029, as estimated from
Kong et al. (2002), we obtain (see Eq. 1) 18.8 genera-
tions as the age of the founder effect (Table 1). Using a
generation time of about 30 years (Tremblay and Vezina
2000), this corresponds to 560 years, placing the founder
effect at the end of fourteenth century, well before the
colonization of Nouvelle-France and the foundation of
the Charlevoix population in the 17th/18th century.
Similar age estimates were obtained considering markers
to the left or right of the disease locus separately (Ta-
ble 1). Note that in the case of the telomeric part of the

haplotype, allele 21 of the CA412 marker occurs at a
significant proportion also on normal chromosomes
(pn=0.37) and thus Eq. 2 rather than Eq. 1 applies. In
the left part of the haplotype, the presence of interme-
diate markers spread evenly between DMPK and the
most centromeric marker makes each recombination
virtually unique and thus Eq. 2 reduces to Eq. 1. In
addition, the probability of recurrent recombinational
exchange of the most centromeric allele is no longer
defined by its distance from DM1, but it rather reflects
the probability of its recombination with the immedi-
ately adjacent markers.

Since estimations of the age of the ancestral haplo-
type were inconsistent with a single founder effect during
the colonization of Nouvelle France, we considered
multiple entry scenarios. Considering haplotype A1_21
to be ancestral for only the A family of haplotypes
(which represents 76% of the analyzed sample) leads to
an estimate of the founder effect of about nine genera-
tions, coinciding with the colonization of Charlevoix at
the end of the 17th century. Correcting for rapid pop-
ulation growth (using Eq. 3 and d=0.9) increases the
age of the founder effect to 12.8 generations, still plau-
sible given the uncertainty of the estimate. Similar esti-
mations, assuming haplotype B1_21 as ancestral for the
group of haplotypes B and C taken together (Table 1),
yielded founder age estimates of �30 generations.

Using a different approach, which simultaneously
evaluates the demographic growth rate and the Luria–
Delbruck correction (Austerlitz et al. 2003), we obtained
the founder effect age estimate of 28.8 (22.9–36.8) gen-
erations for the full data, and 15.7 (12–21.1) for the
haplotypes A. Taken together, these analyses suggest
that all three haplotype families, A, B and C, shared a
common ancestral haplotype well before their carriers
settled in North America (Fig. 3b).

Genealogical analysis

Genealogies were analyzed based on groups A, B and C
defined by the haplotype data. Distribution of the places
of marriage of the closest ancestors reflects the expected
concentration in Ch–SLSJ and does not show any sig-
nificant differences between the three groups (Table 2).
Parents and grandparents of A and B haplotype carriers
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 B2_21

 C1_21
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a)

Fig. 3 Network of DM1-associated haplotypes assuming a unique
founder effect and A1_21 as an ancestral haplotype (a) or a major
founder effect of haplotypes A and separate entries of haplotypes B
and C (b). Size of the circle reflects relative frequency of the
haplotype

Table 1 Age of the founder effect estimated assuming single entry
for different groups of DM1-associated haplotypes

Founder effect
scenario—assuming
single entry of:

Age in generations

Total
haplotype

Centromeric
markers

Telomeric
markers

All haplotypes 18.8 24.1 20.1
As only 9.3 9.3 17.4
Bs and C 30.0 29.1 29.3

Estimates were obtained from Eq. 1 (total haplotype or that con-
sisting of centromeric markers) or Eq. 2 (telomeric markers)
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were predominantly married in the SLSJ region: 95 and
72%, respectively, for group A, and 67 and 67% for
group B. A large fraction of great-grandparents of A
(48%) and B (47%) carriers were also married in the
SLSJ, but many others came from Charlevoix (39% for
group A and 47% for group B). For C carriers, a
somewhat greater proportion of marriages outside SLSJ
and Charlevoix was noticed, but the numbers were very
small (three pairs of parents and six pairs of grandpar-
ents).

The genealogical impact of all common ancestors can
be summarized using the mean kinship coefficients
(Fig. 4). The effect of multiple introducers of DM1
mutations could be detected as a difference between the
mean kinship coefficients within and among groups.
However, the results revealed a difference only between
group B and the other groups, and this difference was
mainly explained by kinship links at the third generation

in group B. The kinship values at intermediate genera-
tions indicated the population growth from a limited
number of founders, and the leveling off at the highest
generations suggests that carriers share a great number
of ancestors at these genealogical depths. Any of these
ancestors, were they carriers, could have introduced the
mutation in the population, albeit with highly variable
probabilities. On the other hand, rare migrants from
outside the historically defined region (Table 2) could
have introduced the mutation on a different haplotype,
without affecting the pattern seen in Fig. 4, if their off-
spring intermarried with the ‘‘local’’ population.

Haplotype diversity and linkage disequilibrium
among biallelic markers

Among the 126 non-disease chromosomes fully typed
for 22 biallelic markers (haplotype extending over
1.5 Mb and 2.1 cM), we observed 114 haplotypes, of
which 104 were observed once, eight twice and two oc-
curred three times. None of these were identical with any
of the DM1-associated haplotypes. Thus the latter, once
defined, represent signatures of the DM1 mutation.
Knowing that certain SNP-based haplotypes are un-
iquely associated with the DM1 mutation suggests that
technically demanding population screening for CTG-
expansion could be assisted by searching for the unique
SNP-based haplotype(s) that mark the majority of
mutation-carrying chromosomes. This approach, ame-
nable to automatic screening, could be effective in
evaluating risk in the majority of the population; it
would also reduce the task of direct mutation detection
to the fraction of genotypes where the presence of a
marker haplotype(s) could not be excluded. However, in
a 126·126 matrix of possible genotypes that could be
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Fig. 4 Kinship coefficients
within and between haplotype
groups A, B and C from the 3rd
to the 13th generation

Table 2 Places of marriage (counts and proportions in parentheses)
of the closest ancestors for haplotype carriers A, B and C

Generation Place of marriage Total

SLSJ Charlevoix Other

Group A
Parents 36 (0.95) 2 (0.05) 0 38
Grandparents 55 (0.72) 13 (0.17) 8 (0.11) 76
Great-grandparents 73 (0.48) 60 (0.39) 19 (0.13) 152
Group B
Parents 6 (0.67) 2 (0.22) 1 (0.11) 9
Grandparents 12 (0.67) 6 (0.33) 0 18
Great-grandparents 15 (0.47) 15 (0.47) 2 (0.06) 32
Group C
Parents 2 (0.67) 0 1 (0.33) 3
Grandparents 2 (0.33) 2 (0.33) 2 (0.33) 6
Great-grandparents 1 (0.08) 8 (0.66) 3 (0.25) 12
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constructed using all the non-disease haplotypes deter-
mined in this study, as many as 19.3% (3,071 genotypes)
could have contained one of the six DM1-associated
haplotypes (A1/2, B1/2/3 or C), thus representing the
rate of false positives due to the full-length haplotype
being found in a healthy population. Markers closer to
DMPK should, therefore, reduce the probability of a
false positive if such a test was to be considered for
population screening.

Analysis of linkage disequilibrium (LD) provides
another way of looking at the complexity of these
haplotypes. The coefficient D¢ decays exponentially as a
function of time and of the genetic distance between
recombining markers. The markers analyzed in this
study displayed almost complete linkage disequilibrium
in the disease-associated haplotypes, while a rapid D¢
decay with the pairwise distance between the markers
was observed in haplotypes from non-affected individ-
uals (Fig. 5). While there are islands of LD around
clusters of adjacent markers, D¢ in the general popula-
tion does not generally exceed 60% at distances of more
than 50 kb. Extensive LD is seen only in the disease
chromosomes that were collected through the clinical
bias, while no strong signal of the founder effect is ob-
served in the general population represented by the non-
disease chromosomes.

Discussion

Numerous previous DM1 studies have used RFLP
markers that were often identified by a clone name ra-
ther than its sequence, and hence today it is often
impossible to localize them on the human genome. In
addition, the physical and genetic map of the chromo-
some 19q changed many times before stabilizing in 2002,
such that it is difficult to compare results across studies.
This is also true for the study of Whiting et al. (1995),
who analyzed DM1 haplotypes in Canadian patients.
Interestingly, two major haplotypes (in addition to their
derivatives) were observed in French-Canadians from
Northeastern Quebec and from the Outaouais region,
which were distinct from the major haplotype charac-

teristic of Canadian DM1 patients of non-French des-
cent. An example of the diversification of a founder
effect in an isolated population is provided by Segel et al.
(2003), who studied the prevalence of DM1 in three Is-
raeli-Jewish populations: the Ashkenazim, Sepharadim
and Yemenites. They found that DM1 prevalence varied
widely, ranging from as low as 1/17,544 in the Ashke-
nazim to 1/5,000 in the Sepharadim and up to 1/2,114 in
the Yemenites. Furthermore, strong LD was found for
two CA repeat markers (D19S112 and D19S207) in the
Sepaharidic and Yemenite Jews, but not in the Ashke-
nazim population. Such a result would suggest a recent
bottleneck or founder effect in the Sepharadic and
Yemenite populations. An extragenic marker D19S63
has been studied for a number of worldwide DM1
populations, and its ‘‘allele 3’’ was found to range from
32% in the French DM1 population (Lavedan et al.
1994), to 43% in the Japanese (Yamagata et al. 1992),
58% in Britain (Harley et al. 1991) and up to 75% in
Finland (Nokelainen et al. 1993) and 93% in DM1
chromosomes from South Africa (Goldman et al. 1996),
while it was found at only 18% worldwide on non-DM1
chromosomes. In our population we found that D19S63
was still in complete linkage disequilibrium with the
disease allele, consistent with a recent founder event
(Thibault et al. 1989). However, the founder effect that
led to an increase in the number of rare mutations in
Ch–SLSJ did not markedly affect the genetic diversity of
non-disease chromosomes. No significant increase in
linkage disequilibrium among markers on non-disease
chromosomes was observed (Fig. 5) and frequencies of
the microsatellite alleles were very similar to those
characteristics of CEPH families (Fig. 2).

The DM1 chromosomes abundant in SLSJ and
Charlevoix share the same core haplotype, extending
from markers 61 and 85 (Fig. 1), some of which are also
characteristic of other DM1 chromosomes found
worldwide. This characteristic of the haplotypes in the
immediate vicinity of the DMPK gene indicates that the
DM1-predisposing chromosomes, rather than being due
to recurrent mutations, are identical by descent and thus
originated in the same ancestral event favoring CTG-
expansion. Thus, the elevated frequency of DM1 in
SLSJ and Charlevoix, greater by more than an order of
magnitude than that in other Eurasian populations
(Harper 1989) or even other regions of Quebec (Jack
Puymirat, personal communication), must be due to a
local founder effect rather than to de novo mutations.
However, examination of the full-length DM1 haplo-
types analyzed herein suggests that their common
ancestor is older than the European colonization of
Nouvelle-France and of the Charlevoix and SLSJ re-
gions in particular. Among the three structural families
of the DM1 associated haplotypes, only those of group
A occur at a considerably elevated frequency of 1/730;
those of group B occur at a frequency of 1/3,060, and
those of group C at only 1/9,170 (as estimated from their
respective contributions to our sample of 50 DM1
chromosomes, and using the overall DM1 frequency of
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Fig. 5 Statistically significant pairwise D¢ values (in %) between
biallelic markers in the general population (in blue) and on DM1-
chromosomes (in red) (note the logarithmic ordinate scale)
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1/550). If, for example, group C alone was present in
Ch–SLSJ population, the resulting DM1 frequency of
about 1/10,000 would be observed, no different from
most other populations worldwide. The contribution of
group B haplotypes is threefold higher than that of
group C, but their frequency is still not markedly dif-
ferent from that of the European average. Furthermore,
an increased kinship coefficient among B haplotypes
carriers within the last three generations (Fig. 4) sug-
gests either a very recent increase in their frequency
(because of a larger number of children in previous
generations) or simply their over-sampling among the 50
DM1 families analyzed.

Thus, it is only the group A of carrier-haplotypes,
contributing between 70 and 80% of the affected chro-
mosomes, which is found at the significantly increased
frequency above that of the background population, and
thus could be considered responsible for the founder
effect of DM1 in Northeastern Quebec. In this group,
the A1_21 appears as the founder haplotype, with the
segment of common ancestral alleles extending for
0.5 Mb between markers 61 and 91 (Fig. 1) and the
shared allele 21 of CA412 microsatellite, pointing to a
recent common ancestry and reflecting the common
origin of the settlers of Nouvelle France.

There are of course caveats to our conclusion about
the age of the founder effect and about what it ultimately
implies. For example, the map of Kong et al. (2002)
shows that the DMPK gene is in a region with varying
rates of recombination, and hence the judgment of an
accurate estimation of the genetic distance can be
problematic. The sample of chromosomes is relatively
small, increasing the variance of the estimates even
further. In addition, it could be argued that the 30-year
generation time used to estimate the historical time of
the DM1 introduction should be modified for muscular
dystrophy sufferers, given the parental disease and pos-
sibility of a decreasing age of onset with the increasing
CTG-expansion. Assuming a possible shortening of the
intergeneration distance, the age of the founder effect
given above would be an overestimate. On the other
hand, in rapidly growing populations, estimates of the
age of the founder effect using Eq. 1 will tend to
underestimate the time since the introduction of a
mutation (Hastbacka et al. 1992; Kaplan and Weir 1995;
Labuda et al. 1997; Thompson and Neel 1997). For
example, the age of the founder effect in the Acadians
and in Ch–SLSJ, calculated from the proportion of non-
recombined ancestral haplotypes of pseudo vitamin-D-
deficiency rickets (PDDR), was 9.9 and 6.2 generations,
respectively, i.e. less than the historically plausible 10–12
generations (Labuda et al. 1996). The founding of the
major mutation of the autosomal recessive spastic ataxia
of Charlevoix–Saguenay (ARSACS) can be estimated at
5–12 generations, based on the conserved proportions of
5.1 and 11.1 cM associated haplotypes, respectively
(Richter et al. 1999). The founding of the SLSJ cyto-
chrome oxidase deficiency was estimated at less than
eight generations, based on the data from a 4 cM hap-

lotype (Lee et al. 2001). Using Eq. 1, we estimated the
founding of oculopharyngeal muscular dystrophy
(OPMD) at an average of 11 generations, as calculated
from the proportion of shared haplotypes extending
between 0.9 and 9.5 cM to the left and the right of the
disease locus, respectively (Brais 1998). In contrast to the
diseases specific to Ch–SLSJ, OPMD is relatively pre-
valent in French-Canadians all over Quebec (Brais et al.
1998). These estimates are therefore consistent with the
population history of Nouvelle-France, with the overall
founder effect starting with the colonization in the 17th
century, followed by regional founder effects such as
that caused by the population bottleneck during the
settlement of Charlevoix at the turn of the 17th century.
Severe bottlenecks (Labuda et al. 1996), reinforced by
intergenerational correlation in the effective family size
(Austerlitz and Heyer 1998), can explain carrier rates in
the order of 1/20 to 1/30 that characterize the autosomal
recessive diseases enriched in Ch–SLSJ. For carrier fre-
quencies in the range of 1/500 to 1/1,000, however, the
introduction of the mutated chromosome does not have
to coincide with the initial bottleneck, but rather could
have occurred at a later time when the population grew
in numbers.

The scenario where more than one carrier introduced
the DM1 mutation into the population of Ch–SLSJ is
not unexpected. For example, two distinct mutations in
vitamin D1 alpha hydrolase are responsible for the
unusually high frequency of the otherwise extremely rare
PDDR in two Canadian populations of French descent,
the Acadians and French-Canadians from Ch–SLSJ
(Labuda et al. 1996; Wang et al. 1998). Two mutations
also underlie autosomal recessive tyrosinemia type I that
is highly prevalent in Ch–SLSJ, whereas three additional
mutations were found elsewhere in Quebec (Demers
et al. 1994; Scriver 2001). ARSACS in Ch–SLSJ is due to
two distinct mutations (Richter et al. 1999). Similar
observations have been made for other hereditary dis-
eases (Scriver 2001). An increase in the frequency of
cystic fibrosis (CF) in SLSJ (overall carrier rate of 1/15)
is primarily due to the mutation 621+1G fi T; carriers
of this particular mutation occur in SLSJ at a frequency
of 1/35 compared with only 1/500 in Quebec outside
SLSJ (Rozen et al. 1992). As a result, the usually most
frequent CF mutation, delta F508, contributes only 55%
of all CF carriers in SLSJ, and its frequency in this area
(1/27) is comparable to the European average (1/35).

In summary, the founder effect associated with an
increase in the frequency of one ‘‘lucky’’ carrier chro-
mosome is often accompanied by other distinct carrier
chromosomes that remain at their usual background
frequency.

A 4% contribution of a minor mutation to the overall
carrier rate of �1/22 (i.e. �1/44 overall mutation fre-
quency, as for example tyrosinemia type I, ARSACS, or
cytochrome oxydase deficiency in Ch–SLSJ) corre-
sponds to this mutation frequency of 1/1,100, and thus,
a disease incidence due to this mutation alone is less than
one in a million. Consequently, in a population with an
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annual number of births of 10,000, one expects one
patient per 100 years, in contrast to five such cases per
year in a population with the overall mutation frequency
of 1/44. In the case of a dominant disorder, the incidence
increases linearly with the carrier frequency and there-
fore even rare single gene disorders have a chance to be
recognized as unique clinical entities.
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and earlier RFLP data, Julie Fortin and Pierre Lepage for
sequencing of dHPLC variants, and Dominika Kozubska for sec-
retarial assistance. S.B. had a studentship from the Fondation de
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Saguenay: mesure et caractéristiques du mouvement migratoire
avant 1911. In: Bouchard G, de Braekeleer M et al (eds) His-
toire d’un génome. Population et génétique dans l’est du Qué-
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