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We previously reported a 1:259 prevalence of female carriers of FMR1 premutation-size alleles (greater than
54 triplet repeats) in the general population. We now have screened 10 572 independent males from the same
population for similar alleles using high-throughput Southern blotting. We identified 13 male carriers of an
allele with more than 54 repeats. This corresponds to a prevalence of 1:813 males (95% confidence interval
1:527 to 1:1781). Haplotype analysis of four markers flanking the triplet array revealed that the prevalence of
the major fragile X mutation-associated haplotype was increased among FMR1 alleles of 40–54 repeats.
Although sequencing of highly unstable premutation alleles from fragile X families revealed only pure CGG
tracts, this was not the case for alleles of similar size that were identified in males from the general population.
Forty-eight out of forty-nine alleles of 40 or more triplets had one or two AGG interruptions. This observation,
combined with the observation of the enrichment of major fragile X syndrome haplotypes in all alleles of this
size, is evidence that the loss of an AGG interruption in the triplet repeat array is not necessary for expansion
of normal alleles of 29–30 triplets to intermediate size. The loss of AGG interruptions thus appears to be a late
event that leads to greatly increased instability and may be related to the haplotype background of specific
FMR1 alleles.

INTRODUCTION

Fragile X syndrome, an important cause of inherited mental
retardation (1), is due to the expansion of a (CGG)n triplet
repeat (2–4) located in the 5′-untranslated region (5′-UTR) of
the first exon of the FMR1 gene (3). This expansion is associated
with the presence of abnormal methylation of the CpG island
(2,3,5). The vast majority of cases of the syndrome, estimated
to be ∼95% (6), are due to the typical triplet repeat expansion;
in the remaining cases where no expansion could be detected,
either deletions or point mutations were observed (6). The
prevalence of the disease was evaluated using direct DNA
analysis and estimated to be lower than initially proposed
using cytogenetic testing. However, these are minimal
estimates since they were obtained in individuals who showed
some level of mental retardation or learning difficulties and
mildly affected males may not have been included in the
sample (7,8). Up to now no direct population-based prevalence
estimate of the full mutation has been obtained. Most likely,
this is because of the large size of the sample (around 100 000
individuals) that would be required. The appearance of a full

fragile X mutation, generally greater than 230 repeats and
methylated, in a family has always been preceded by the trans-
mission of a premutation, which is an unmethylated expanded
allele of usually between 55 and 230 repeats. In fact, in fragile
X families, premutations are generally more frequent than full
mutations (9) and are all at risk of expanding to a full mutation
in a single female transmission. The bulk of FMR1 alleles in
the general population have 29–30 repeats and are usually
stable upon transmission over a few generations (10). Alleles
of an intermediate size between frequent normal alleles and the
smallest 55-triplet premutations (i.e. between 40 and 54 repeats)
have been shown to be slightly unstable upon transmission.
However, they have never been observed to expand to a full
mutation in a single step, i.e. without first attaining premutation
size (greater than 54 triplets). These intermediate-size alleles
have been also termed ‘gray-zone’ alleles (11) but current
evidence suggests that they do not confer risk of fragile X
syndrome in the generation which follows immediately.

The mutational process from FMR1 normal alleles to full
mutations is believed to be complex and to involve multiple
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steps (12–14). It has been observed that: (i) no direct transition
from a normal-size allele to a full mutation has been detected;
(ii) in all populations studied, FMR1 mutations are in linkage
disequilibrium with closely flanking genetic markers. This
association is stronger in populations with known founder
effects for other diseases such as in the Quebec French-Canadian
population (15) and in the Finnish population (16); (iii) within
fragile X families, the risk of expansion from a premutation to
a full mutation varies with the size of the premutation (17,18);
(iv) expansion of the FMR1 (CGG)n triplet repeat is polarized
i.e. it occurs only at the 3′ end of the triplet array. There are
various patterns of AGG interruptions of the array that are
believed to be responsible for ‘stabilizing’ the alleles (6,10,18).

Reliable estimates of the prevalence of premutations and
intermediate-size alleles, along with the distribution of FMR1
haplotypes relative to allele sizes in the general French-Canadian
population, should contribute to understanding how the full (or
large-expanded) mutation arises from particular alleles. Previously,
we identified 41 premutation-size alleles in a large cohort of
10 624 unrelated women from the general population (15). We
obtained accurate estimates of the prevalence of premutation-size
alleles that apparently apply to other populations as well (19).
Models of FMR1 mutation in the normal population have
proposed that the prevalence of premutations may be larger in
females than in males (ratio of 1.59) (13).

We report here the results of screening 10 572 males from
the general population for premutation-size FMR1 alleles. We
found a 1:813 [95% confidence interval (CI) 1:527 to 1:1781]
prevalence of normal transmitting males with more than 54
triplets. We also identified a number of alleles of intermediate
size (between 40 and 54 triplets). We analyzed the haplotypes
associated with these large alleles using flanking microsatellites
(DXS548, FRAXAC1 and FRAXAC2) and the ATL1 single
nucleotide polymorphism (20), and we sequenced the triplet
repeat array of alleles larger than 40 triplets to determine the
AGG interruption pattern. These results provide new insights
into the molecular and population genetics of the fragile
X syndrome and suggest that the loss of an AGG repeat is
preceded by an earlier event, which confers instability.

RESULTS

Prevalence of male carriers of premutation-size FMR1 alleles

The 11 495 blood samples analyzed constituted 2299 pools of
five men each and included 923 duplicate samples that were
tagged prior to the DNA analyses. Thus, 10 572 samples from
different men were analyzed by DpnII+EagI mini-Southern
blotting. 2199 pools tested negative whereas 100 pools showed
a restriction fragment of larger than normal size. Individual
analysis by mini-Southern blot of the samples in positive pools
identified 117 samples which were candidates for containing a
significantly larger than normal FMR1 allele as compared to
the constant control restriction fragment also detected by the
QcPX probe (Fig. 1). These were all analyzed by PCR to
determine the exact number of repeats and only 13 alleles were
identified as having 55 or more triplet repeats (range 55–95).
The size of alleles in the remaining 104 samples ranged
between 35 and 54 triplet repeats. Therefore, the estimate of
the prevalence of male carriers of a premutation-size allele is
13 per 10 572 or 1:813 males (95% CI, 1:527 to 1:1781). Thus,

premutation-size allele frequencies were not statistically
different (χ2 = 2.3, 1 df, P-value = 0.13) between males in this
study and females in our previous study (1:518) (15). It is
worth mentioning that the pooling method used here for
screening for premutation-size alleles was validated in our
previous female prevalence study (15) by reanalyzing 1000
samples from 200 pools which showed that very few if any
allele of 54 triplets and more was missed.

Of the 104 samples showing an apparently larger than
normal fragment by Southern blot but which was not in the
premutation size-range, 36 were in the intermediate size-range,
i.e. containing between 40 and 54 repeats. This represents only
a fraction of the 460 alleles of 40–54 triplets that would be
expected based on the prevalence of intermediate-size alleles
of 1/23 in Special Education Needs Schools children (19).
Thus, although there is no published population-based estimate
of this prevalence in normal individuals, it is likely that some
intermediate-size alleles were not identified in the initial
screening step due to the fact that our screening method, when
applied to pools of DNAs, does not have a very high sensitivity
for intermediate-size alleles. We did not compute an estimated
prevalence for intermediate-size alleles since this was neither
the appropriate method for detecting such alleles nor the
primary objective of this study. However, 36 identified
intermediate-size alleles were used to study the haplotypes
most frequently encountered in this size-range as well as for
determination of their AGG interruption pattern.

Control samples from 102 consecutive newborn males had
alleles varying between 13 and 38 triplets (Table 1 and Fig. 2)
with the two most prevalent alleles being 29 triplets (29/102)
and 30 triplets (29/102). There was a smaller mode at
19 repeats (6/102).

Haplotype analysis

We previously reported strong linkage disequilibrium in the
French-Canadian population between FMR1 mutations in
fragile X families and flanking polymorphic markers DXS548,
FRAXAC1 and FRAXAC2 (15). In the present study of male
samples, we analyzed the haplotypes in each category of
FMR1 alleles. Among 68 unrelated Québec fragile X males
with complete DXS548-FRAXAC1-FRAXAC2 haplotypes,

Figure 1. Southern blot analysis of pools of five samples each (A) and individual
samples of a positive pool (B) by DpnII+EagI digestion followed by hybridization
to probe QcPX (see Materials and Methods). The positive pool and its corresponding
positive sample are indicated with arrows. PCR analysis of the positive sample
revealed 51 triplet repeats.
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the most common haplotype in the normal allele size range
(T40-T38-T61) was found in only 9% (6/68) of disease alleles and
what we designated as the ‘alternative haplotype’ (T42-T36-T60)
was found in only 7% (5/68) of fragile X chromosomes. The
major fragile X haplotype (T50-T42-T62) was present in 50%
(34/68) of the samples. Another haplotype (T40-T42-T62)
apparently related to the major fragile X haplotype was present

in another 25% (17/68) of the chromosomes analyzed. Thus, we
call the T50-T42-T62 haplotype the major fragile X haplotype
(X in Fig. 2 and Table 1) and the T40-T42-T62 haplotype the
second major fragile X haplotype (X’ in Fig. 2 and Table 1).

Among alleles in the premutation size-range the haplotype
observed most frequently was the major fragile X haplotype
(6/13) (T50-T42-T62) while the most common normal haplotype

Table 1. Distribution of FMR1 haplotypes by size category and array structure

[1] DXS548-FRAXAC1-FRAXAC2 haplotype classified as X, major fragile X haplotype, T50-T42-T62; X’, second major fragile X haplo-
type, T40-T42-T62; N, most common normal haplotype, T40-T38-T61; A, ‘alternative’ haplotype, T42-T36-T60; O, haplotypes other than
X, X’, N and A. [2] The triplet array structure for alleles in fragile X families were inferred from premutated males from the same family.
[3] Proportion of each haplotype in each allele-size category. The asterisk indicates the only occurrence of the T40-T42-T62 haplotype
observed outside of fragile X families (see also asterisk in Figure 2).



374 Human Molecular Genetics, 2002, Vol. 11, No. 4

(T40-T38-T61) was observed only once (Table 1 and Fig. 2).
Interestingly, no occurrence of the T40-T42-T62 haplotype
(also highly prevalent in fragile X families) was observed in
premutation-size alleles. In our previous study of female
samples (15) we inferred an ‘alternative’ haplotype (T42-T36-T60)
that was the most frequent in premutation-size alleles (57%)
but was rare in both normal-range FMR1 alleles as well as in
fragile X syndrome associated alleles. In the present study, this
alternative haplotype was present in four out of 13 males with
a premutation-size allele.

Among the 36 intermediate-size FMR1 alleles (40–54 triplets),
the major fragile X haplotype was the most common (15/36).
But the second major fragile X haplotype (T40-T42-T62) was
observed only once (Table 1 and Fig. 2). The most common
normal haplotype (T40-T38-T61) was detected in 11 out of

36 alleles whereas the alternative haplotype (T42-T36-T60) was
found in only 2/36 chromosomes, i.e. already rarer than among
alleles over 54 triplets (Fisher’s exact test, P-value = 0.04).

The T40-T38-T61 haplotype was present in 32/102 of the
control chromosomes from newborns, whereas the major
fragile X haplotype (T50-T42-T62) was found in only six
samples. The ‘alternative’ haplotype was present in one
individual and the remaining individuals carried various
haplotypes, the most frequent of which (T40-T38-T60)
occurred in 16/102 individuals. Interestingly, the second major
fragile X haplotype (T40-T42-T62), common in fragile X
chromosomes in the French-Canadian population, was absent
from all chromosomes that had less than 40 triplet repeats. This
suggests that a recombination between the most common
normal haplotype T40-T38-T61 and the major fragile X haplotype

Figure 2. Size, array structure and haplotypes of FMR1 alleles of 0–39, 40–54, greater than 54 identified in males from the general population. Each individual is
represented by a bar. White blocks including black dots represent the number of triplets (size scale at top and bottom of figure). Black dots represent the AGG
interruptions and their position in the CGG array. ATL1 genotypes are on the right side of the figure (purple and yellow blocks). The three-locus microsatellite
haplotype (DXS548-FRAXAC1-FRAXAC2) of each chromosome is identified by the large colored regions: X, red, for the major fragile X haplotype; N, green,
for the most frequent normal haplotype; A, yellow, for the ‘alternative’ haplotype; O, blue, for all other haplotypes, including those that are not complete for all
markers. The asterisk identifies the only observed occurrence (apart from fragile X families) of the T40-T42-T62 haplotype.
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T50-T42-T62 occurred sometime after the expansion of the
T50-T42-T62 FMR1 allele to intermediate size. Although
recombination between DXS548 and FRAXA loci, 140 kb
apart, is believed not to be rare (21), this suggests that, at least in
this population, the mutational event leading to the appearance of
FMR1 alleles with more than 40 triplet repeats occurred before
the recombination event between FRAXA and DXS548 loci.

FMR1 triplet array structure

It has been shown by several groups that FMR1 triplets are
generally interrupted by AGG repeats (10,22–24) and the
current interpretation is that very unstable alleles are derived
from an increase in the length of the 3′ pure CGG tract and/or
by loss of an AGG interruption (6). Indeed, in several studies
which analyzed normal-size alleles and a few intermediate-size
alleles, the majority of normal FMR1 alleles reported had one
or two AGG interruptions, whereas in fragile X families
usually no interruptions have been detected (10,23,25).

In order to assess the various stages of progression of FMR1
alleles from normal size-range to disease alleles, we determined
by genomic sequencing the FMR1 triplet array structure of alleles
in the general population sample of males. This could not be
done in our previous study of 10 624 women (15) because of
the technical difficulty of sequencing these arrays in women.
Identification of premutation-size and intermediate-size alleles
in males allowed us to perform these sequencing experiments
and unexpected results were obtained. As shown in Table 1
and Figure 2, determination of the AGG interruption pattern of
the 13 premutation-size alleles revealed nine alleles with two
AGG repeats, three with one AGG interruption and only one
with no AGG interruption. Furthermore, 33 of the 36 alleles
with 40–54 repeats had two AGG interruptions and the
remaining three alleles had one interruption. Interestingly, we
observed FMR1 alleles with the first AGG interruption
positioned after the 11th triplet (12th, 14th, 15th, 19th) only
among alleles of less than 40 triplets. Previous studies of AGG
interruption patterns of FMR1 triplet arrays have not reported
the sequence of premutation-size alleles that were not derived
from fragile X families (10,19,23–30). Our results clearly
differ from the FMR1 array structure observed in normal trans-
mitting males from fragile X families which all have one or no
AGG interruption (24,25,27). Indeed, we observed no AGG
interruption in all 12 normal transmitting males that were first
or second degree relatives from affected males in the 68 families
studied: six were on the major fragile X haplotype, five on the
second major fragile X haplotype and one on the normal haplo-
type. It is interesting to underline our observation that although
alleles of 40 triplets and more identified in the general popula-
tion do not show the same array structure in terms of AGG
interruptions as premutations in fragile X families, they are
associated with the major fragile X haplotype found in fragile
X families (see Discussion).

ATL1 polymorphism

Gunter et al. (20) reported a polymorphism that lies between
the CGG array and FRAXAC2. This polymorphism was
observed to be in strong linkage disequilibrium with the triplet
array interruption pattern. We thus analyzed this marker. The
results are shown in Figure 2. In newborn samples, the ‘G’
allele was observed in 48/102 FMR1 alleles. All 54 remaining

‘A’ alleles without exception were associated with the T38
allele of FRAXAC1 and the majority of them had an AGG
repeat in the 11th position of the FMR1 triplet array (47/54).
This applies as well to all other FMR1 alleles with ATL1*A
observed in our study, either fragile X, premutated or intermediate-
size alleles. The ‘A’ allele of the ATL1 polymorphism was
present only in 7/68 fragile X alleles, six of which were on the
most frequent normal haplotype. In premutation-size and
intermediate-size alleles, ATL1*A was also mostly associated
with the normal haplotype (12/13). The relative frequencies of
ATL1*G and ATL1*A were associated with the FMR1 allele
sizes in the general population (χ2 = 11.9, 2 df, P-value = 0.001).
In our samples, ATL1*G was associated with several other
haplotypes and AGG-interruption patterns, including several
10+ alleles. This is in keeping with the conclusion of Gunter
et al. (20) that ATL1*G is older than the ‘A’ allele. However,
this marker did not yield much additional information to our
analyses, given that it was so tightly associated with a single
FRAXAC1 allele in the studied population.

DISCUSSION

We screened 10 572 males from the general population for FMR1
premutation-size alleles by Southern blotting. We identified 13
such alleles. Flanking mircosatellite markers were genotyped
and FMR1 alleles were sequenced to determine the triplet array
structure for AGG interruptions. Our estimate of the prevalence of
premutation-size alleles is 1 in 813 males (95% CI, 1:527 to
1:1781) which is not statistically different from our previous
estimate of the allele frequency in females (15). This is the first
study in males from the general population which yields a
reliable estimate of the FMR1 premutation-size allele frequency
in males although the confidence interval is still large. If we
had used the 60 triplet repeat cut-off for the minimal size of
‘premutations’ that has been used in some other recent studies,
the prevalence of FMR1 alleles of 60+ repeats would have been
8:10572 or 1:1322 (95% CI, 1:781 to 1:4300); still not significantly
different than the estimated frequency of such alleles in women
(15). Thus, the estimated female to male premutation-size carrier
frequency ratio in the French-Canadian population is 3.1 (95% CI,
1.4 to 9.0) (as calculated using 2qfemales/qmales), which is not
statistically different from 1.59 predicted by mathematical
simulation using an infinite population model (13).

Previous studies of premutation-size alleles in males have
been subject to various biases due to the fact that they were not
population based (18). Our previous population-based study of
10 624 women did not allow us to make a definitive assessment of
the haplotypes nor to determine the AGG interruption pattern.
The present study of population-based samples of males
allowed us to accomplish these objectives.

Recently, Toledano-Alhadef et al. (31) reported a much
higher prevalence of 1/113 female carriers of FMR1 alleles
with more than 54 triplets in Israel. This is very different from
the female carrier prevalence of 1:259 we reported earlier (15)
(χ2 = 22.5, P-value < 0.0001). However, prevalence estimates
in other Caucasian population studies are similar to our findings
in French-Canadians (19,32,33). Several observations we
make here provide insights into the dynamics of FMR1 alleles
in the general population.

Firstly, FMR1 alleles found in French-Canadian fragile
X males are relatively homogenous with 75% being on two
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apparently related major fragile X haplotypes (T50-T42-T62
and T40-T42-T62). The T50-T42-T62 haplotype is not the most
frequent in Northern European populations, it is associated with
a 9 + 9 + n structure and was hypothesized to expand slowly
from normal size to fragile X mutation through a multistep
mutational process (34) leading to increase in size without loss
of AGG repeats.

Secondly, the second most common haplotype (T42-T36-T60)
in the 55–95 triplet size-range was observed only once in the
sample of normal-size alleles. This haplotype was present in
7% of the fragile X chromosomes. Thus, FMR1 alleles between
55 and 95 triplets are not homogenous but are associated with at
least one other major haplotype (the ‘alternative’ major haplotype;
designated ‘A’ in Table 1 and Figure 2), which is not frequent
in fragile X families and in the population sample we studied.
This haplotype has been observed in the Northern European
population and may have a different mutation pathway and
does not retain AGG repeats, as suggested by Eichler et al.
(34). Our observations are thus compatible with this model.

Thirdly, the T50-T42-T62 major fragile X haplotype is the
predominant haplotype in all FMR1 alleles of 40 triplets or
more. In the French-Canadian population the predominance of
the major fragile X haplotype among premutation-size and
intermediate-size alleles from the general population in such a
notable proportion is striking. This provides evidence of a rare,
early event that is responsible for the expansion of the FMR1
triplet array on this haplotype from the normal range to the
40+ triplets range. This has been predicted and is probably the
case for most of the major fragile X haplotypes found in
various countries, as suggested by Chiurazzi et al. (35).

Finally, and most notable, is our observation that all but one
of the 13 premutation-size alleles had two (n = 9) or one (n = 3)
AGG interruptions as well as all intermediate-size alleles of
40–54 triplets (n = 36), even if they were associated with the
major fragile X haplotype. All alleles tested from normal trans-
mitting males in fragile X families contained no AGG interrup-
tion which is in keeping with published reports that most
frequently observed no interruption in normal transmitting
males from fragile X families (24,25,27). We conclude from
these observations that the loss of an AGG interruption is not
the initial event which confers instability for triplet-repeat
expansion of the FMR1 gene. More likely this loss is a late event
in the expansion process and possibly the last barrier before the
hyperexpansion that is observed in fragile X families and in the
most recent generations preceding the cases.

This study provides strong evidence in favor of the hypothesis
of a precursor FMR1 haplotype with a greater likelihood for
triplet repeat expansion than other haplotypes. The elements
involved in this process are clearly not the AGG interruptions
but may be particular sequences close to the triplet-repeat array
as suggested by Gunter et al. (20). Alternatively, if the hypothesis
of a greater likelihood of expansion of FMR1 alleles on the
major fragile X haplotype is incorrect, then it may be that there
was a population bottleneck in the past when most of the
normal alleles on that haplotype were lost, leaving the artifactual
impression that they progressed rapidly from normal to inter-
mediate.

It will be important to undertake other population-based
studies in different populations in order to determine whether
similar states of fragile X precursor alleles are present or are

limited to the French-Canadian population, and attributable to
its history and genetic structure.

MATERIALS AND METHODS

Samples

15 288 hemoglobin/hematocrit leftover samples from male
outpatients were collected from the hematology laboratory of a
general hospital in Québec during a period of 48 months.
Twenty-five percent of the samples were discarded randomly to
ensure that any given patient from the hospital had a significant
chance of not being included in this anonymous study. This left
a working sample of 11 495 whole blood samples. Each
sample was assigned a unique number and handled in an
unlinked anonymous protocol precluding the association of
DNA results with personal identifying information. 923 duplicates
were identified because of file number matches prior to
anonymization and DNA analysis, and the anonymous sample
numbers of the replicates were tagged as duplicates to be
excluded from the subsequent study. This study was approved
by the CHUQ ethical review board including procedures for
sample and information collection and coding, analysis of
samples and recording and reporting of results.

DNA purification and Southern blot analysis

Samples were grouped sequentially in pools of five males and
40 µl of whole blood was transferred to a 1.5 ml Eppendorf™
tube for a total of 200 µl of whole blood per pool. The
remaining portion of each individual sample was kept frozen at
–20°C until further study. DNA was purified from whole blood
pools using a mini-prep method (36) and then analyzed using
high-throughput mini-Southern blotting as described (15) with
the following differences: (i) the restriction enzyme used was
DpnII+EagI and (ii) the 1.5 mm-thick 6% polyacrylamide gel
(1:30 bisacrylamide) in 1× TBE was migrated for 16 h at 35 V.
After ethidium bromide staining the DNA was electroblotted
on a Qiagen nylon membrane (Qiagen) at 80 mA for 4 h. The
blot was then hybridized to a new probe designated QcPX
specifically designed to detect the DpnII+EagI fragments of
interest in the same hybridization conditions as StB12.3 (37).
After washing in 0.5× SSC at 65°C for 2× 15 min, the blot was
exposed overnight and until slight overexposure before
searching for premutation-size bands.

Screening strategy

Positive pools of male DNA (candidates for containing an
FMR1 allele greater than 40 triplets) were identified by the
presence of a DpnII+EagI restriction fragment that hybridized
to probe QcPX and was significantly larger than bands of the
other alleles in the pool (Fig. 1). A DpnII+EagI enzyme digestion
was chosen because in males, it generates a constant control
band which is slightly smaller than the band bearing the FMR1
triplet repeats, and allows for relatively accurate sizing of the
FMR1 alleles. Practically, 60 bp (20 triplet repeats) correspond
to a difference of migration of 3 mm between the mean size of
the other alleles in the pool and the outlier band(s). Pools with
discrete individual bands that were <3 mm from the bulk of the
other alleles were classified as containing ‘large alleles’. For
pools where the presence of a larger than normal band was
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suspected, DNA from the five different individual samples was
repurified and individually reanalyzed by mini-Southern blotting
(Fig. 1). DNA from the samples containing the large band was
re-extracted for PCR determination of the number of triplet
repeats and for haplotype analysis (see below). The sensitivity
of this screening strategy for detection of FMR1 alleles with
more than 54 triplets is estimated to be greater than that of the
BclI digests in women (15) because pools of samples from five
men contain only five X chromosomes as compared to the 10 in
pools of five women, and the size of the DpnII+EagI restric-
tion fragment containing the FMR1 triplet repeats is ∼25%
smaller than the restriction fragment generated by a BclI digest
(i.e. 735 bp versus 1 kb).

Genotyping FMR1 repeats and flanking markers

The number of trinucleotide repeats at the FMR1 locus was
determined for all positive samples by PCR following the
protocol of Fu et al. (38) with inclusion of 50% 7-deaza-dGTP
(Boehringer Mannheim) and 15% DMSO in the exo– pfu DNA
polymerase amplification mix (Stratagene, San Diego, CA) but
with direct incorporation of α-dCT32P to reveal the PCR products.
Sizing of the trinucleotide repeat was done by comparison to a
sequence ladder loaded on the gel. The triplet array structure
was determined as follows: the trinucleotides were preamplified
from 50 ng of genomic DNA as described above (but only with
cold dNTPs). The PCR products were purified with the
QIAquick PCR purification Kit (Qiagen) and the PCR products
eluted in 35 µl which were then sequenced with primer 170 of
Hirst et al. (23) labeled with 20 µCi γ-AT33P and 0.5 U/µl T4
polynucleotide kinase 1X (New England Biolabs). Sequencing
reactions were set up with the Promega fmol DNA sequencing
system using 1 ng of purified sequencing product and the
labeled primer using one cycle of 5 min at 98°C followed by
30 cycles of 15 s at 98°C and 1 min at 70°C in a Perkin-Elmer
DNA Thermal Cycler 180. Sequencing products were
migrated on a sequencing gel as described above, but for only
75 mins, and exposed for 3 days. The FMR1 triplet-repeat
array structure of fragile X alleles in families was determined
from 12 normal transmitting males from these families that
were first or second degree relatives of the fragile X cases.
DXS548 (3), FRAXAC1 and FRAXAC2 (39) microsatellites
were analyzed as described (15) and standardized according to
the nomenclature proposed by Chiurazzi et al. (40) using the
standardized panel of cell line DNAs for FRAXA haplotype
standardization available through http://www.rmga.qc.ca/. The
ATL1 polymorphism (alleles: A/G) was analyzed by allele-specific
oligonucleotide PCR. Conditions used were as follows: in a
final reaction volume of 25 µl, 0.5 µM of common primer
(ATL1F 5′-TCATCAGTCCTGGTAATAGAA-3′) and 0.5 µM
allele-specific primer (ATL1A 5′-GACACAGAATCATAA-
ATGT-3′ or ATL1G 5′-GACACAGAATCATAAATGC-3′),
200 µM of dNTPs (New England Biolab), 70 ng of genomic
DNA, 1.25 U Taq DNA polymerase (Qiagen) and 1× PCR buffer
containing 1.5 mM MgCl2 (Qiagen). Thermocycler conditions
consisted of an initial 5 min at 95°C followed by 30 cycles of:
30 s at 95°C, 30 s at 55°C and 1 min at 72°C. Final extension
was performed by 10 min at 72°C. Products were visualized on
1.2% agarose gel using ethidium bromide staining.

Allele frequencies

The sample included unrelated fragile X chromosomes observed
in 68 males from fragile X families. Allele frequencies from the
normal population were derived from an anonymous unlinked
control sample of 102 consecutive newborn males.

We call the most frequent haplotype found in fragile X syndrome
males in Québec, the major fragile X haplotype. The ‘alternative’
major haplotype inferred for premutation carriers was comprised
of the most frequent allele at each of four marker loci estimated
for FMR1 alleles with CGG repeats in the range of 55–64 in the
female screening study (15).
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