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In order to look for linkage disequilibrium between the fragile X locus and its
flanking markers, we analysed the FRAXAC1 and DXS548 microsatellites in
normal and fragile X individuals of Portuguese origin. We observed differences
in allele and haplotype frequencies between these two samples. Four
haplotypes (A-2, C-2, C-5 and D-6) accounted for 76% of all fragile X
chromosomes, whereas a single haplotype (C-7) accounted for 70% of the
normal population and less than 3% of the fragile X chromosomes. Among the
four observed high-risk haplotypes, A-2 and D-6 had been previously reported
in other studies, but C-2 and C-5 seem characteristic of Portuguese patients,
as suggested by the high frequency (38%) in fragile X chromosomes and virtual
absence in controls. In accordance with previous studies, a greater hetero-
zygosity of the fragile X sample was noted when compared to that of controls.
The high frequency of C-7 haplotype in the normal population and its virtual
absence in the fragile X sample may reflect the existence of linkage
disequilibrium between the two loci and/or selective advantage (protector
effect) of this haplotype.
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Introduction
The fragile X syndrome is the most frequent cause of
familial mental retardation with an estimated preva-

lence of about 1:4000 males and 1:8000 females.1 It is an
X-linked dominant disorder with reduced penetrance.
The clinical aspects of the fragile X syndrome in adult
male patients are moderate to profound mental retar-
dation, long and narrow face, prominence of the jaw
and forehead, large ears and macro-orchidism.2 This
syndrome is associated with a fragile site (FRAXA) on
the X chromosome at Xq27.3.
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The fragile X syndrome is associated with amplifica-
tion of a CGG repeat sequence in the 5' untranslated
region of the FMR1 gene.3–5 The number of repeats is
polymorphic in normal individuals, usually in the range
of 6–60 triplets (with a mode of 30), frequently
interrupted by 1–3 AGG triplets.6–8 Premutation alleles
of nonpenetrant carriers of the fragile X syndrome
have between 60 and 200 repeats, which tend to
increase in size when maternally transmitted to the
offspring. The expansion of fragile X premutation
alleles to a full mutation (CGG > 200) occurs exclu-
sively during female transmission. The full mutation is
associated with the hypermethylation of the FMR1
CpG island located 250 bp upstream, which silences
gene expression, thus preventing protein production.9,10

Only the full mutation is associated with clinical and
cytogenetic expression of the fragile X syndrome.11

The molecular mechanisms responsible for the
expansion of these triplet repeats are still not known.
As yet, no conversion of normal to premutation alleles
has been documented. This might be due to ascertain-
ment bias or to the fact that carriers of premutation
have no phenotypic manifestation and can persist for
several generations before undergoing transition to full
mutation. The absence of documented de novo muta-
tions among fragile X families, despite the high
prevalence of this disorder, is in line with the possibility
of a founder effect, as suggested by the first observation
of significant linkage disequilibrium between the fragile
X locus and flanking polymorphic markers.12

In order to search for linkage disequilibrium in the
Portuguese population we compared the allele distribu-
tion of markers FRAXAC1 and DXS548 in two
samples of normal and fragile X chromosomes.

Materials and Methods
The patient population included 42 unrelated males with
documented fragile X syndrome. Samples from 86 unrelated
blood donor males were used as controls of the general
population. All individuals in this study were of Portuguese
origin.

Genomic DNA was extracted from peripheral leukocytes
according to standard procedures.13 All samples referred for
fragile X syndrome were screened for the presence of the
amplification of the CGG repeat and methylation of the CpG
island in the FMR1 promoter by Southern blot.14 Two
polymorphic CA repeats, one (FRAXAC1) 7 kb and the
other (DXS548) 150 kb proximal to the CGG sequence, were
used to haplotype normal and fragile X chromosomes. The
two markers were amplified using previously described
primers.4,15 PCR reactions were carried out in 20 µl containing
50–100 ng genomic DNA, 10 mM Tris-HCl (pH 8.0), 50 mM

KCl, 1.5 mM MgCl2, 200 µM dTTP, 200 µM dATP, 200 µM dGTP,
20 µM dCTP, 1 µCi α–(32P)–dCTP, 100 ng primer and 0.5 units
Taq polymerase (Pharmacia). After an initial denaturation
(4 min at 94°C), 30 cycles (1 min at 94°, 1 min at 59°, 1 min at
72°) were employed for amplification, followed by a 10 min
hold at 72°C in a Perkin-Elmer 9600 GeneAmp PCR system.
The products were electrophoresed on 6% polyacrylamide
sequencing gels. Gels were dried and exposed to X-ray film
for 4–5 h.

Statistical analysis was performed using ø2 distribution
tests. The ø2 was only calculated for cases where expected
values were above 5.

The heterozygosity was calculated according to Nei.16

Results
Altogether, 86 controls and 42 fragile X chromosomes
were analysed and the allele frequencies of the two
markers FRAXAC1 and DXS548 in the control and
fragile X populations are summarised in Table 1 and
Table 2, respectively. Four different alleles were
detected at the FRAXAC1 locus and 8 different alleles
at the DXS548 locus. ø2 distribution tests demonstrated
significant differences between frequencies of the
FRAXAC1 alleles C and D, with C being enriched
among the controls (71% vs 40% in fragile X chromo-
somes) and D in the fragile X sample (38% vs 17% in
normal chromosomes). Despite the higher frequency of

Table 1 FRAXAC1 alleles on control and fragile X
chromosomes. Percentage values are indicated in brackets

Alleles Controls Fra(X) P-valuea

FRAXAC1
A 9 (10.5) 9 (21.4) 0.050<P<0.100
B 1 (1.2) 0 (0.0)
C 61 (70.9) 17 (40.5) P<0.001
D 15 (17.4) 16 (38.1) 0.010<P<0.025
Total 86 42
aCalculated using 2 distribution tests.

Table 2 DXS548 alleles on control and fragile X
chromosomes. Percentage values are indicated in brackets

Alleles Controls Fra(X) P-valuea

DXS548
1 3 (3.5) 0 (0.0)
2 6 (7.0) 15 (35.7) P<0.001
3 1 (1.2) 0 (0.0)
5 1 (1.2) 8 (19.0)
5.5 0 (0.0) 1 (2.4)
6 7 (8.1) 9 (21.4) 0.025<P<0.050
6.5 1 (1.2) 0 (0.0)
7 67 (77.9) 9 (21.4) P<0.001
Total 86 42
aCalculated using 2 distribution tests.
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FRAXAC1 allele A in the fragile X population as
compared to controls (21% vs 10%, respectively), these
differences did not attain the level of statistical
significance.

The distribution of DXS548 alleles revealed sig-
nificant differences between the two populations: most
of the normal chromosomes carried the DXS548 allele
7 (78% vs 21% on fragile X chromosomes), whereas
the fragile X chromosomes showed preferential asso-
ciation with alleles 2 (36% vs 7% in controls), 5 (19%
vs 1% in controls) and 6 (21% vs 8% in controls).
DXS548 intermediate alleles 5.5 and 6.5 were each
observed only once in controls and fragile X
chromosomes.

Overall, 16 different haplotypes were observed in
control and fragile X chromosomes (Table 3). ø2 dis-
tribution tests showed significant differences between
FRAXAC1-DXS548 haplotypes C-7 and D-6 in the two
populations. Most of the normal chromosomes had the
C-7 haplotype (70% vs 2% in fragile X chromosome).
In contrast, four haplotypes alone accounted for the
majority of the fragile X chromosomes: A-2 (17% vs
5% in controls); C-2 (19% vs 0% in controls); C-5 (19%
vs 0% in controls); D-6 (21% vs 6% in controls).

The haplotype distribution in the fragile X popula-
tion was as could be expected from the allele fre-
quencies. On the contrary, in the normal population,
the frequency of the C-7 haplotype was higher than that
expected from allele frequencies. The heterozygosity
values for FRAXAC1 and DXS548 were 45.8% and

38.1% in controls, and 65.1% and 75.5% in the fragile
X sample, respectively.

Discussion
A high mutation rate has been suggested to explain the
high prevalence of the fragile X syndrome despite the
reduced reproductive fitness of affected males and
females.17,18 To date, however, de novo mutations have
not been detected.19,20 Moreover, significant linkage
disequilibrium between the FMR1 locus and flanking
microsatellite markers has now been reported in
several Caucasian populations,12,21–29 thereby suggest-
ing a founder effect in the fragile X syndrome. This
represents a very unusual finding for an X-linked
disease with high prevalence and in which affected
males rarely reproduce. Morton and Macpherson pro-
posed a multistep model with four different types of
alleles for the fragile X locus.30 According to this model,
a mutated allele, S ( > 50 CGG repeats) would originate
from a normal stable allele, N. S alleles would have a
high prevalence in the population and could be
maintained for as many as 90 generations, after which
they could give rise to an unstable allele, Z (premuta-
tion). The full mutation, L, would arise from Z at a
remarkably high rate, requiring a female germline
transmission. This model was the first to provide an
explanation for the possible coexistence of a high
frequency of the mutation and a founder effect.

Using the combination of the two microsatellite
markers FRAXAC1 and DXS548, we analysed 128
Portuguese chromosomes, including 86 controls and 42
fragile X males.

The pattern observed in the control population was
very similar to that described in other studies, with C-7
being the most frequent haplotype.28,29

The frequency of haplotype C-7 in normal chromo-
somes was significantly higher than that expected from
the corresponding allele frequencies. This finding may
indicate the existence of linkage disequilibrium
between the two markers and/or the selective advan-
tage of this haplotype when associated with the normal
FMR1 gene as compared to C-7 fragile X
chromosomes.

The higher frequencies of A-2, C-2, C-5 and D-6
haplotypes in the fragile X population suggest the
existence of linkage disequilibrium between the mutant
FMR1 gene and these haplotypes. In agreement with
other studies,21–29 A-2 and D-6 were also highly
prevalent in our sample (38% of patients), supporting

Table 3 FRAXAC1-DXS548 haplotypes on control and
fragile X chromosomes. Percentage values are indicated in
brackets

Haplotypes Controls Fra(X) P-valuea

FRAXAC1/DXS548
A-1 3 (3.5) 0 (0.0)
A-2 4 (4.7) 7 (16.7)
A-3 1 (1.2) 0 (0.0)
A-5.5 0 (0.0) 1 (2.4)
A-6 1 (1.2) 0 (0.0)
A-7 0 (0.0) 1 (2.4)
B-2 1 (1.2) 0 (0.0)
C-2 0 (0.0) 8 (19.0)
C-5 0 (0.0) 8 (19.0)
C-6 1 (1.2) 0 (0.0)
C-7 60 (69.8) 1 (2.4) P<0.001
D-2 1 (1.2) 0 (0.0)
D-5 1 (1.2) 0 (0.0)
D-6 5 (5.8) 9 (21.4) 0.005<P< 0.010
D-6.5 1 (1.2) 0 (0.0)
D-7 7 (8.1) 7 (16.7) 0.100<P<0.250
Total 86 42
aCalculated using 2 distribution tests.
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the contention that these two haplotypes are present on
ancestral European fragile X founder chromo-
somes.28,29 The presence of haplotypes C-2 and C-5 in
16 (38%) fragile X chromosomes, suggests the exis-
tence of specific founder mutations in Portuguese
patients, since no similar findings have been observed in
other populations.

Thus it seems that no single high-risk haplotype
exists in the Portuguese population, but instead a
‘protector’ haplotype (C-7) could be identified account-
ing for 70% of the normal population and less than 3%
of the fragile X chromosomes.

The greater haplotype diversity observed on fragile
X chromosomes as compared with controls, which is
demonstrated by the higher heterozygosity values for
both FRAXAC1 and DXS548 in the former group,
seems difficult to reconcile with a putative founder
effect. In fact in a genetic disease, patients are expected
to be less heterogeneous than the normal population.
In fragile X syndrome, however, we observed that
patients are more heterozygous for the linked micro-
satellites than are controls. Some of the low frequency
haplotypes may have been formed via recombination,
as seems to be the case with the A-7 fragile X
associated haplotype, which could have originated by
recombination between the C-7 normal and A-2 fragile
X haplotypes. However, this mechanism (low-fre-
quency haplotypes being derived from major ones by
recombination) cannot explain all haplotypes asso-
ciated with the disease.

A complementary explanation for the greater heter-
ogeneity observed in the fragile X sample, could be the
occurrence of a limited number of primary events
(founding mutations) in a restricted number (3–6) of
haplotypes, irrespective of their frequency in the
control population.24 The less frequency fragile X
haplotypes (eg A-5.5, A-7 and D-7) might represent,
according to this theory, more recent mutations.

Yet another mechanism which could possibly account
for the greater heterogeneity found in fragile X samples
has been proposed by Zhong et al.28 According to this
model, the FMR1 mutation would cause an increased
mutation rate of nearby microsatellite loci, either
through gene conversion or localised microsatellite
instability. This mechanism, however, could account for
the higher than expected frequencies of A-2 and D-6
haplotypes in the fragile X population only if one
assumed that this type of instability was ‘directional’
(non-random), favouring the generation of these (the
above mentioned) haplotypes.

Alternatively, some external factor (eg a mutation at
a DNA repair locus) could cause instability of this
entire region.27 However, this seems highly unlikely
since we are not aware of reports on a higher incidence
of fragile X syndrome in individuals, eg with Lynch
syndrome and microsatellite instability due to a DNA
mismatch repair deficiency. In conclusion, our results
reveal significant differences in allele and haplotype
frequencies (FRAXAC1 and DXS548 loci) between
fragile X and normal chromosomes in Portugal, con-
firming the existence of specific fragile X founder
chromosomes.
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