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Distribution of CGG Repeats and FRAXAC1/DXS548
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In order to assess the molecular variability
related to fragile X (FMRI1 locus), we investi-
gated the distribution of CGG repeats and
DXS548/FRAXAC1 haplotypes in normal
South American populations of different
ethnic backgrounds. Special attention was
given to Amerindian Wai-Wai (Northern
Brazil) and Ache (Paraguay), as well as to
Brazilian isolated communities of African
ancestry, the remnants of quilombos. Com-
parison of samples from quilombos, Amer-
indians, and the ethnically mixed, but
mainly European-derived population of Sao
Paulo revealed that the 30-copy allele of the
fragile X gene is the most frequent in all
groups. A second peak at 20 repeats was
present in the population of Sao Paulo only,
confirming this as a European peculiarity.
The distribution of DXS548 and FRAXAC1
alleles led to a high expected heterozygo-
sity in African Brazilians, followed by that
observed in the population of Sao Paulo.
Amerindians showed the lowest diversity in
CGG repeats and DXS548/FRAXAC1 haplo-
types. Some rare alleles, for example, the
148-bp (FRAXAC1) or 200-bp (DXS548) var-
iants, which seem to be almost absent in
Europe, occurred in higher frequencies
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among African Brazilians. This suggests a
general trend for higher genetic diversity
among Africans; these rarer alleles could be
Africanin origin and would have been lost or
possibly were not present in the groups that
gave rise to the Europeans.
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INTRODUCTION

Fragile X syndrome is one of the most frequent in-
herited forms of mental retardation. It results from
expansions in the CGG repeat in the 5 untranslated
region of the FMRI gene. This CGG region is poly-
morphicin the normal population and varies in size from
6 to about 50 repeats. A classification of fragile X muta-
tions into premutations and full mutations has been
proposed [Oberlé et al., 1991]. When 50-200 copies of
CGG repeats are present, individuals are carriers of
the premutation and it has apparently no negative
effects on mental development [Rousseau et al., 1991].
When transmitted by females, the premutation has a
high probability of expanding into a full mutation, and
the risk of expansion increases with the size of the
premutation [Heitz et al., 1992; Yu et al., 1992]. In
carriers of the full mutation, the number of copies
greatly exceeds 200 and transcription silencing of the
FMRI1 gene occurs [Pieretti et al., 1991].

Ithasbeen questioned how CGG repeatsin the normal
size range (6—50 repeats) may expand into premuta-
tions, generating new disease alleles. Linkage disequili-
brium with microsatellite markers flanking the FMR1
gene was studied to determine the origin of fragile X
mutations in populations from several countries, and
certain predisposing haplotypes have been identifi-
ed [reviewed in Chiurazzi et al., 1996a]. We also found
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strong linkage disequilibrium of the fragile X muta-
tion with two DXS548/FRAXACI haplotypes when we
compared fragile X and normal chromosomes in the
Brazilian population [Mingroni-Netto et al., 1999].

The risk of expansion of a normal repeat into a pre-
mutation allele was found to be associated with the inter-
spersion of the CGG tract with AGGs, which seemed to
protect normal CGG repeats from expanding into disease
alleles [Hirst et al., 1994; Kunst and Warren, 1994; Snow
etal., 1994; Eichler et al., 1995, 1996]. The latter authors
proposed two main pathways for the origin of the
mutation. In the first, large alleles of the DXS548 and
FRAXACI1 markers (haplotype 2-1 or 204/158 bp) are
associated with high numbers of CGG repeats, leading
to predisposed chromosomes, which tend to gradually
increase their number of repeats. Alternatively, there is
another main risk haplotype (6-4 or 196/152 bp), which
is not necessarily associated with high numbers of CGG
copies, but to sequences that appear particularly prone
to expand because of the loss of AGG interruptions.
These alleles could progress rapidly into larger alle-
les through the instability of pure CGG tracts, mainly at
the 3’ end of the repeat. These above-indicated arrange-
ments correspond to the two most frequently observed
haplotypes in affected males in Brazil [Mingroni-Netto
et al., 1999]. The two pathways may be interpreted
as the result of unidentified cis-acting factors acting
on or solely dependent on the structure of the repeats
themselves.

Recently, new insights about the origin of fragile
X mutations have emerged through population studies
in African Americans [Crawford et al., 2000a, 2000b].
Several important differences were observed between
African and European-derived American populations:
two haplotypes, not previously associated with the
mutation among Caucasians, were found to be frequent
in African American fragile X chromosomes (4-4 or 200/
152 bp and 3-4 or 202/152 bp). These data suggest that
the haplotype associations identified in Caucasians may
not be influenced by cis-acting sequences. On the other
hand, they are consistent with the idea that the Cauca-
sian mutational history differs from that of Africans:
initial mutational events occurred on different haplo-
type backgrounds in different ethnic groups. Based on
CGG structures associated with the most frequent
fragile X haplotypes in African Americans, they pro-
posed that the lack of a proximal (5') AGG interruption
is a novel factor involved in CGG repeat instability
[Crawford et al., 2000Db].

In the present study we determined the distribution of
CGG repeats and linked DXS548/FRAXAC1 haplotypes
in South American populations of different ethnic back-
grounds. Special attention was given to Amerindians
and isolated communities of African ancestry. Before
1888, when slavery was abolished in Brazil, many com-
munities (quilombos) were founded by African slaves
who had escaped or were abandoned by the owners of the
land where they worked. Today, these communities are
referred to as remnants of quilombos, and they remain
at least partially genetically isolated. It is estimated
that there are 700 such communities spread over the
Brazilian territory. They can be regarded as relics of the

original African contribution to the composition of the
present Brazilian population. We studied communities
located in the states of Bahia (Rio das Ras group) and
Maranhéao (Pontal and Cajual).

Individuals from two Amerindian populations, the
Ache and the Wai-Wai, were also studied. Wai-Wai is a
generic identification of a group of people who speak
dialect variations of the linguistic family Parukoto-
Charuma, of the Carib stock. They live in the Mapuera
River basin, medium and high Nhamunda, headwaters
of the Jatapu and Trombetas Rivers, at the frontier
between Brazil and Guiana. The Wai-Wai have been ex-
tensively studied from demographic and genetic points
of view [Callegari-Jacques et al., 1996]. The Ache are one
of the most southerly representatives of the tropical
forest Tupi linguistic stock. They reside in the Alto
Parana area of eastern Paraguay and have been ex-
tensively studied ecologically, medically, and demo-
graphically [Hill and Hurtado, 1996].

SUBJECTS AND METHODS
Subjects
African Brazilians

54 individuals (22 males and 32 females) from the
remnant of quilombo Pontal. This community com-
prises 312 individuals of African ancestry and
is located near the town of Bequiméo, state of
Maranhéao.

35 individuals (12 males and 23 females) from the

community of Cajual. Cajual is an island with 216

inhabitants, near the town of Alcantara, state of

Maranhao.

individuals (47 males and 119 females) from

quilombo communities located in the region of Rio

das Ras, near the town of Bom Jesus da Lapa, state
of Bahia. The Rio das Ras group comprises a set of
quilombo communities with about 3,000 inhabi-
tants; most samples were obtained from the largest
communities of Rio das Ras and Brasileira. Other
smaller quilombos in the same region are Capao do
Cedro, Enchu, and Bom Retiro.

Amerindians

26 Ache individuals (14 males and 12 females) from
eastern Paraguay, whose samples were obtained at
the Arroyo Bandera and Chupa Pou reservations.

16 Wai-Wai (6 males and 10 females) living near the
frontier between Brazil and Guiana.

166

Euro-Brazilians

64 normal chromosomes from heterozygous mothers of
fragile X patients studied in our genetic counseling
unit [Mingroni-Netto et al., 1999]. The ethnically
mixed population of Sdo Paulo is predominantly
European in origin, but as revealed by other mole-
cular studies of Brazilian populations, European-
derived people in Brazil have certainly experienced
a considerable amount of genetic admixture with
native (Amerindians) and African-derived persons.
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The population of Sdo Paulois representative of this
ethnic heterogeneity.

The localization of all samples studied is shown in
Figure 1.

Methods

PCR amplifications of FRAXAC1 and DXS548 alleles
were performed as previously described [Mingroni-
Netto et al., 1999]. The allele nomenclature used here
and their correspondence to other denominations are
presented in Tables I and II.

PCR amplifications of CGG repeats at locus FMRI
were performed with primers ¢ and f [Fu et al., 1991],
according to a protocol previously described [Kenneson
et al., 1997], except that “the perfect match” (Strata-
gene) was not employed.

Electrophoresis conditions and sizing of alleles have
also been described [Mingroni-Netto et al., 1999]. The
CGG repeat number was determined through electro-
phoresis in sequencing acrylamide gels and comparison
of the strongest radioactive PCRbands with an M13mp18
sequencing ladder. According to the original sequence
[Fu et al., 1991], the modal 308-bp PCR product
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corresponded to the 29 CGG allele. However, after
sequencing some individuals from the total sample,
in an ABI 377, it was clear that the modal repeat
number corresponded to 30 copies. Therefore, one repeat
was added to the estimated copy number after gel
electrophoresis.

The methods for obtaining population variability
estimates (expected and observed heterozygosity levels)
and of fixation indexes (F) are described in standard
textbooks such as Nei [1987].

RESULTS AND DISCUSSION
Distribution of CGG Repeats

The distribution of the CGG repeats found in all
populations studied is presented in Table III. The most
frequent fragile X CGG repeat observed in Euro-
Brazilians from Sao Paulo, Quilombo remnants (African
Brazilians), and Amerindians was that of 30 copies.

The modal repeat number in several populations of
European ancestry was reported as 30 [Brown et al.,
1993; Chiurazzi et al., 1996¢; Kunst et al., 1996] or 29
[Fu et al., 1991; Jacobs et al., 1993; Macpherson et al.,
1994; Syrrou et al., 1996]. We observed after comparison

S0 PAULG™: e
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Fig. 1.

Localization of the populations studied. PO =Pontal, CA = Cajual, RR = Rio das Ras, AC = Ache, WW = Wai-Wai, SP = Sao Paulo.
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TABLE I. Correspondence Between Allele Denominations for DXS548 Alleles

Reference Alleles

Riggins et al. [1992] and 194bp 196bp 198bp 200bp 202bp 204bp 206 bp
present study

Macpherson et al. [1994] 7 6 5 4 3 2 1

Chiurazzi et al. [1999] T40 T42 T44 T46 T48 T50 T52

Crawford et al. [2000a] 195 197 199 201 203 205 207

of the strongest band with an M13mp1l8 sequencing
ladder that the modal repeat number was 29. The same
method was employed by others [Fu et al., 1991; Jacobs
et al., 1993] However, preliminary sequencing results
from our own laboratory have shown 30 CGGs for indi-
viduals previously classified as 29 after gel electrophor-
esis. So, we considered that the modal repeat number is
in fact 30 and added one triplet to our former classifica-
tion of alleles. Discrepancy is probably due to an artifact
of mobility of the repeat on gel [Warren and Nelson,
1994]. 1t is likely, as others have previously observed
[Chiurazzi et al., 1999], that some differences in the
modal repeats in different populations may occur as a
consequence of problems in allele standardization: most
European populations must have a mode of 30 repeats.
This, however, could be classified as 29 in some labora-
tories, depending on the method of size determination.
The distribution of CGG repeats in the mixed popu-
lation of Sao Paulo shows a secondary peak at 20 (or
19 copies after electrophoresis), with a frequency of
19.0%. This peak is absent in quilombos and Amerin-
dians. The population from Sao Paulo comprises an
admixture of genes from several ethnic groups, includ-
ing an important Portuguese contribution through colo-
nization and Amerindian and African contributions,
obtained through their historical interbreeding. Later
on, in the last hundred years, other immigrants came
from Europe (Italians, Spaniards, and Germans) and
Asia (Japanese and Chinese). Despite this admixture,
the CGG distribution observed in Sao Paulo is very
similar, including the peak around 20 copies, to the large
majority of European samples reported in the literature.
On the other hand, in the African samples described
to date [Chiurazzi et al., 1996b (Bamileke, Cameroon);
Kunst et al., 1996 (Wolof and Mandenka, Senegal);
Eichler and Nelson, 1996 (Baka and Mbuti Pygmy)] and
among African Americans [Eichler et al., 1995; Craw-
ford et al., 2000a], the 19-or 20-copy allele is rare. In
quilombos, the absence of the peak around 19 or 20
copies might explain somewhat the lower expected

TABLE II. Correspondence Between Allele Denominations for

FRAXACT Alleles

Reference Alleles
Richards et al. [1991] D C B A
Zhong et al. [1993] and 152bp 154bp 156bp 158 bp

present study
Macpherson et al. [1994] 4 3 2 1
Zhong et al. [1995] 18 19 20 21
Chiurazzi et al. [1999] T36 T38 T40 T42
Crawford et al. [2000a] 109 111 113 115

heterozygosity of CGG repeats in African Brazilians,
when compared to those of Sao Paulo (Table III). In
Japanese [Arinami et al., 1993], Chinese [Pang et al.,
1999], and other Asians [Eichler et al., 1995; Chen et al.,
1997], this peak does not occur either. Our results
corroborate that the high frequency of 19 or 20 copiesis a
European peculiarity. One could speculate that this
allele increased its frequency in Western Europe, pro-
bably much later than the early dispersals from ances-
tral populations coming from Africa. In Asians, a second
peak around 36 or 37 copies seems to be characteristic
[Arinami et al., 1993; Eichler et al., 1995; Chen et al.,
1997; Pang et al., 1999]. The higher frequency of 20-copy
alleles among Europeans and 36-copy alleles among
Asians seem to be a signature of founder effects in
groups that gave rise to the present Asian and Western
European populations.

Although sample sizes were limited, in Amerindians
only 29 and 30 copies of the repeat were present. South
American Indians were previously studied by Eichler
and Nelson [1996]: 10 Karitiana, 10 Mayans, and
12 Surui. Only two repeat lengths (29 and 30) were
found among Mayan and Surui, and four alleles (29, 30,
40, and 41) were reported among the Karitiana. These
findings suggest that genetic variability of CGG repeats
is much lower among Amerindians than Africans.

FRAXAC1 and DXS548 Alleles Distribution

The distribution of FRAXAC1 alleles presented in
Table IV shows some peculiarities of the quilombo com-
munities. A higher expected heterozygosity was observ-
ed for all the African ancestry communities. Similar
values were obtained in the Bamileke of Cameroon
[Chiurazzi et al., 1996b]. This can be partially explained
by the occurrence of a 156-bp allele, which is absent
in the Sao Paulo sample and in Amerindians, and the
presence of other rare alleles among Africans. It is
remarkable that the rare 148-bp allele is present in the
mixed population of Sdo Paulo and in quilombo commu-
nities in frequencies of 1.4% to 3.8%, respectively. This
allele has been reported only once in Europe, in a sample
from the United Kingdom [Jacobs et al., 1993]. On the
other hand, it was reported in the Bamilekes [Chiurazzi
et al., 1996b] and in Mandenka of Senegal and African
Americans [Kunst et al., 1996]. This suggests that this
allele is probably African in origin and was not present
in the African populations that migrated to Europe, or
was subsequently lost.

The same trend toward higher genetic diversity in
the African-derived communities was observed in the
DXS548 locus (Table V). Rare alleles in Sao Paulo, like
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202 and 200 bp, were observed in higher frequencies in
the quilombos. There is a remarkable lack of genetic
variation in this locus and FRAXAC1 among Amerin-
dians (Tables IV and V). It would be interesting to see if
the same results are verified in larger samples.

The general trend for higher heterozygosity in our
African-derived communities is in agreement with the
general finding of higher levels of African diversity in
mtDNA, a number of autosomal microsatellites, and
several Y chromosome loci [Jorde et al., 2000; Ingman
et al., 2000]. This gives support to an African origin of
modern Homo sapiens or, alternatively, to suggestions
of larger effective population sizes in Africa or earlier
population expansions in Africa than in Europe or Asia
[Bowcock et al., 1994; Jorde et al., 1995, 1997; Shriver
et al., 1997].

It is interesting that Brazilian quilombos still show
similarity with the original African diversity, detected
in their high expected heterozygosity indices. This
diversity still persists despite the fact that populations
are small and were at least partially isolated for
centuries. This might be due to: 1) genetic admixture
in the foundation of quilombos, since Brazilian slaves
belonged to different African ethnic groups; and 2)
genetic admixture with Europeans and Amerindians;
there are records, for at least some of the most studied
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quilombos, that Amerindians and even Europeans
joined Africans in their resistance to the colonial slavery
society. Also, it is well known that slave women often
had children fathered by their Portuguese masters. The
extent of this admixture is being addressed by a number
of Brazilian geneticists who are estimating Amerindian
and European genetic contribution toward quilombos
and Brazilian Caucasian populations using molecular
markers [Alves-Silva et al., 2000].

A low genetic diversity in Amerindians is not un-
expected, since they usually live in small groups, with
limited gene flow between tribes. These populations are
much older than the quilombos and seem to have ex-
perienced more geographic isolation, leading to exten-
sive founder effects and bottlenecks.

In all three systems tested, there appears to be a
deficit in observed, when compared to expected, hetero-
zygosity. This led to very high estimates of F in all
groups. In Sao Paulo, F could not be calculated because
the sample was obtained from normal X chromosomes of
fragile X mothers; thus, all were heterozygotes for the
fragile X mutation. For combining the F values obtained
for the three loci of each population, we averaged the
individual F values by the reciprocals of their variances.
We obtained F values of 0.3173, 0.2757, 0.3982, and
0.3151 for Pontal, Cajual, Rio das Ras, and Brasileira,

TABLE VI. DXS548/FRAXAC1 Haplotypes in Males, and Females Whose Haplotypes Could Be Determined (Homozygotes in One of

the Microsatellites)
Quilombos Amerindians Euro-Brazilians
Pontal Cajual Rio das Ras’ group Sao Paulo®

DXS548/FRAXAC1

haplotypes (bp) N % N % N % N % N %
194/154 23 32.9 20 46.5 61 26.4 43 81.1 35 58.3
196/152° 9 12.9 4 9.3 14 6.1 5 8.3
204/152 0 0 2 0.9 4 6.7
204/158° 1 14 0 1 0.4 2 3.3
194/152 13 18.6 6 14.0 27 11.7 10 18.9 2 3.3
196/154 5 7.1 5 11.6 16 6.9 2 3.3
206/158 0 0 0 2 3.3
194/158 0 0 2 0.9 1 1.7
198/154 3 4.3 1 2.3 16 6.9 1 1.7
194/148 1 1.4 0 3 1.3 1 1.7
196/148 1 14 0 0 1 1.7
200/152°¢ 2 2.9 0 8 3.5 1 1.7
198/148 0 1 2.3 1 0.4 0

200/154 0 1 2.3 10 4.3 0

202/152°¢ 0 1 2.3 5 2.2 0

204/154 3 4.3 0 3 1.3 0

202/154 3 4.3 0 13 5.6 0

192/154 0 0 2 0.9 0

194/156 2 2.9 2 4.6 20 8.7 0

200/156 0 0 3 1.3 0

198/152 1 1.4 2 4.6 8 3.5 0

204/156 0 0 2 0.9 0

196/156 0 0 2 0.9 0

196/158 0 0 2 0.9 0

198/156 0 0 2 0.9 0

Others 3 4.3 0 8 3.5 3 5.0
Total 70 43 231 53 60

#Mingroni-Netto et al. [1999].

PMost frequent haplotypes in fragile X chromosomes among European-derived populations.
“Most frequent haplotypes in fragile X chromomosomes among African Americans [Crawford et al., 2000a].
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TABLE VII. DXS548/FRAXAC1/CGG Haplotypes in Males and Females Whose Haplotypes could Be Determined
(Homozygotes in Two of the Microsatellites)

Number of individuals

DXS548/FRAXAC1 Number of Rio das Ras’
haplotypes (bp) CGG repeats Pontal Cajual group Amerindians Séao Paulo
194/154 20 1 3 10

21 1

23 3 2

26 1 1

28 1 1

29 3 3 6 3

30 12 12 30 13 8

31 1 5 2

32 1

34 1

36 1

37 1

41 1
Total 20 17 47 13 30
194/152 17 1

22 5

24 2

29 5 2 6 1

30 4 6

31 4 3

36 1

41 1
Total 13 4 22 1 1
194/156 22 1

23 2

29 1

30 10

31 1 2

34 1
Total 0 1 17 0 0
196/152% 22 1

23 1

25 2

28 2

29 2 1 5 1

30 1 3 1

31 1

32 1

34

35 3

42 1
Total 7 4 11 4
204/158% 29 1

41 1

43 1
Total 1 0 0 0 2
196/154 21

23 1

28 1

29 2 1

30 1 2 9

31 1 1

35 1

38 1
Total 3 4 12 2
200/152° 29 4

30 1

31 1 1

32 1
Total 1 0 7
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TABLE VII. (Continued )
Number of individuals

DXS548/FRAXAC1 Number of Rio das Rag’
haplotypes (bp) CGG repeats Pontal Cajual Group Amerindians Sao Paulo
202/152° 29 1 4

30 1
Total 1 0 5 0 0
Others 7 3 64 0 9
Total 53 33 185 14 48

#Most frequent haplotypes in fragile X chromosomes among European-derived populations.
"Most frequent haplotypes in fragile X chromosomes among African Americans [Crawford et al., 2000a].

respectively. We also calculated the combined F for ano-
ther sample of 96 females, collected in the same labo-
ratory in Sado Paulo, for menopause studies [Costa,
personal communication]; in this group, F=-0.020.
Thus, it is likely that high values of F obtained in
quilombos may be the consequence of frequent endoga-
mous marriages in small populations or population
structures not detected in the collection of samples.

DXS548/FRAXAC1/CGG Haplotypes

Table VI shows the most frequent DXS548/FRAXAC1
haplotypes in all samples, indicating those previously
associated with fragile X mutations. Table VII shows
DXS548/FRAXAC1/CGG haplotypes. The most frequent
DXS548/FRAXACI haplotype is 194/154 (7-3), which is
frequently associated with the 30-copy allele. The 20-
copy allele observed in Sao Paulo always appeared in a
194/154 background. The main risk haploype for fragile
X in Brazil, 204/158, appeared twice in Sao Paulo and
only once in Pontal and Rio das Ras. In Sao Paulo, it was
associated with the high repeat numbers of 41 and 43.
The other risk haplotype for Europeans, the second more
frequent in fragile X syndrome in Brazil (196/152 or 7-4)
occurred among African Brazilians and in Sdo Paulo
associated with different repeat numbers, and did not
occur among Amerindians. The risk haplotypes in
African Americans, 200/152 or 4-4 and 202/152 or 3-4
[Crawford et al., 2000a], are rare in quilombos and
occurred only once in Sao Paulo. The DNA of a subset of
individuals, especially those presenting with risk alleles
or haplotypes, will be submitted to sequencing studies.
Our aim is to test the hypothesis that lack of 5 AGG
interruptions in the CGG tract is also a predisposing
factor in CGG expansions [Crawford et al., 2000b].
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