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Genetic Variation and Evolutionary Stability of the 
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In an attempt to understand the allelic 
diversity and mutability of the human 
FMRl CGG repeat, we have analyzed the 
AGG substructure of this locus within 
six genetically-closed populations (Mbuti 
pygmy, Baka pygmy, R. surui, Karitiana, 
Mayan, and Hutterite). Most alleles (61/92 or 
66%) possessed two AGG interspersions oc- 
curring with a periodicity of one AGG every 
nine or ten CGG repeats, indicating that 
this pattern is highly conserved in all hu- 
man populations. Significant differences in 
allele distribution were observed among 
the populations for rare variants possess- 
ing fewer or more AGG interruptions than 
the canonical FMRl CGG repeat sequence. 
Comparisons of expected heterozygosity of 
the FMRl CGG repeat locus with 30 other 
microsatellite loci, demonstrated remark- 
ably similar levels of polymorphism within 
each population, suggesting that most 
FMRl CGG repeat alleles mutate at rates in- 
distinguishable from other microsatellite 
loci. A single allele (1 out of 92) was identi- 
fied with a large uninterrupted tract of 
pure repeats (42 pure CGG triplets). Retro- 
spective pedigree analysis indicated that 
this allele had been transmitted unstably. 
Although such alleles mutate rapidly and 
likely represent evolving premutations, our 
analysis suggests that in spite of the esti- 
mated frequency of their occurrence, these 
unstable alleles do not significantly alter 
the expected heterozygosity of the FMRl 
CGG repeat in the human population. 
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INTRODUCTION 
The fragile X syndrome is the most common form of 

inherited mental retardation in man. Although a con- 
siderable range in the incidence of this disease has been 
reported [Turner et al., 1986; Turner et al., 1992; Webb 
and Bundey, 1991; Webb et al., 1986; Webb et al., 19861, 
epidemiological investigations considering cytological, 
molecular and clinical aspects of the disease indicate 
a frequency of approximately 1/2,000 [Morton et al., 
19951. Cases of the fragile X syndrome, furthermore, 
have been observed among diverse human populations, 
suggesting no particular ethnic predilection to the 
development of the disease [Howard-Peebles and Stod- 
dard, 1980; Rhoads, 1984; Rivera et al., 1981; Soysa 
et al., 1982; Venter et al., 19811. 

The disease is caused primarily by the expansion of a 
CGG repeat, located in the first exon of the FMRl gene 
[Fu et al., 1991; Kremer et al., 1991; Oberle et al., 1991; 
Yu et al., 19911. Expansion of the repeat beyond 200 re- 
peat units results in hypermethylation of the putative 
promoter region, abolition of FMRl transcription and 
concomitant mental retardation [Pieretti et al., 1991; 
Sutcliffe et al., 19921. FMRl CGG repeat alleles have, 
in general, been assigned to  one of three categories 
based on total repeat length [Fu et al., 1991; Snow 
et al., 19931 . Normal (stable) alleles length vary from 
5-55 repeat units in length; premutation (unstable) 
alleles are generally larger (60-200) and progress 
rapidly, within a few generations to full mutations 
(>200-2,000 repeats) associated with disease. How- 
ever, considerable overlap has been reported between 
normal and premutation alleles, suggesting that total 
repeat length may not be a sufficient indicator of sta- 
bility at  this locus [Fu et al., 1991; Reiss et al., 1994; 
Richards et al., 1992; Zhong et al., 19931. Recent inves- 
tigations into the AGG substructure of the FMRl CGG 
repeat have provided the molecular basis for this over- 
lap [Eichler et al., 1994; Hirst et al., 1994; Kunst and 
Warren, 1994; Snow et al., 19941. Most alleles among 
Caucasian populations possess AGG interruptions oc- 
curring with a periodicity of once every nine or ten CGG 
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repeats [Eichler et al., 1994; Hirst e t  al., 1994; Kunst 
and Warren, 1994; Snow et  al., 19941. Infrequently 
(-2.0%), rare alleles have been observed in the normal 
population which are deficient in AGG interruptions 
and also possess a longer tract of uninterrupted repeats 
(>20 pure repeats). Intergenerational transmission 
studies of premutation and unstable alleles in human 
pedigrees show a correlation between the length of this 
tract of pure repeats and the propensity for instability, 
with unstable transmissions being observed around 
lengths of 35 pure repeats. The scarcity of AGG inter- 
ruptions among premutation and unstable alleles, fur- 
thermore, has suggested that the loss of AGG interrup- 
tions may be a pivotal event in predisposing normal 
human alleles to disease. 

The FMRl CGG repeat belongs to a class of short 
tandem repetitive DNA sequences (STRs) known 
as  microsatellites. Microsatellites are abundant in 
the human genome and are frequently polymorphic 
[Weissenbach et al., 19921, with the informativeness of 
these markers dependent on the purity of the repeat 
[Riggins et al., 1992; Weber, 19901. Relative to non- 
repetitive DNA, microsatellites have been shown to 
mutate rapidly with rates ranging from 1 x to 1 x 
10-5[Bell and Torney, 1993; Edwards et al., 1992; Hast- 
backa et al., 1992; Kwiatkowski et al., 19911. The 
propensity for microsatellites to mutate is property of 
their repetitive DNA structure and is likely mediated 
by processes which involve the formation of mispaired 
slip-strand intermediates [Bell and Torney, 1993; 
Levinson and Gutman, 1986; Schlotterer and Tautz, 
19921. In  addition, to normal microsatellite polymor- 
phic variability, it has been suggested based on the 
FMRl CGG microsatellite might, also, incur mutations 
(rate 2.5 X which are predisposed to the develop- 
ment of disease [Morton and Macpherson, 19921. Such 
“rare” new mutant alleles increase in size at a rate of 
1 x lO-‘/generation, requiring an  estimated 90 genera- 
tions to progress to the full mutation or disease state 
[Chakravarti, 19921. The existence of these intermedi- 
ates has been used to explain the high incidence of the 
fragile X syndrome, despite strong selection pressure 
against the fully mutated allele [Morton and Macpher- 
son, 19921. Owing to the longevity of predisposed al- 
leles in the population and their increased propensity to 
mutate, one might expect such alleles to contribute sig- 
nificantly to the polymorphism of the FMRl CGG repeat 
[Morris et al., 1995; Morton and Macpherson, 19921. 

Genetically closed populations provide a unique ex- 
perimental context to assess microsatellite instability 
and to investigate the mutation rates of alleles predis- 
posed to genetic disease [Bowcock et al., 1994; Edwards 
et  al., 1992; Hastbacka et al., 19921. We have examined 
both sequence content and length variation of the FMRl 
CGG repeat in six diverse and genetically closed popu- 
lations, namely, the Mbuti pygmy, Baka pygmy, Surui, 
Karitiana, Mayans, and Hutterites. Despite extensive 
genetic isolation and distant (200,000 years) [Bowcock 
et al., 1994; Dorit et al., 1995; Horai et al., 19951 genetic 
separation among these various populations, the sub- 
structure of the FMRl CGG repeat is remarkably con- 
served, with the AGG interruptions occurring consis- 

tently with a periodicity of once every nine or ten CGG 
repeats. Although ethnic differences exist, these obse r- 
vation suggest that the canonical symmetrical array 
structure (CGG)9AGG( CGG)SAGG(CGG)S likely repre- 
sents one of the ancestral states in the human popula- 
tion. We have calculated the expected heterozygosit,y 
based on repeat length and sequence content for the 
FMRl CGG repeat locus in each population. Our mea- 
sures of polymorphic heterogeneity of the FMRl CGG 
repeat closely approximate previous estimates of aver- 
age heterozygosity for these populations based on 30 mi- 
crosatellite loci [Bowcock et al., 1994; Kidd et al., 1991 ], 
suggesting that the FMRl CGG repeat mutates a t  a fre- 
quency similar to other microsatellites. In our analysis, 
a single allele (1/92) was identified with a long uninter- 
rupted tract of pure CGG repeats (42 repeats). Retro- 
spective pedigree analysis indicated that this allele was 
unstably transmitted consistent with previous models 
that an instability threshold exists beyond 35 repeats. 
Based on the observed frequency of this unstable evolv- 
ing premutation, the size of the founding population 
and the occurrence of the last genetic bottleneck in this 
group, we calculate that predisposing mutations occur 
a t  a rate of 2.4 X Such mutations, we estimate, 
generate a small proportion (-1%) of all FMRl CGG re- 
peat alleles and do not contribute significantly to the 
heterozygosity of this locus, suggesting a rapid progres- 
sion to the disease state. 

MATERIALS AND METHODS 
DNA Samples 

DNA samples for the Surui (Rondhia, Brazil), Mayan 
(Campeche, Mexico), Karitiana (Brazil), Baka pygmy 
(Cameroon), and Mbuti pygmy (Zaire) were obtained 
from 41 unrelated male individuals from the Human 
Genome Diversity Project as described previously [Bow- 
cock et al., 1994; Kidd et al., 19911. Samples from the 
Hutterite population (North America) were obtained 
from unrelated male individuals representing all three 
branches (Lehrerleut, Dariusleut, and Schmiedeleut) 
from collections maintained a t  Integrated Genetics. Ini- 
tially, a total of 15 Hutterite samples were analyzed for 
repeat length and CGG repeat substructure (Table I). An 
additional 26 samples (22 unrelated and four from pedi- 
grees) were analyzed subsequently in order to ascertain 
stability of uninterrupted pure CGG repeat alleles in 
this population. 

AGG Interspersion Analysis 
FMRl CGG repeat length and AGG substructure were 

determined as previously described [Eichler et al., 1994; 
Fu et al., 19911. Interspersion configuration is symbol- 
ized as follows: a “+” sign denotes the position of an AGG 
interruption, while a number refers to the length of con- 
tiguous uninterrupted CGG repeats. A “9+9+9” inter- 
spersion pattern, for example corresponds to the se- 
quence (CGG)SAGG( CGG)9AGG( CGG)9 relative to the 
direction of FMRl transcription. 

Statistical Analysis 
Significant differences in the proportion of different 

allele variants among the populations were assessed 
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TABLE I. FMRl CGG Repeat Substructure Among Six Closed Human Populations" 

Number of Alleles Within Each Population 

AGG 
configuration Baka Hutterite Karitiana Mayan Mbuti R. Surui Total 
9+7  
9+9 
10+9 
13+9 
9+17 
30.00 
10+9+9 
9+9+10 
9+9+9 
10+9+10 
11+9+9 
10+10+9 
10+9+12 
10+9+9+9 
9+9+10+9 
10+9+10+9 
42.00 
Total 

1 

9 
1 

1 
1 21 
1 
5 2 

1 
1 

1 2 
1 
1 

1 
9 41 

1 

2 

6 7 
2 

1 3 4 

1 
2 

1 

10 10 10 

1 
1 
9 
1 
2 
1 

8 43 
3 

4 19 
1 
1 
3 
1 
1 
2 
2 
1 

12 92 

'sThe distribution of 92 FMRl CGG repeat alleles among the six different populations is summarized. 
AGG configuration (see Materials and Methods) is arranged in increasing order of repeat length. 

using probabilities obtained from the one-tailed Fisher 
exact test [Zar, 19841. Nei's unbiased estimate of ex- 
pected heterozygosity was employed to assess the poly- 
morphism of the FMRl CGG repeat locus [Arinami 
et al., 19931. These values were compared to the aver- 
age heterozygosity and standard errors obtained from 
these populations for 30 previously described mi- 
crosatellite loci [Bowcock et al., 19941. In order to esti- 
mate the frequency of new mutations predisposing to 
instability and fragile X disease in the Hutterite popu- 
lation, a set of previously reported formulae was used 
[Hastbacka et al., 19921. The following assumptions 
were made in this analysis: i) the unstably transmitted 
allele (IG500) represents an  evolving premutation, 
ii) the predisposing event has occurred since the found- 
ing of the Hutterite population, and iii) the frequency of 
unstable alleles observed in the Hutterite sample (1/42 
or 0.024) represents the proportion in the total popula- 
tion. In order to calculate the growth rate of the popu- 
lation (d), the following equation was solved: 

n = noegd 

where n represents the current total population size; 
n,is the number of founder chromosomes and g indi- 
cates the number of generations since the founding of 
the current population. Owing to extensive genealogi- 
cal records extending back to the most recent genetic 
bottleneck of the current Hutterite population in 1745, 
the following values were used; g = 9; no = 32; and 
n = 10,000 [Ziglschmid, 19471. Solving for d and using 
the proportion of unstable alleles in the population 
(nabs = 0.024), we estimated the rate (a) of a new muta- 
tion generating a lineage giving rise to 500 (N) unstable 
alleles in the existing population as: 

nabs = adN 

with a standard deviation of 2 2  ad. 

RESULTS AND DISCUSSION 
Table I summarizes the distribution of length and 

AGG interspersion substructure for the FMRl CGG re- 
peat for 92 chromosomes derived from six genetically 
closed populations (Baka, Mbuti, Mayan, Surui, Kari- 
tiana, and Hutterite). Most alleles (61/92 or 66.3%) pos- 
sess substructures of the type 9+9+9 or 10+9+9 (see 
Materials and Methods for nomenclature). The pre- 
dominance of these repeat substructures suggests that 
they existed in the human population, prior to  the 
divergence of the races (200,000 years ago) [Bowcock 
et  al., 1994; Dorit et al., 1995; Horai et al., 19951 and/or 
that there has been a strong selection pressure to main- 
tain AGG interruptions with a periodicity of one AGG 
every 9/10 CGG repeats. Despite this homogeneity of 
repeat substructure, ethnic-specific allele variants 
have been observed. For example, the Amerindian 
tribe, Karitiana, is significantly enriched (P  < .01; 
Fisher's one-tailed exact test) for highly interspersed 
alleles (>2 AGG interruptions). Conversely, small al- 
leles with a single interruption (of the type 10+9), occur 
almost exclusively among the Caucasian Hutterite pop- 
ulation. The significant (P  < 0.0001, Fisher's test) ab- 
sence of these alleles among the Amerindians and 
African groups confirms previous open population stud- 
ies [Eichler e t  al., 19951 that the 1019 allele variant is 
largely restricted to Caucasian populations. 

Expected heterozygosities for each population were 
calculated based on total repeat length and FMRl CGG 
repeat substructure (Table 11). An average heterozygos- 
ity of 64.1% was calculated from these six groups. The 
heterozygosity of this locus is slightly less than previ- 
ously reported estimates [Arinami et al., 1993; Fu et al., 
1991; Snow et al., 19931. This is to be expected since ear- 
lier determinations of heterozygosity were based on rel- 
atively open, pan-mictic populations. The populations 
under investigation in this study have been subject to  
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TABLE 11. Comparisons of FMRl CGG Repeat Heterozygosities” 

Comparison of FMRl CGG repeat heterozygosities 

Population 

FMRl microsatellite Other microsatellites 

%H with AGG %H without AGG Average %H 2sd 
~~ 

Baka P Y P Y  77.7 75.6 71.2 6.01 
Mbuti pygmy 82.2 82.2 77.9 5.24 

African average 80.0 78.9 74.5 5.63 
Surui  49.9 49.9 59.7 4.69 
Karitiana 60.0 55.6 47.4 5.70 
Mayan 43.8 43.8 65.4 5.88 

Amerindian average 51.2 49.8 57.5 5.42 
Hutterite 71.1 70.7 - 

*The expected heterozygosity (”OH) for each population was calculated using Nei’s unbiased estimate. 
Heterozygosities were determined based on repeat length differences (%H without AGG) and on the sub- 
structure of the repeat (%H with AGG). The values obtained were compared against previously described 
average heterozygosities and standard deviations (2 sd) [Kidd et al., 19911 for 30 other autosomal mi- 
crosatellite loci in these populations. 

- 

more extensive founder effects and genetic bottlenecks 
due to their geographic and cultural isolation. As a re- 
sult, greater genetic homogeneity is demonstrated 
[Bowcock et al., 1994; Kidd et al., 19911. Surprisingly, 
only a relatively small proportion of the genetic vari- 
ability of the FMRl CGG repeat can be attributed to dif- 
ferences in the AGG substructure (approximately 1.1%; 
64.1 vs. 63.0 average % H, with and without considering 
AGG interruptions, respectively). This suggests, once 
again, that the positions of the AGG interruptions have 
been largely invariant over the passage of time. 

We have compared our values of heterozygosity of the 
FMRl CGG repeat for each population with previous 
averaged estimates of heterozygosity from 30 addi- 
tional microsatellite loci [Bowcock et al., 1994; Kidd 
et al., 19911. Remarkably, these comparisons show that 
the FMRl CGG repeat has been as polymorphic (within 
2 standard deviations of the mean; see African pyg- 
mies) or less polymorphic (below 2 standard deviations 
of the mean; see Amerindian tribes) than the average of 
30 microsatellite loci in the human genome. The aver- 
age heterozygosity of the FMRl CGG repeat for the 
Amerindian tribes (H = 49.2%) is dramatically lower 
than the heterozygosity for the African pygmies 
(H = 78.9%) (Table 11). This parallels previous observa- 
tions with other microsatellites which determined 
Amerindian and African heterozygosities of 57.5% and 
74.5%, respectively [Bowcock et al., 19941. These differ- 
ences have been used to suggest that  the founding pop- 
ulations of the African continent were genetically more 
heterogeneous andlor more ancient, supporting the out- 
of Africa hypothesis for the origin of man [Bowcock 
et al., 1994; Kidd et al., 19911. The lower estimates of 
heterozygosity of the FMRl CGG repeat locus when 
compared to other microsatellites among the Amerindi- 
ans may support recent founder effects. In this regard, 
it is interesting that the FMRl CGG repeat heterozy- 
gosity values are not consistently lower among all three 
Amerindian tribes (Table 11). Among the Karitiana, the 
heterozygosity is slightly larger than the average of 
other microsatellite loci. Owing to independent assort- 
ment of chromosomes, recombination, and genetic drift, 
it is conceivable that the FRAXA locus has experienced 

different founder effect and drift phenomenon from the 
other microsatellite loci. However, the general concor- 
dance of % heterozygosity between the FMRl CGCr 
repeat and other independent STR markers among 
genetically distinct populations clearly suggests that  
most FMRl CGG repeat alleles mutate at frequencies 
similar to other microsatellite loci. 

In our survey, a small proportion (2/92 or 2.2%) of 
FMRl alleles possessed long uninterrupted tracts of 
pure CGG repeats (>20). Initially, we surveyed only 15 
chromosomes of the Hutterite population and observed 
an unusual FMRl CGG repeat structure with 42 pure 
repeats (Table I). An additional 26 alleles were then an- 
alyzed from this population identifying a second allele 
with 30 pure repeats (Table I). Owing to the extensive 
genealogical data for the Hutterites and the existence 
of pedigree DNA material which could be obtained, in- 
tergenerational transmission studies of repeat length 
stability were performed. Our analysis showed that the 
30 pure CGG repeat allele did not segregate to the two 
available offspring in the pedigree, while the 42 pure 
repeat demonstrated one stable and one unstable 
transmission (42 to 43 transition) (see Fig. 1). This re- 
sult confirms previous studies which indicate that an 
instability threshold exists for the FMRl CGG repeat 
a t  lengths of 34-37 uninterrupted CGG repeats [Eich- 
ler et al., 19941. Such unstable alleles in the human 
population, it has been postulated, likely represent 
evolving premutation alleles predisposed to disease 
[Eichler et al., 1994; Snow et al., 19941. Since the char- 
acteristics of the Hutterite founding population are 
well documented, we attempted to calculate the muta- 
tion rate for predisposing alleles to instability and dis- 
ease. Using previously defined formula for genetically 
closed populations (see Materials and Methods), we es- 
timate that the conversion rate of normal (polymor- 
phic) FMRl CGG repeat alleles to “normal” alleles pre- 
disposed to eventual disease is approximately 2.4 X 
2 3.0 x 10 ‘. Although the volatility of this estimate is 
relatively high due to the observation of a single occur- 
rence (demonstrated by the relatively large standard 
error), our value is remarkably similar to the conver- 
sion rate (2.5 x 10-4) of N to S alleles reported by 



224 Eichler and Nelson 

42 10+9+9 
10+9 

10+9+9 
42 

10+9+9 
43 

Fig. 1. Unstable Transmission of an  FMRl CGG repeat allele de- 
void of interruptions. Two intergenerational transmissions of an 
FMRl CGG repeat allele of 42 pure repeats are shown. The unstable 
transmission (42 to 43 repeats) is shaded. The FMRl CGG repeat 
genotype is symbolized below each individual in the pedigree. 

Morton and Macpherson [Morton and Macpherson, 
19921. The substructure of the unstable allele in this 
population which is completely devoid of AGG inter- 
ruptions, further confirms that the predisposing muta- 
tional event may be the loss of one or both AGG inter- 
ruptions [Eichler et al., 1994; Hirst et al., 1994; Kunst 
and Warren, 1994; Snow et al., 19941. Although further 
intergenerational stability and interspersion analysis 
of genetically closed populations will be necessary to 
confirm this mutation rate, our data suggests that  the 
loss of AGG interruptions may occur as  frequently as  
1/2,000 in the human population. 

In conclusion, we have surveyed the FMRl CGG re- 
peat substructure of 92 chromosomes distributed 
among six genetically-closed populations. Although sig- 
nificant ethnic differences exist, the 10 + 9 + 9 and 
9+9+9 account for most interspersion patterns a t  this 
locus. Comparisons of expected heterozygosity of the 
FMRl CGG repeat substructure with 30 other mi- 
crosatellite loci, indicates similar levels of polymor- 
phism, suggesting that most FMRl CGG repeats mu- 
tate a t  rates equivalent to other microsatellite loci. A 
single large uninterrupted allele (42 repeats) was ob- 
served to be unstably transmitted in a human pedigree. 
Based on the frequency of such unstable alleles and the 
characteristics of the founder population, we estimate 
that the mutation rate predisposing alleles to instabil- 
ity and eventual disease is 2.4 X 10-4. The substructure 
of this unstable, evolving premutation, which is devoid 
of AGG interruptions further supports the notion that 
the loss of AGG interruptions may be the pivotal event 
in predisposing alleles to instability. However, such un- 
stable alleles represent a small proportion (>2%) of all 
FMRl CGG interspersion variants and likely do not 
contribute significantly to the total polymorphism of 
this locus. 
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