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Worldwide Genetic Analysis of the CFTR Region
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Mutations at the cystic fibrosis transmembrane conductance regulator gene (CFTR) cause cystic fibrosis, the most
prevalent severe genetic disorder in individuals of European descent. We have analyzed normal allele and haplotype
variation at four short tandem repeat polymorphisms (STRPs) and two single-nucleotide polymorphisms (SNPs)
in CFTR in 18 worldwide population samples, comprising a total of 1,944 chromosomes. The rooted phylogeny
of the SNP haplotypes was established by typing ape samples. STRP variation within SNP haplotype backgrounds
was highest in most ancestral haplotypes—although, when STRP allele sizes were taken into account, differences
among haplotypes became smaller. Haplotype background determines STRP diversity to a greater extent than
populations do, which indicates that haplotype backgrounds are older than populations. Heterogeneity among
STRPs can be understood as the outcome of differences in mutation rate and pattern. STRP sites had higher
heterozygosities in Africans, although, when whole haplotypes were considered, no significant differences remained.
Linkage disequilibrium (LD) shows a complex pattern not easily related to physical distance. The analysis of the
fraction of possible different haplotypes not found may circumvent some of the methodological difficulties of LD
measure. LD analysis showed a positive correlation with locus polymorphism, which could partly explain the
unusual pattern of similar LD between Africans and non-Africans. The low values found in non-Africans may
imply that the size of the modern human population that emerged “Out of Africa” may be larger than what previous

LD studies suggested.

Introduction

The cystic fibrosis transmembrane conductance regula-
tor gene (CFTR [MIM 602421]), also known as ABCC7
(member number 7 of subfamily C of the ATP-binding
cassette [ABC] transporter gene family), was identified
and cloned in 1989 (Kerem et al. 1989; Riordan et al.
1989; Rommens et al. 1989). Since then, >900 mutations
in CFTR that cause cystic fibrosis (CF [MIM 219700])
have been reported (Cystic Fibrosis Mutation Data
Base). Cystic fibrosis is the most common severe auto-
somal recessive disease in patients of European descent,
affecting 1/2,500 newborns, which implies a gene fre-
quency for the disease of g = .02 and a carrier frequency
of 1/25. The CFTR gene comprises 27 exons, spanning
230 kb on the long arm of chromosome 7 (7q31.2), that
encode a 1,480-amino acid protein with chloride-chan-
nel activity regulated by cyclic AMP. The most frequent
CF mutation is a deletion of 3 bp at codon 508 (AF508

Received September 22, 2000; accepted for publication November
1, 2000; electronically published December 4, 2000.

Address for correspondence and reprints: Dr. Jaume Bertranpetit,
Unitat de Biologia Evolutiva, Facultat de Ciéncies de la Salut i de la
Vida, Universitat Pompeu Fabra, Doctor Aiguader 80, 08003 Barce-
lona, Catalonia, Spain. E-mail: jaume.bertranpetit@cexs.upf.es

© 2001 by The American Society of Human Genetics. All rights reserved.
0002-9297/2001/6801-0010$02.00

mutation), and it accounts for almost 67% of the global
CF chromosomes. Only four other mutations (G542X,
N1303K, G551D, and W1282X) have overall allele fre-
quencies among CF chromosomes >1% (Estivill et al.
1997). Most of the remaining mutations are rare or are
confined to specific populations.

Several short tandem repeat polymorphisms (STRPs,
also known as microsatellites) and single-nucleotide
polymorphisms (SNPs) have been described within the
CFTR gene. Both types of markers can be used to trace
the origin and evolution of the different CF mutations
(Morral et al. 1994; Bertranpetit and Calafell 1996;
Slatkin and Rannala 1997). SNPs can be used to define
the haplotypic frameworks on which CFTR mutations
occurred. Faster-mutating STRPs can be used to esti-
mate ages of mutations from the variability accumulated
in CF-mutated chromosomes.

The combination of several polymorphisms and the
determination of haplotypes allows the estimation of
linkage disequilibrium (LD)—that is, the departure
from the haplotypic frequencies expected under inde-
pendent inheritance of the different markers. The study
of the distribution of LD patterns in different popula-
tions can yield valuable information on population his-
tory (Tishkoff et al. 1996, 1998; Kidd et al. 1998,
2000). The power of LD as a tool for gene mapping in
relation to population demography can be explored as
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well, since it is currently under debate whether small
and isolated populations are more suitable for LD map-
ping (Eaves et al. 2000; Jorde et al. 2000) and how far,
in physical distance, LD extends (Ott 2000). Moreover,
the effect on LD of the mutation rate and pattern is
analyzed (i.e., slowly mutating SNPs vs. fast, stepwise-
mutating STRPs).

The aims of this paper are to analyze the genetic var-
iation in CFTR polymorphisms; to estimate allele and
haplotype frequencies and describe their geographic dis-
tribution; and to measure LD within the CFTR gene,
to describe its genomic patterns in relation to physical
distances and marker variability as well as its popula-
tion patterns, which then can be used to infer population
history. In 1,944 chromosomes from healthy individuals
from 18 worldwide populations, we have analyzed six
polymorphisms, four STRPs, and two SNPs located
within the CFTR gene.

Material and Methods

Polymorphic Sites

The polymorphisms studied are located within CFTR,
as shown in figure 1. We have typed four STRPs—one
of which is practically diallelic, whereas the other three
are highly polymorphic—as well as two SNPs. Listed
from the 5’ to the 3’ end of the gene, the polymorphisms
typed are as follows: IVS1CA is a CA dinucleotide with
high allelic variability, located in the first intron of the
gene (Moulin et al. 1997, Mateu et al. 1999).
IVS6aGATT is a mostly dimorphic 4-bp tandem repeat
located in intron 6a (Chehab et al. 1991; Gasparini et
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al. 1991). IVS8CA is also a CA dinucleotide with high
allelic variability, located in intron 8 of the gene (Morral
et al. 1991). T854/Avall is a silent TG nucleotide sub-
stitution located in exon 14a (Zielenski et al. 19915b).
IVS17bTA is a highly polymorphic TA dinucleotide, lo-
cated in intron 17b (Zielenski et al. 1991a). Finally,
TUB20/Pyull is a G—A nucleotide substitution located
in intron 20 (Quere et al. 1991).

Population Samples

We have studied 972 random, unrelated autochtho-
nous individuals from 18 populations, representing all
major world geographic areas. Sub-Saharan African
populations comprised Mbuti Pygmies (from the Ituri
Forest, in the former northeast Zaire), Biaka Pygmies
(from the village of Bagandu, in the southwest corner
of the former Central African Republic), and Tanzanians
(from Ifakara, Kilombero district, Morogoro region, in
southeastern Tanzania). North Africans were repre-
sented by the Saharawi (from the former Western Sa-
hara). Samples from the Middle East were the Druze (a
Moslem community from Galilee in northern Israel) and
Yemenite Jews (Yemenite immigrants to Israel); the Eu-
ropean populations comprised Basques (unrelated in-
dividuals of rural origin living in the Gipuzkoa province
of the Basque country in Spain), Catalans (from rural
villages of north Girona in Catalonia, Spain), Finns (un-
related individuals from Finland who are not of Swedish
origin), Russians (from the Zuevsky district northeast of
Moscow), and Adygei (from north of the Caucasus
mountains in the Krasnodar region in southeast Russia).
Asian samples included Kazakhs (from the village of
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Figure 1

CFTR gene with all six polymorphic genetic markers studied (IVS1CA, IVS6aGATT, IVS8CA, T854,IVS17bTA, TUB20), showing

the physical distances (in kb) between them. Gene exons are denoted by numbers (1-24).
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Aktasty in the Almaty region in Kazakhstan, Central
Asia), Yakut (from the Yakutian Autonomous Republic
of Russia, in eastern Siberia), Han Chinese (from south-
ern China, collected in the San Francisco area), and Jap-
anese (also collected in the San Francisco Bay area); the
Pacific was represented by the Melanesian Nasioi (from
Bougainville in the Solomon Islands, Melanesia). The
American Indians sampled were Mayans (from Yucatan,
Mexico) and Rondoénia Surui (southwest Amazon, Bra-
zil). Sample sizes ranged from 46 (Nasioi) to 222
(Basque) chromosomes, with a median of 108. T854/
Avall and TUB20/Pvull were also typed in six primates:
two gorillas (Gorilla gorilla), one orangutan (Pongo pyg-
maeus) and three common chimpanzees (Pan trog-
lodytes).

DNA from five populations (Basques, Catalans, Tan-
zanian, Kazakhs, and Saharawi) was extracted from
fresh blood of blood donors. Appropriate informed con-
sent was obtained from human subjects. DNA samples
for the other populations were obtained from lympho-
blastoid cell lines maintained in the laboratory of J.R.K.
and K.K.K. at Yale University. Fresh primate blood sam-
ples were supplied by the Barcelona Zoo.

STRP Analysis

Typing methods for microsatellite IVS1CA are as de-
scribed elsewhere (Mateu et al. 1999), where we re-
ported allele frequencies for most of the current popu-
lation set. The GATT tetranucleotide in intron 6a
(IVS6aGATT) (Chehab et al. 1991) was analyzed by
PCR amplification and electrophoresis of the products
in a 8% acrylamide gel. Microsatellites IVS8CA and
IVS17bTA (Morral et al. 1991; Zielenski et al. 1991a)
were analyzed in a multiplex reaction using the primers
described by Morral and Estivill (1992). PCR amplifi-
cations were performed using 50 ng of genomic DNA
in a final 10-ul volume. The CA repeats were amplified
with flanking primers 19D3 and 19R4, and the TA re-
peats were amplified with flanking primers AT17D1.2
and AT17R1.2. Markers I9D3 and AT17D1.2 were flu-
orescently labeled. Amplification conditions for 30 cy-
cles were as follows: denaturing at 95° for 30 s, an-
nealing at 50° for 30 s, and extension at 65° for 45 s.
PCR products were pooled, were combined with a size
standard (ABI GS500 ROX) and a bromophenol blue-
and formamide-based loading buffer, and were loaded
on a standard 6% denaturing sequencing gel. Electro-
phoresis was conducted using an ABI 377TM sequencer.
GeneScan 672TM was used to collect the data, track
lanes, and measure fragment sizes. The number of CA
and TA repeats was estimated by sequencing two CA-
and four TA-homozygous individuals with different
fragment sizes for each loci. The sequencing reaction was
performed with flanking primers I19R4 and AT17R1.2
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and the DNA Sequencing KitTM (PE Biosystems) ac-
cording to manufacturer’s specifications.

Analysis of SNPs

The T854/Avall (2694 T/G) and TUB20/Pvull (4006-
200 G/A) SNPs were analyzed by PCR amplification and
digestion with the appropriate restriction enzyme, as de-
scribed by Dork et al. (1992).

Statistical Analysis

Allele frequencies were estimated by direct gene count-
ing. Maximum-likelihood estimates of haplotype fre-
quencies and their standard errors (jackknife method)
were calculated from the multisite marker typing data,
using the HAPLO program (Hawley and Kidd 1995),
which implements the EM algorithm (Dempster et al.
1977; Slatkin and Excoffier 1996). Tishkoff et al. (2000)
confirmed, by direct haplotype typing, that the frequen-
cies estimated with the EM algorithm were quite precise
for the common haplotypes.

Expected heterozygosities for loci and for the haplo-
types were estimated as 1-Ep;?, where p, stands for allele
or haplotype frequencies. Analysis of molecular variance
(AMOVA) (Excoffier et al. 1992) was performed with
the Arlequin package (Schneider et al. 2000).

In order to quantify the portion of the possible hap-
lotype space that was not recovered in the population
samples, we computed the fraction of extra haplotypes
(FE) statistic suggested by Slatkin (2000), with some
modifications. As defined by Slatkin (2000),

FE = <kH — kmin) ,
(kmax - kmin)

where &, is the number of haplotypes found in the sam-
ple, k... is the minimum possible number of haplotypes
(i.e., the number of alleles at the locus with the maximum
number of different alleles), and k., is the maximum
possible number of different haplotypes—that is, the
product of the number of different alleles at each site.
However, in our case, k. greatly exceeds sample size
for each population, and sample size becomes a limiting
factor in the number of different haplotypes that can be
actually found. Therefore, we have used as k,,,, the ex-
pected number of different haplotypes under linkage
equilibrium, given the sample size and allele frequencies
(k.). This value was obtained by sampling—at random
and independently—one allele at each locus, with prob-
abilities equal to their population frequencies. This way,
a number of random haplotypes equal to the original
sample sizes was reconstructed, and the number of dif-
ferent haplotypes was counted. This procedure was re-
peated 100,000 times, and the average number of dif-
ferent haplotypes at each iteration was used to estimate
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Table 1
Expected Heterozygosity, by Locus and Haplotype
Population IVS1ICA IVS6aGATT IVS8CA T854 IVS17bTA TUB20 Haplotype
Sub-Saharan Africa:
Biaka .90 48 .83 45 .81 40 966
Mbuti .84 .50 .82 49 .79 24 954
Tanzanians .85 .35 .60 46 91 .18 968
North Africa:
Saharawi .82 .36 .35 .50 .79 44 961
Middle East:
Yemenites .70 .32 48 .33 .84 .24 958
Druze .64 .33 40 .35 .82 .30 .902
Europe:
Adygei .70 .28 A1 42 .83 .34 951
Russians 77 .32 .50 .50 .70 42 948
Finns .76 40 .54 A1 .87 32 957
Catalans 75 .37 42 44 .79 .38 953
Basques .73 37 45 41 .88 29 967
Asia:
Kazakhs .73 47 .59 49 .86 .14 .962
Chinese .67 .50 .53 .50 .78 .05 .926
Japanese .68 41 48 40 .78 .00 934
Yakut .76 .39 .58 .34 .72 .05 936
Pacific:
Nasioi .79 .36 .75 .50 .78 .04 901
America:
Maya .59 46 .53 46 .84 .06 933
Surui 43 .32 .28 .26 .78 .00 .854
k.. Since we are interested in relating FE to LD, and  Results

since FE as formulated by Slatkin (2000) should decline
with LD, we have used instead FNF = 1 — FE, which
can be interpreted as the fraction of haplotypes not
found.

Overall disequilibrium and all 15 pairwise disequili-
bria were evaluated using the program HAPLO/P (Zhao
et al. 1997, 1999), which uses a permutation test to
evaluate significance of deviation from random assort-
ment of alleles and calculates the ¢ coefficient to quantify
the deviation from randomness. Zhao et al. (1999) pro-
posed the following estimate for &:

where p and ¢* are the mean and variance of the em-
pirical distribution of the likelihood-ratio test statistics
from the permuted samples, and # is the likelihood ratio
statistic for the observed sample. Asymptotically, the &
coefficient allows quantitative comparisons of deviation
from randomness, in different populations and between
different genetic systems. Physical distances (in kb) be-
tween the six loci were based on the CFTR gene sequence
published in GenBank (accession numbers AC000111
and AC000061).

Six polymorphisms (four STRPs and two SNPs) in the
CFTR gene were typed in 972 individuals (1,944 chro-
mosomes) from 18 populations. Allele frequencies for
each population and marker, as well as for the 770 hap-
lotypes estimated to be present, are available on request
and have been deposited in ALFRED, the Allele Fre-
quency Database.

Allele Frequencies and Geographic Distribution

IVS1CA allele frequencies had been reported for a
subset of the current data (Mateu et al. 1999), and here
we present an increased data set for some populations
(i.e., Biaka and Mbuti Pygmies, Druze, Yemenites, Ka-
zakhs, Basques, and Catalans). The overall allele fre-
quency distribution is unimodal, with a sharp mode at
22 repeats and a smooth, left-skewed decline towards
the ends of the distribution. The most extreme alleles
found were the 12 and 28 repeats; allele 13 was found
in a single Biaka individual and is reported here for the
first time. Alleles 22 and 23 have been found in all pop-
ulations studied. African populations presented a larger
number of alleles and higher heterozygosities at this lo-
cus (table 1), because of a higher frequency of peripheral
alleles, which seems to be a common feature in many
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STRP allele frequency distributions in Africans (Calafell
et al. 1998).

The IVS6aGATT tetranucleotide has only two com-
mon alleles with six and seven repeats, as described else-
where (Chehab et al. 1991; Gasparini et al. 1991), and
both are present in all populations studied. Allele 7 is
the most frequent on average and in most populations;
its frequencies range from .20 in the Surui and .24 in
the Nasioi to >.75 in many European, Middle Eastern,
and African populations. Only three chromosomes in
the worldwide sample did not bear alleles 6 or 7; alleles
4, 5, and 8 were found in one Adygei and two Basque
chromosomes, respectively. Allele 4 is described for the
first time.

The IVS8CA dinucleotide STRP has a highly right-
skewed distribution, with a mode at 16-17 repeats
(which, together, account for ~75% of the global chro-
mosomes) and a range of 14-25 repeats. Allele 16 is
found at frequencies .5-.8 in Tanzanians, North Afri-
cans, Middle Easterners, and Asians other than the Chi-
nese. In the latter population and among the Mayans,
allele 17 is slightly more frequent, and its frequency
reaches 0.8 in the Surui. Allele 23 is found at frequencies
0-.12, except among the Nasioi, in whom it is the most
frequent allele (.41). Again, the Biaka and the Mbuti
present flatter allele distributions, with a larger number
of alleles and high heterozygosity; in contrast, among
the American Indians, only three different alleles were
found.

The T854 SNP (Zielenski et al. 1991b) was found to
be polymorphic in all populations studied. Allele 1 (i.e.,
absence of the restriction site for the Avall enzyme) was
found at frequencies ranging from .5 to .79, in Euro-
peans and Asians, and from to .34 to .49, in Africans,
Nasioi and Mayans. The lowest frequency was found at
.16, in the Surui.

The IVS17bTA dinucleotide STRP is extremely poly-
morphic, with expected heterozygosities that range from
.72 to .91 (table 1). The alleles found range from 7 to
53 repeats and are distributed in four discontinuous
groups: allele 7 (and 8 in one chromosome), alleles
15-25, 27-38 and 39-53. As discussed below, the mu-
tation pattern at IVS17bTA may be responsible for this
multimodal distribution. Overall, the 27-38 group is the
most frequent (global average frequency .63), and,
within this group, alleles 30-32 are the most frequent.
This group of alleles is most frequent in Asians and
American Indians (.74-.96), though it is quite common
in Europeans and Africans too (.24-.65). Allele 7 is
found in almost all populations, and—except for allele
8 in one chromosome—the next allele in size is allele
15. Allele 7 is found at low frequencies in East Asians
and American Indians (it is absent in the Japanese and
in the Surui, and its frequency reaches .11 in the Ka-
zakhs), and it is more frequent in Europeans, southwest
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Asians, and Africans (.14-.50). Within the allele group
15-25, alleles 19-22 are the most frequent; the overall
frequency of this group is .15, although it has a wide
populational variation. The group was not found in the
Yemenites. Its frequency reaches .02 in Europeans and
Asians; it is somewhat more frequent in the Africans and
in the Maya (.15-.22), and it reaches high frequencies
in two populations: the Mbuti (.61) and the Nasioi (.67).
Finally, the right-hand tail of the allele distribution ex-
tends from allele 39 to 53; most of those alleles are rare
or absent, except for 45-47. The average frequency of
this group of alleles is .03; all alleles in the group are
absent in six populations, and the group reaches fre-
quencies of .10 in the Basques and .13 in the Druze.

The TUB20 SNP (Quere et al. 1991) was detected by
a restriction enzyme assay, and in all human populations
typed, the presence of the Pvull restriction site (i.e., allele
2) is the most frequent allelic state. Its frequencies range
from .7 in the Saharawi to fixation in the Surui and
Japanese.

Haplotype Frequencies and Geographic Distribution

The total number of possible haplotypes is 146,880,
of which 770 were estimated in the analysis to have
occurred at least once. The full set of frequencies for
these 770 haplotypes is available in the ALFRED da-
tabase. Results using HAPLO were very close to those
using ARLEQUIN (results not given). Frequencies esti-
mated for the 43 six-locus haplotypes having an esti-
mated frequency of =.05 are given in table 2. The T854
and TUB20 markers can be used to define the core hap-
lotypes since they are diallelic, have presumably much
lower mutation rates than the other polymorphisms and
the ancestral state can be inferred for them. The most
common haplotypes defined with these polymorphisms
are: 1-2 in Middle Eastern, European, and Asian pop-
ulations, with the lowest frequency in Chinese (.51) and
the highest in Yakut (.80); and 2-2 in American Indians
(0.65 in Maya and 0.85 in Surui). Haplotype 1-1 is
scarcely represented in the worldwide sample (table 3).
Haplotype backgrounds for the major CF mutations are:
1-2, for AF508, G542X, and N1303K mutations, and
2-1, for G551D and W1282X mutations (Morral et al.
1996).

Expected haplotype diversities in all populations are
shown in table 1. It is remarkable that, although sub-
Saharan African populations have high allele diversities
at the STRP loci when compared with other populations,
haplotype diversities for Africans are not noticeably
higher than haplotype diversities in other populations.
This could be caused by higher LD in Africans. We have
computed the fraction of haplotypes not found (FNF)
for each population, a quantity that should grow with
LD. Number of haplotypes found, their theoretical



Table 2

Frequency of CFTR Haplotypes

FREQUENCY OF HAPLOTYPE*

15 16 16 17 17 17 18 18 21 21 21 21 21 21 21 22 22 22 22 22 22

6 6 7 6 6 6 6 7 6 7 7 7 7 7 7 6 6 6 7 7 7

FREQUENCY 24 23 17 19 20 22 23 16 23 14 16 16 17 17 17 17 17 22 16 16 16

OF 1 2 2 2 2 2 2 2 1 2 1 2 1 2 2 2 2 2 1 1 1

RESIDUAL 19 23 27 22 19 7 22 7 20 38 31 7 20 7 7 31 37 19 7 7 29

POPULATION (2N) CLASS 2 2 2 2 2 1 2 2 2 2 2 1 2 1 2 2 2 2 1 2 2

Biaka (122) 675 0 0 .033 0 0 .060 0 .008 0 .082 0 .008 0 0 0 0 0 0 096 .011 0

Mbuti (66) 647 .106 0 0 0 .091 0 0 0 0 0 0 0 .076 0 0 0 0 .061 0 0 0

Tanzanians (64) .709 0 0 .063 0 0 0 0 .078 0 0 0 0 0 0 0 0 0 0 0 0 0
Saharawi (106) 576 0 0 0 0 0 0 0 0 0 0 .038 .131 0 0 0 0 0 0 .038 .019 .047
Yemenites (80) 563 0 0 0 0 0 0 0 0 0 0 .038 .012 0 0 0 0 0 0 0 .038 .100
Druze (126) 424 0 0 0 0 0 0 0 0 0 0 0 .103 0 0 0 0 0 0 0 056 .024
Adygei (98) 410 0 0 0 0 0 0 0 0 0 0 011 .095 0 0 0 0 0 0 0 .010 .020

Russians (60) 433 0 0 0 0 0 0 017 0 0 0 0 A17 0 0 .050 0 0 0 .050 0 0

Finns (62) 481 0 0 0 0 0 0 065 0 0 0 065 .032 0 .081 0 0 0 0 0 0 0
Catalans (166) 508 0 0 0 0 0 0 .006 0 0 0 006 .125 0 0 0 0 0 0 014 125 .024
Basques (216) .500 0 0 0 0 0 0 014 0 0 0 .026 .083 0 0 0 0 0 0 .022  .016 .036
Kazakhs (60) 498 0 0 0 0 0 0 0 0 .004 0 .033  .017 0 0 0 .052 0 0 .017 .017 .050

Chinese (86) 501 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 .024  .012 0 0 0 0
Japanese (86) 332 0 0 0 0 0 0 0 0 0 0 .035 0 0 0 0 0 0 0 0 0 .012

Yakut (78) 458 0 0 0 0 0 0 0 0 .002 0 .050 0 0 0 0 0 0 0 0 0 0

Nasioi (46) 332 0 .065 0 152 0 0 0 0 217 0 0 0 0 0 0 0 0 0 0 0 0

Maya (92) 364 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Surui (84) 119 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 056 .077 0 0 0 0

FREQUENCY OF HAPLOTYPE

22 22 22 22 22 22 22 23 23 23 23 23 23 23 23 23 23 23 24 24 24 25

7 7 7 7 7 7 7 6 6 6 6 6 6 6 6 7 7 7 7 7 7 6

16 16 16 16 16 16 21 17 17 17 17 17 17 17 17 16 16 16 16 16 17 17

1 1 1 1 1 2 1 2 2 2 2 2 2 2 2 1 1 2 1 1 1 2

30 31 32 33 44 7 23 15 20 23 31 32 33 35 37 30 32 7 30 31 31 31

POPULATION (2N) 2 2 2 2 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

Biaka (122) 0 0 0 0 0 0 .008 0 0 0 0 .033 0 0 0 0 0 .008 0 0 0 0

Mbuti (66) 0 0 .015 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Tanzanians (64) 0 .063 0 0 0 0 .063 0 0 0 0 .031 .002 0 0 0 0 0 0 .001 0 0

Saharawi (106) .085 0 0 0 0 .020 0 0 0 0 0 0 0 0 0 .028 0 0 0 0 0 0

Yemenites (80) .056 107 0 .013 0 .063 0 0 0 0 0 .003 0 0 0 .013 0 0 0 0 0 0

Druze (126) 269 .040 .008 .008 .056 0 0 0 0 0 0 0 0 0 0 0 .008 0 .008 0 0 0

Adygei (98) 071 102 .104  .050 0 .038 0 0 0 0 0 0 0 0 0 0 .061 .020 0 0 0 0

Russians (60) .100 .067 0 0 0 0 0 0 0 0 0 0 0 0 0 .002  .033 .100 0 .033 0 0

Finns (62) 055 .048 .048 .074 0 .032 0 0 0 0 0 0 0 0 0 0 .016 0 0 0 0 0
Catalans (166) .084 052  .018 0 0 0 0 0 0 0 .006 .006 0 0 0 .019 0 0 .014 0 0 .003
Basques (216) .083 013  .043 .051 0 .007 0 0 0 0 .005 .005 .009 0 0 .009 0 0 .082 0 0 .005
Kazakhs (60) .017 15 .033 0 0 0 0 0 0 0 .017 0 065 0 0 .033 0 0 0 0 0 .033

Chinese (86) .012 230 .048  .023 0 0 0 0 0 0 .048  .065 0 0 .012 0 0 0 0 0 035 0
Japanese (86) 126 095 139 .070 .023 0 0 0 0 0 .044 0 0 .012 0 0 0 0 0 058 .012 .047
Yakut (78) .038 155 .101 0 0 0 0 0 0 0 .013 0 .026 0 0 0 0 0 0 0 103 .064

Nasioi (46) 0 065 0 .022 0 0 0 0 .065 0 0 0 0 0 0 .087 0 0 0 0 0 0

Maya (92) 011 092 .168 0 0 0 0 065 0 065 .048 .104 0 .033 0 .022 0 0 0 .033 0 0

Surui (84) 0 0 155 0 0 0 0 0 0 0 134 .036 0 238 185 0 0 0 0 0 0 0

* Haplotype designations show, from top to bottom, alleles at the loci IVS1CA, IVS6aGATT, IVS8CA, T854, IVS17bTA, and TUB20. All haplotypes that have low frequency (<.05) across all
samples are combined into a residual class. 2N = number of chromosomes.
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Table 3

T854-TUB20 Haplotype Frequencies by
Population

HAPLOTYPE

POPULATION 1-1 1-2 2-1 2-2

Africa:
Biaka .087 249 192 472
Mbuti 0 439 136 424

Tanzanians 0 359 .094 547
North Africa:

Saharawi .088 .403 .227 282
Middle East:

Yemenites 044 744 .094 .119

Druze .026 .752 157 .066
Europe:

Adygei 022 682 .192 .104

Russians 0 533 .300  .167

Finns 0 710 177 113

Catalans .040 .634 219 .107

Basques .038 .670 .138 .154
Asia:

Kazakhs 019 .564 .064 .353

Chinese 0 512,023 465

Japanese 0 733 0 267

Yakut 0 795 .026 .179
Pacific:

Nasioi 022 457 0 522
America:

Maya .033 315 0 652

Surui 0 155 0 .845

bounds, and FNF can be found in table 4. It can be seen
that some European and Asian populations have lower
FNF values than African populations.

Ancestral States for SNP Markers and Haplotype
Phylogeny

Mutation rates for SNPs are estimated at ~107° (Li
et al. 1996). Therefore, most SNPs are likely to represent
a single mutational event. The nucleotide state in other
hominoids at the homologous site can be used to infer
the ancestral state for the SNP (Iyengar et al. 1998).

Neither T584 nor TUB20 biallelic markers are situ-
ated within mutation-prone CpG dinucleotides (Cooper
and Krawczak 1990). The T854 biallelic marker (Zie-
lenski et al. 1991b) has been typed in primate samples
in order to infer the ancestral allele. In these samples
(two gorillas, one orangutan, and three chimpanzees)
we have found only the 1-allele—that is, the absence of
the restriction site for the Avall enzyme. For biallelic
marker TUB20 (Quere et al. 1991), also typed in the
same primate samples, we have found only the 2-allele,
indicating that the presence of the Pyull restriction site
is ancestral.

Therefore, in the nonhuman primate samples ana-
lyzed, the T854-TUB20 haplotype is 1-2, which is likely
to be the ancestral haplotype. This is also the most fre-
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quent haplotype (.55) in the present sample set. The
other three haplotypes (1-1, 2-2, and 2-1, with respective
frequencies of .03, .29 and .13) would have been pro-
duced through mutation and recombination. The rela-
tive ages of those haplotypes can be explored by mea-
suring the amount of STRP haplotype diversity they
carry. Thus, if we consider the 942 chromosomes that
carry T854-TUB20 haplotype 1-2, they contain 211 dif-
ferent four-STRP haplotypes, with a haplotype diversity
of .96. Four-STRP haplotypic diversities within 1-1, 2-
2, and 2-1 chromosomes are, respectively, .79, .98, and
.79. The high diversity in 2-2 chromosomes suggests that
the derived allele 2 at the T854 site is older than the
derived allele at TUB20 and that 2-2 could be a very
ancient haplotype.

STRP Variability in a Haplotype Frame

STRP allele-size variances by population have been
calculated and are shown in table 5. IVS1CA variance
by population varies from 0.22 in Surui to 11.24 in
Mbuti, with a global variance of 4.38. The variance in
repeat size in IVS6aGATT is very low and ranges from
0.16 in Russians to 0.25 in both Pygmy samples and the

Table 4
Fraction of Haplotypes Not Found (FNF) Values for Each
Population
Population (2N) [ I S k¢ FNF
Africa:
Biaka (122) 16 63 748  118.3  .5403
Mbuti (66) 13 35 391 63.3 .5623
Tanzanians (64) 18 42 323 61.1 .4430
North Africa:
Saharawi (106) 16 59 387 89.3 4134
Middle East:
Yemenites (80) 12 42 283 63.8 4213
Druze (126) 14 47 416 88.1 .5548
Europe:
Adygei (98) 12 45 290 73.8 4662
Russians (60) 11 33 311 514 4558
Finns (62) 15 33 262 56.4 .5656
Catalans (166) 18 76 575 113.0 .3895
Basques (216) 22 89 583 142.8 .4454
Asia:
Kazakhs (60) 12 39 182 54.0 .3578
Chinese (86) 13 41 281 65.0 4612
Japanese (86) 11 31 249 61.6 .6049
Yakut (78) 9 33 274 60.1  .5303
Pacific:
Nasioi (46) 8 20 161 42.6 .6536
America:
Maya (92) 16 37 227 67.3  .5906
Surui (84) 7 13 97 344 7810

* Minimum possible number of haplotypes.

® Number of haplotypes found in the sample.

¢ Maximum possible number of different haplotypes.

¢ Expected number of haplotypes under linkage equilib-
rium, given sample size and allele frequencies.
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Table 5

Microsatellite Variance by Population and by T854-TUB20
Haplotype

Population IVS1ICA 1VS6aGATT IVS8CA IVS17bTA
Africa:

Biaka 11.02 25 7.20 145.45

Mbuti 11.24 25 9.61 61.07

Tanzanians 8.25 .19 4.69 108.89
North Africa:

Saharawi 5.26 19 2.27 132.55
Middle East:

Yemenites 1.78 17 4.48 125.52

Druze 1.83 17 3.26 165.22
Europe:

Adygei 2.24 .20 2.31 135.91

Russians 2.63 .16 3.26 143.86

Finns 3.13 21 5.60 126.90

Catalans 2.97 19 4.42 139.11

Basques 2.13 21 4.54 136.25
Asia:

Kazakhs 2.05 24 2.86 63.48

Chinese 1.37 25 A1 26.16

Japanese 1.58 21 .74 24.99

Yakut 2.31 19 3.25 36.08
Pacific:

Nasioi 7.01 19 9.05 30.52
America:

Maya .88 .24 32 47.33

Surui 22 18 .16 8.36
Global 4.38 23 4.14 118.59
T854-TUB20

haplotype:

1-1 (2.8%) 3.26 .36 5.97 67.90

1-2 (55.4%) 2.37 13 4.31 64.98

2-1 (12.6%) 6.41 .14 2.27 36.04

2-2 (29.2%) 7.75 18 4.52 78.50

Chinese, with a global variance of 0.23. The variance
by population in allele size at IVS8CA ranges from 0.16
in Surui to 9.61 in Mbuti, with a global variance of
4.14. The variance in repeat length at IVS17bTA is quite
high and ranges from 8.36 in Surui to 165.22 in Druze,
with a global variance of 118.59. It should be noted that
allele-size variances are determined to a much greater
extent by locus than by population, probably because
of heterogeneity in mutation rate and pattern. Popula-
tion differences would explain only 2% of the variation
in allele-size variances, as determined by ANOVA.

STR variance by T854-TUB20 haplotype is also rep-
resented in table 5. As discussed above, haplotype 1-2
is likely to be ancestral; however, 1-2 chromosomes do
not carry the highest STR variances, as would be ex-
pected if this were the oldest haplotype. Given the weight
of extreme-sized alleles in the variance, this parameter
may have a larger evolutionary variance when compared
to, for instance, haplotype diversity at each background.
Moreover, it presents a large degree of heterogeneity
among populations.

Alleles at each STR did tend to show preferential as-
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sociations with T854-TUB20 haplotypes. Thus, .484 of
all T854-TUB20 2-1 haplotypes carried allele 21 at
IV1CA, while this allele is found at an overall frequency
of .172. Conversely, 1-2 chromosomes tended to carry
allele 22 (.561), and 2-2 seemed associated with allele
23 (.459). IVS6aGATT presented two alleles, 6 and 7,
at frequencies of ~.33 and ~.66, respectively; however,
among all 2-2 chromosomes the frequency of allele 6
was .766, whereas all other haplotypes carried allele 7
at frequencies of .72-.85. Haplotype 2-2 seemed to have
also a preferential association with allele 17 at IVS8CA,
which has an overall frequency of .257 but one of .623
in haplotype 2-2. Finally, the most striking associations
at IVS17bTA were of 1-1 and 2-1 with allele 7; fre-
quencies of allele 7 in those chromosomes were .787 and
.939, respectively, whereas allele 7 has an overall fre-
quency of .207.

The degree of association between the T854-TUB20
background and STR variability can be measured with
AMOVA, which provides the fraction of genetic varia-
bility at each STR that is found within or among hap-
lotype backgrounds. For IVS1CA, the fraction of genetic
variability found among haplotype backgrounds ob-
tained by weighting each allele independently of repeat
number (also called Fg;) was .20; such values were .47
for IVS6aGATT, .34 for IVSSCA and .19 for IVS17bTA.
It should be remarked that this kind of analysis is usually
performed across populations rather than across chro-
mosome backgrounds; the values by population are
lower (.07-.13). A similar analysis in the Y chromosome
(Bosch et al. 1999) yielded also much lower Fg; values
across populations rather than across haplotype back-
grounds, a result that implies that genetic backgrounds
may be older than population origin. Fg values by back-
ground would decrease with recombination and muta-
tion rate. In particular, they can be used to draw infer-
ences on mutation rate and patterns at IVS6aGATT. This
STRP is practically diallelic, and at least two models
can be suggested to explain this pattern: either (1)
IVS6aGATT mutates at a high rate, but its allelic vari-
ation is strongly constrained to alleles 6 and 7, or (2)
IVS6aGATT has an extremely low mutation rate. The
two models predict different outcomes for Fg: (1) it
should be low in the first case, since mutation would
have repeatedly placed both alleles in any background,
and (2) it should be high if mutation rate is low.
IVS6aGATT has the highest Fy; value among all four
STRPs, which seems to be evidence for a low mutation
rate at this locus.

Fgr by background, as a measure of association be-
tween stable chromosomal backgrounds and STRP al-
leles, can also be regarded as a function of LD. Next,
we discuss other, more conventional measures of LD and
apply them to CFTR polymorphisms.
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Measuring LD

Recently, a new measure for LD among multiallelic
loci, the £ coefficient, has been suggested (Zhao et al.
1999). It is based on the standardized likelihood-ratio
X statistic, and its significance can be obtained from the
same permutation analysis used to generate it. We have
assessed the performance of £ by comparing it to one
of the most-used LD measures for diallelic loci, D’ (Le-
wontin 1964). Three of the six loci we typed are diallelic
(T854 and TUB20) or practically so (IVS6aGATT). We
computed both £ and D' for the three pairs of loci among
these diallelic loci for all the populations. Results showed
that high, but nonsignificant D’ values, such as those
obtained when allele frequencies at one allele are close
to 0, always correspond to £ ~ 0. Given that, if one of
the alleles at one of the loci is found at a low frequency,
|D'| can easily reach 1 without any meaningful LD, we
computed a correlation coefficient between £ and |D/|
by removing all cases with |D’| =1. The correlation be-
tween the two SNPs (fig. 2) reached »r = .914 (P =
.011), and the correlation was » = .697 (P = .054) be-
tween IVS6aGATT and T854.

The performance of the significance of £ was measured
by comparing it to significance values obtained with the
different likelihood-ratio test and permutation proce-
dure previously suggested by Slatkin and Excoffier
(1996) and implemented in Arlequin (Schneider et al.
2000). Both significance values were computed for each
population and locus pair, and the correlation coefficient
among them was» = .943 (P < .001). If we dichotomize
the significance values according to an arbitrary signif-
icance level, we can compare how often both measures
agree in accepting or rejecting LD. At a significance level
of P = .05, both significance measures agreed in 94.6%
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of the cases. Of the 14 tests with discrepant results, 13
did not show significance by the Slatkin and Excoffier
(1996) method but were significant according to £. At
P = .01, results were very similar, with 93.9% agree-
ment between both measures and 11 out of 16 cases in
which & was less conservative than the method by Slatkin
and Excoffier. Finally, if we corrected by multiple testing
by using the Bonferroni correction (P = .01 divided by
the number of loci pairs, i.e., 15; Sanchez-Mazas et al.
2000), agreement decreased to 90.4%, with the 25 dis-
crepant cases divided into 13 cases in which £ was more
conservative and 12 cases in which £ was less conser-
vative. This result may be due to decreased precision at
low P values.

In summary, for pairs of diallelic markers, D' and £
have similar values, although £ is more robust to small
allele frequencies, and the significance of £ behaves much
like that of the likelihood method devised by Slatkin and
Excoffier (1996). This measure of LD seems suitable for
comparisons among markers and genome regions.

LD Analysis: Relation to Physical Distance and
Population Distribution

The £ coefficient and its significance have been com-
puted for each pair of loci and each population (table
6). In all but three populations (Yemenite, Adygei, and
Chinese, P <.05), £ is not correlated with physical dis-
tance—probably because of the alternation of markers
with higher and lower levels of polymorphism, as dis-
cussed below. Figure 3 illustrates this situation by show-
ing how high and low £ values alternate among adjacent
markers in four selected populations. This pattern can
be explained, in part, by a correlation between £ and
locus polymorphism: the correlation between ¢ and the
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Table 6

LD Pattern across Physical Size Intervals between Loci, in All Populations Analyzed

Locr (DISTANCE IN kb)?

VARIABLE AND POPULATION 2-3 (12) 4-5 (17) 5-6 (41) 1-2 (46) 3-4 (47) 4-6 (58) 1-3 (58) 2-4 (59) 3-S5 (64) 2-5 (76) 3-6 (105) 1-4 (105) 2-6 (117) 1-5 (122) 1-6 (163)

&
Biaka .63 22 .96 .39 .59 —-.01 4.01 —.02 3.56 .39 25 .59 .01 4.25 .63
Mbuti 1.24 23 1.18 .60 S1 .08 2.60 —-.02 2.36 91 31 .28 .02 2.57 .38
Saharawi 40 47 .76 58 22 .09 .50 —-.01 31 25 —.02 .26 .03 1.62 40
Tanzanians .39 .24 .19 .49 .06 .03 1.00 .05 2.34 .37 .02 31 .03 2.06 28
Yemenites 77 22 77 .34 .28 15 47 23 .37 .35 —.03 .20 —-.02 44 17
Druze S1 22 .65 .52 .33 51 .87 -.01 1.33 .33 .04 51 .00 .96 55
Adygei .61 .74 1.01 12 .38 .56 52 —-.01 .28 .00 —-.02 A5 .04 .19 .06
Russians .58 .98 .66 .19 .26 .57 .36 —-.02 .55 12 .14 .52 .08 42 23
Finns 1.01 1.18 .74 .39 15 58 .87 .01 1.32 41 12 .39 .09 1.63 24
Basques .99 .63 .72 77 18 25 .61 .20 .55 .36 15 .58 .01 1.00 .07
Catalans 57 52 .75 .24 A1 52 77 .01 58 .09 -.01 49 .09 .87 12
Kazakhs 1.72 -.02 55 .38 1.13 .01 1.36 45 42 -.03 -.10 45 .05 93 17
Chinese .75 27 13 41 .83 -.03 .73 .83 22 23 —-.03 42 -.02 .14 -.05
Japanese 1.18 44 NC 1.06 .73 NC 1.22 .97 .55 .49 NC 71 NC .79 NC
Yakut .74 31 A48 46 .14 .09 1.64 .19 .69 .10 —.04 43 -.02 17 .07
Nasioi 1.51 .79 29 .59 .72 —.06 3.08 .39 2.63 .60 41 1.07 —-.04 2.01 -.20
Maya 1.11 .33 .05 47 1.14 .03 .62 1.33 53 47 -.01 .66 .02 44 A1
Surui .99 1.08 NC 27 1.34 NC .30 97 .98 .69 NC .36 NC 25 NC
Pr:’

Biaka 0 011 0 0 0 .735 0 .810 0 0 .001 0 232 0 0
Mbuti 0 .068 0 0 0 .059 0 .831 0 0 011 .022 169 0 .007
Saharawi 0 0 0 0 .001 .013 .004 503 .064 011 .548 .002 .068 0 0
Tanzanians 0 .075 119 001 205 143 0 .085 0 012 364 .010 171 0 .022
Yemenites 0 .033 0 .003 .006 .004 .035 .001 124 .004 591 .025 681 .790 .047
Druze 0 0 0 0 0 0 0 697 0 .001 189 0 .305 0 0
Adygei 0 0 0 154 0 0 .004 412 119 446 539 .041 117 235 212
Russians 0 0 0 050 .003 0 .063 .886 .027 141 .032 0 .045 107 .026
Finns 0 0 0 001 .066 0 .001 210 0 012 .102 .003 .050 0 .035
Basques 0 0 0 0 0 0 0 0 0 .003 0 0 230 0 .065
Catalans 0 0 0 0 .021 0 0 139 .006 112 541 0 .004 .001 .020
Kazakhs 0 524 0 .002 0 .296 0 0 125 544 .843 0 .062 .007 .064
Chinese 0 010 875 0 0 712 0 0 .098 015 .879 0 754 272 773
Japanese 0 0 NC 0 0 NC 0 0 .001 0 NC 0 NC .001 NC
Yakut 0 .002 0 0 .029 .003 0 0 0 .109 650 0 772 183 136
Nasioi 0 0 124 0 0 476 0 .003 0 .004 0 0 408 0 1.000
Maya 0 .004 295 0 0 197 0 0 .001 0 517 0 .170 017 .057
Surui 0 0 NC 0 0 NC 0 0 0 0 NC 0 NC .010 NC

* 1=IVS1CA, 2=IVS6aGATT, 3=IVS8CA, 4=T854, 5= IVS17bTA, 6 =TUB20. NC = not computable because of the absence of variation.
> Pr(£) for 1,000 permutations (so that Pr of 0 means <.001).
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Figure 3 ¢ values for four populations between all six loci
(1=IVS1CA, 2 =IVS6aGATT, 3=IVSS8CA, 4=T854, 5 =IVS17bTA,
and 6 =TUB20). Each square is a graphical representation of £ levels
for pairs of loci in two populations; each population is represented
either above or below the diagonal (gray squares).

degrees of freedom in the corresponding haplotype table
(which are equal to k&, — 1 x k, — 1, where k, and k,
are the number of different alleles at the loci analyzed)
is r = .589 (P <.001). This seems to be a property of
LD, rather than a specific ¢ bias. Slatkin (1994) found
that the fraction of significant, nonrandom associations
between alleles in mtDNA sequences grew with poly-
morphism; Sanchez-Mazas et al. (2000) found that LD
increased with locus heterozygosity at the HLA region;
and Ott and Rabinowitz (1997) showed that a more
polymorphic marker provides increased statistical power
to detect LD with a linked disease-causing mutation.
Average £ was highest in the Africans, where it ranged
from 0.52 in the Tanzanians to 1.10 in the Biaka. Middle
Easterners, Europeans, and East Asians showed similar
ranges of average ¢ values, from 0.3 to 0.6. Among
American Indians, average ¢ was 0.48 in the Maya and
0.72 in the Surui; however, the latter value is not strictly
comparable, since TUB20 was fixed in the Surui and £
for § of the 15 loci could not be computed. Taken at
face value, these results seem to indicate that LD is
stronger in Africans than in other populations. However,
we have shown that £ grows with the number of alleles
in the loci being compared, and that quantity is higher
in Africans than in other populations. Thus, to assess
the extent to which population history generated LD in
Africans by means other than a higher STRP variation
(Calafell et al. 1998), we should turn to £ among the
diallelic markers, which have practically the same num-
ber of alleles in all populations and should be free
of the bias introduced by polymorphism on LD.
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IVS6aGATT and T854 show low, nonsignificant £ values
in Africans (—0.02 to 0.05), as well as in Middle East-
erners and Europeans, who, except for the Yemenites
(§=0.23) and the Basques (£§=0.20), fall in the same
range as the Africans. £ is much higher in East Asians,
Oceanians, and American Indians (0.19-1.33). T854
and TUB20 lie at a physical distance (59 kb) similar to
that of the previous pair and likewise show low LD in
Africans (—0.01 to 0.03), though it increases in Euro-
peans and Middle Easterners (0.15-0.58) to decrease
again in East Asians and the Maya (—0.06 to 0.09).
Finally, global LD between IVS6aGATT and TUB20 is
lower than in the two previous pairs—as expected, given
the higher physical distance—and, in fact, £ values are
rather small and reach significance only in the Russians
(P = .045) and in the Catalans (P = .004). In summary,
pairs of diallelic markers at CFTR show reduced levels
of LD in sub-Saharan Africans in comparison with other
populations.

Discussion

The six polymorphisms in the CFTR region considered
in the present paper have been thoroughly reported in
CF chromosomes. Most of the existent marker and hap-
lotype studies in clinical genetics are based on European
populations (e.g., Hughes et al. 1995, 1996; Russo et
al. 1995; Claustres et al. 1996; Morral et al. 1996); the
study in our worldwide sample has shown important
differences in allele and haplotype frequencies across
populations. Several alleles have been reported for the
first time.

It has been suggested that the high incidence of CF
in Europeans (overall frequency of disease alleles ~2%)
may be caused by heterozygote advantage against di-
arrheal diseases (Gabriel et al. 1994; Pier et al. 1998).
However, such selection pressures are not expected to
be a major factor in shaping worldwide CFTR variation,
since >98% of chromosomes (100 % in most continents)
do not carry CF mutations.

Haplotype Phylogeny

Typing the T854 and TUB20 SNPs in nonhuman pri-
mate samples has allowed the inference of the ancestral
states at those loci and the conclusion that 1-2 was the
likely ancestral haplotype. It is also the most frequent
haplotype and the chromosomes carrying it bear one of
the highest STRP haplotype diversities. However, that
diversity is slightly higher for 2-2, which may indicate
that the mutation that produced the derived allele at
T854 is older than its TUB20 counterpart. A simple
prediction based on the ancestrality of 1-2 is that STRPs
on that background should have the largest variance,
which is not always the case. This apparent contradic-
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tion can be explained by at least three reasons. First,
variance accumulation may not be linear with time and
can even reach a plateau in which it ceases to grow with
time (Goldstein et al. 19935). If that is the case for some
of the oldest backgrounds, then STRP allele size variance
may be a function of drift rather than of haplotype age
(Di Rienzo et al. 1998). And, as we have seen that hap-
lotype background determines STRP diversity to a
greater extent than populations do, it is likely that hap-
lotypes backgrounds are indeed older than populations.
Second, the estimation of STRP allele-size variance has
itself a large variance (Slatkin 1995), which may be the
reason why variance-based genetic distances seem not
to perform as well as those that do not take into account
repeat size (Pérez-Lezaun et al. 1997; Calafell et al. 2000;
Destro-Bisol et al. 2000). And third, an increase in STRP
variance can be brought by repeated mutation at the
presumed stable background or by recombination. In
fact, a median network (Bandelt et al. 1995) constructed
with the STRP haplotypes in the T854-TUB20 2-2 back-
ground showed two distinct and distantly related hap-
lotype groups: a main group, with medium and large
alleles at IVS17bTA, and a smaller group, with the 7
allele at TVS17bTA. This suggests that the extreme 7
allele could have been brought into a 2-2 background
by recombination, thus greatly increasing repeat-size
variance.

STRP Heterogeneity and CFTR: An STRP Spectrum

There is a vast heterogeneity in the diversity (as mea-
sured by heterozygosity or number of alleles) among
STRPs, likely because of different mutation rates and
patterns. See, for example, the ranges given by Calafell
et al. (1998) for 45 CA-repeat polymorphisms. Several
features, such as motif length (Chakraborty et al. 1997)
and number of repeats (Brinkmann et al. 1998), have
been suggested as contributors to mutation-rate varia-
bility across STRPs. Functional constraints can also play
a role in determining number of repeats, as is exemplified
by the disease-causing trinucleotide-repeat expansions.
And yet, much of that heterogeneity is bound to be
missed, given how most of the STRPs in the largest data
sets (the linkage-mapping sets, for instance) were ascer-
tained. Generally, libraries were screened with long
(CA), probes, as a rapid way of finding highly poly-
morphic markers. Thus, shorter, less polymorphic
STRPs, or those with other motifs, may be underrep-
resented. In contrast, STRPs at CFTR were discovered
from the whole sequence of the gene, and, although they
are fewer, they may be a good, unbiased representation
of STRP heterogeneity. We have typed all but one of the
STRPs found in CFTR, and the range of polymorphism
is remarkable: from two alleles accounting for 99.8%
of the chromosomes at IVS6aGATT to 36 different al-
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leles, ranging from 7 to 53 repeats, at IVS17bTA, with
a corresponding 500-fold increase in allele-size variance.

STR variability depending on minihaplotype T854-
TUB20 gives Fg; values higher than F; values depending
on population. That is, STR allele frequency differences
were greater between haplotype backgrounds than be-
tween populations. This suggests that the SNP mutation
events that generated the haplotype backgrounds pre-
date population differentiation processes.

The STRP analysis on a SNP haplotype background
has allowed us to test two different models for mutation
pattern at IVS6aGATT, and to reach the conclusion that
it has a slow mutation rate, rather than a faster mutation
rate and tight allele-size constraints. The fact that
IVS6aGATT only has two alleles may be due to a low
mutation rate, meaning it would be like an SNP, or to
a normal mutation rate with constrictions in mutation
pattern. Moreover, dinucleotides appear to have muta-
tion rates 1.5-2 times higher than the tetranucleotides
(Chakraborty et al. 1997). The variation pattern sup-
ports the first hypothesis, clarifying a debated point.

Genomic Effects on LD

LD, the nonrandom association of alleles at linked
loci, is a powerful tool in gene mapping. It is often as-
sumed that LD reflects genetic, and thus, physical dis-
tance (d), between a marker and a disease-causing mu-
tation. However, differences in mutation rate can reverse
the relation between LD and genetic distance among
genetic markers (Calafell et al. 2001). Furthermore, it
has been shown by Jorde et al. (1994) that, in a study
of one locus in one population, there is a good corre-
lation between LD and physical distance over 50-500
kb distances; but they do not correlate significantly when
d < 50-60 kb. Kidd et al. (2000) showed that, in some
populations, LD extended much farther than in others.
Our results show a very complex pattern of LD, among
the various sites, that is not a simple linear function of
genetic distance. Part of this pattern may be caused by
the relatively short genomic frame analyzed, in which
recombination events may be rare and where the evo-
lutionary variance of the effects of recombination may
be large. In that situation, the effect of recombination
becomes less predictable, particularly in relation to phys-
ical distance.

Allele diversity may also contribute to the LD pattern
observed. Sanchez-Mazas et al. (2000) describes also a
complex pattern of LD throughout the MHC region in
a French population, where the significance of LD is not
necessarily related to the physical distance between the
loci they typed, but to allele diversity: pairs of loci with
more alleles show stronger LD. This matches our find-
ings, as well as the simulations by Ott and Rabinowitz
(1997) and the analysis of mtDNA control-region se-
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quences by Slatkin (1994). The combination of haplo-
types with different degrees of polymorphism and with
presumably different mutation rates has proved very
fruitful in the understanding of different genome regions,
such as CD4 (Tishkoff et al. 1996), DM (Tishkoff et al.
1998), DRD2 (Kidd et al. 1998), and the Y chromosome
(Bosch et al. 1999). Such combinations provide both a
stable background and markers that accumulate varia-
tion at a faster rate, which can then be used to date
mutation events. However, care should be taken when
measuring LD in such settings, particularly when SNP-
SNP, SNP-STRP and STRP-STRP combinations are all
found and the range of polymorphism across pairs of
loci can determine LD to a much greater extent.

LD and Population History: How Many Went “Out of
Africa?”

A number of studies of haplotypes consisting of sev-
eral SNPs and, at most, one STRP (Tishkoff et al. 1996,
1998; Kidd et al. 1998; 2000) show a consistent pop-
ulation LD pattern: LD is small in Africans and grows
stronger in Europeans, East Asians, and American In-
dians, up to the point that, at CD4 (Tishkoff et al. 1996),
the authors found complete LD outside of Africa and
conclude that there was only a single, small early mi-
gration of modern humans from Africa, which occurred
<90,000 years before the present. It is also a recurrent
result that Africans show higher allele diversity at STRPs
(Bowcock et al. 1994; Jorde et al. 1997; Pérez-Lezaun
et al. 1997; Calafell et al. 1998). This could explain why
we find stronger LD in Africans, particularly among
pairs of STRP loci. Is all LD at CFTR in Africans ex-
plainable by higher heterozygosity of STRPs? What was
the underlying role of population history? A way around
this conundrum is to consider the diallelic background,
where Africans show little LD and, in some cases, are
the population group with the lowest LD. A way of
integrating STRP markers into this considerations would
be through FNF, the fraction of possible different hap-
lotypes that were not found in each population sample.
Since the theoretical maximum (which depends on the
number of different alleles at each locus) greatly exceeds
sample size for each population, the effective maximum
under linkage equilibrium is given by sample size and
allele frequencies. By that measure, some European and
Asian population samples cover the space of possible
haplotypes more extensively than African samples do,
which would indicate that the underlying LD is not low-
est in Africans.

Some genetic studies suggest that the “Out of Africa”
bottleneck was not so narrow (Ayala 1995; Helgason et
al. 2000). If that were the case, it could be expected that
LD in non-Africans in relation to Africans would follow
a broad distribution, in which some loci, such as CD4,
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would show extreme LD only in non-Africans, whereas
others, such as CFTR, should show similar amounts of
LD in Africans and non-Africans. The combination of
several types of markers at CFTR has allowed us to
tackle the complicated interplay of genomic and popu-
lation forces in creating and maintaining LD.
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