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ABSTRACT
The Duchenne muscular dystrophy (Dmd) locus lies in a region of the X chromosome that experiences

a high rate of recombination and is thus expected to be relatively unaffected by the effects of selection
on nearby genes. To provide a picture of nucleotide variability at a high-recombination locus in humans,
we sequenced 5.4 kb from two introns of Dmd in a worldwide sample of 41 alleles from Africa, Asia,
Europe, and the Americas. These same regions were also sequenced in one common chimpanzee and
one orangutan. Dramatically different patterns of genetic variation were observed at these two introns,
which are separated by .500 kb of DNA. Nucleotide diversity at intron 44 (p 5 0.141%) was more than
four times higher than nucleotide diversity at intron 7 (p 5 0.034%) despite similar levels of divergence
for these two regions. Intron 7 exhibited significant linkage disequilibrium extending over 10 kb and
also showed a significant excess of rare polymorphisms. In contrast, intron 44 exhibited little linkage
disequilibrium and no skew in the frequency distribution of segregating sites. Intron 7 was much more
variable in Africa than in other continents, while intron 44 displayed similar levels of variability in different
geographic regions. Comparison of intraspecific polymorphism to interspecific divergence using the HKA
test revealed a significant reduction in variability at intron 7 relative to intron 44, and this effect was most
pronounced in the non-African samples. These results are best explained by positive directional selection
acting at or near intron 7 and demonstrate that even genes in regions of high recombination may be
influenced by selection at linked sites.

IDENTIFYING the forces shaping genetic variation largely confirming a result first obtained by Li and
Sadler (1991). However, there is also substantial heter-in natural populations remains a key problem in

population genetics. Surprisingly, our understanding of ogeneity in levels and patterns of genetic variation
among loci, and a central challenge now is to explainthe amount and structure of genetic variation at the
these differences.nucleotide level in humans is still in its early stages.

Theoretical studies show that the interaction of selec-Mutation, migration, drift, recombination, selection at
tion and recombination can have a dramatic effect onindividual loci, the effects of selection at linked sites,
levels of nucleotide variability, either through the fixa-and demographic history undoubtedly all play a role in
tion of advantageous mutations (i.e., genetic hitchhik-shaping patterns of human genetic variation, although
ing; Maynard Smith and Haigh 1974) or the removalthe relative importance of these different factors is not
of deleterious mutations (i.e., background selection;yet clear. Significant progress into this problem has been
Charlesworth et al. 1993). Both processes are ex-made with recent studies of nucleotide variation at
pected to reduce levels of neutral genetic variation inb-globin (Harding et al. 1997), dystrophin (Zietkie-
genomic regions with low rates of recombination. Esti-wicz et al. 1997, 1998), lipoprotein lipase (Clark et al.
mates of recombination rate for different genomic re-1998), introns of seven X-linked genes (Nachman et al.
gions can be obtained by comparing the genetic and1998), pyruvate dehydrogenase E1 a subunit (Harris
physical locations of markers. In humans, there is evi-and Hey 1999), angiotensin converting enzyme (Rieder
dence for both local and large-scale variation in theet al. 1999), a noncoding region at Xq13.3 (Kaessmann
recombinational landscape. For example, several stud-et al. 1999), the X-chromosome-specific zinc-finger pro-
ies have revealed recombinational hotspots, suggestingtein (Jaruzelska et al. 1999), and the melanocortin
that recombination rates may vary substantially over a1 receptor (Rana et al. 1999; Harding et al. 2000).
scale of several kilobases (e.g., Oudet et al. 1992; Har-Collectively, these studies have shown that the average
ding et al. 1997). A common large-scale pattern is thelevel of nucleotide diversity in humans is quite low,
suppression of recombination near centromeres of
metacentric chromosomes (e.g., Nagaraja et al. 1997).
Variation at both of these scales is likely to be important
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tween regional recombination rate and levels of nucleo- experiencing high rates of recombination. Fine scale
mapping of this region reveals overall recombinationtide heterozygosity in Drosophila melanogaster (Begun

and Aquadro 1992; Aquadro et al. 1994; Moriyama frequencies of 12 cM across 2 Mb of DNA (Abbs et al.
1990; Oudet et al. 1992). This overall rate, 6 cM/Mb,and Powell 1996) and weaker evidence for a positive

association between recombination rate and levels of is about six times the average value of z1 cM/Mb across
the human genome. Oudet et al. (1992) documentednucleotide variability in a number of other organisms

(Nachman 1997; Dvorák et al. 1998; Kraft et al. 1998; considerable heterogeneity in recombination frequen-
cies in different regions of the Dmd gene and foundStephan and Langley 1998), including humans

(Nachman et al. 1998; Przeworski et al. 2000). that some regions experience recombination rates .10
cM/Mb (Figure 1). Previous studies have surveyedMotivated by theoretical expectations concerning the

effects of selection on linked neutral variation and the worldwide variation in intron 44 of Dmd using single-
strand conformation polymorphisms (SSCPs) to detectempirical evidence suggesting that such effects may be

common, we were interested in documenting patterns mutations (Zietkiewicz et al. 1997, 1998) or through
direct DNA sequencing (Nachman et al. 1998). Zietkie-of nucleotide variability at a gene that experiences a

very high rate of recombination in humans. In principle, wicz et al. (1997, 1998) screened 7622 bp in a worldwide
sample of 250 chromosomes but may not have uncov-high-recombination genes are least likely to be affected

by selection at linked sites and are thus more likely to ered all of the underlying variation since their study was
based on mutation detection using SSCP. Nachman etreflect neutral, equilibrium conditions.

Dystrophin is the protein product of the Duchenne al. (1998) surveyed 1537 bp in 10 individuals by sequenc-
ing all sites.muscular dystrophy (Dmd) locus. Duchenne muscular

dystrophy is a common inherited disease with an inci- Here, we further investigate patterns of genetic varia-
tion at two introns (7 and 44) of Dmd in a global sampledence worldwide of 1 in 3500 births, many of which

arise from new mutations. The Dmd locus is z2.4 Mb of 41 alleles and find strikingly different patterns of
genetic variation in each region. Both of these intronslong and consists of 79 exons that encode a 14-kb tran-

script. This mRNA codes for a 3685-amino-acid protein experience recombination rates well above the genomic
average and are expected to be relatively free of theof 427 kD that shows similarity to several cytoskeletal

proteins. Dmd is X-linked and lies in a genomic region effects of selection at linked sites. Nonetheless, the con-

Figure 1.—Map of Dmd. (A)
Recombination rate estimates
for different portions of the
Dmd locus (data from Oudet
et al. 1992). (B) Physical map
of Dmd. (C) Position of exons.
(D) Amplified regions of in-
trons 7 and 44 in this study.
Arrows denote PCR primer po-
sitions.
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measures of nucleotide variability, p (Nei and Li 1979) andtrasting patterns of variation at these two introns suggest
u (Waterson 1975), were calculated. Nucleotide diversity, p,that recent directional selection has acted at or near
is based on the average number of nucleotide differences

intron 7 of Dmd. between two sequences randomly drawn from a sample, and
u is based on the proportion of segregating sites in a sample.
Under neutral, equilibrium conditions, both p and u estimate

MATERIALS AND METHODS the parameter 3Nem for X-linked loci, where Ne is the effective
population size and m is the neutral mutation rate. DeparturesSamples: Forty-one men were sampled, including 10 from
from a neutral equilibrium frequency distribution of polymor-Africa, 10 from Europe, 11 from Asia (including one from
phisms were evaluated using two approaches (Tajima 1989;Melanesia), and 10 from the Americas. Human genomic DNAs
Fu and Li 1993). Linkage disequilibrium (D9) was calculatedwere provided by Dr. M. F. Hammer from the Y chromosome
for a set of independent pairwise comparisons between non-consortium (YCC) DNA repository. A single male common
unique polymorphic sites (Lewontin 1964, 1995), and thechimpanzee (Pan troglodytes) and a single male orangutan
significance of D9 was assessed using Fisher’s exact tests. Ratios(Pongo pygmaeus) were also surveyed from DNAs provided by
of polymorphism within humans to divergence between hu-Dr. O. A. Ryder. By sequencing X chromosomes in males, we
man and chimpanzee or human and orangutan were com-were able to amplify by PCR and sequence a single allele per
pared with expectations under a neutral model using theindividual and thus avoid problems associated with sequencing
Hudson, Kreitman and Aguadé (HKA) test (Hudson et al.and scoring heterozygous sites. We were also able to recover
1987). Polymorphism was based on variation segregatinghaplotypes directly and thereby look at patterns of linkage
among the 41 human alleles and divergence was based on adisequilibrium among all sites in the sample.
single randomly chosen human allele and the single chimpan-PCR amplification and sequencing of Dmd: A map of the
zee or orangutan allele.Dmd locus is shown in Figure 1. Additional detailed informa-

tion about the structure of this locus can be found at http://
www.dmd.nl. Intron 7 and intron 44 are separated by .500
kb of DNA. Both introns lie in genomic regions experiencing RESULTS
high rates of recombination (.4 cM/Mb), although the in-

Polymorphic sites for introns 7 and 44 are shown intervening introns experience considerably lower rates of re-
combination (,1 cM/Mb). DNA was PCR amplified (Saiki et Tables 2 and 3, respectively. Numbers of segregating
al. 1988) in 25-ml volumes with 40 cycles of 948 1 min, 558 1 sites, nucleotide diversity, measures of the frequency
min, and 728 2 min. Amplification primers were designed distribution, and levels of divergence are summarized
from published sequence for intron 7 (GenBank accession

in Table 4 for both introns. Nine segregating sites wereno. U60822) and intron 44 (GenBank accession no. M86524)
observed in intron 7, and 19 segregating sites were ob-and are listed in Table 1. Products were cycle-sequenced and

run on an ABI 377 automated sequencer or sequenced manu- served in intron 44. Intron 7 had three insertion-dele-
ally as in Nachman et al. (1998). A total of 2389 bp from tion polymorphisms; two consisted of a single nucleo-
intron 7 and 3000 bp from intron 44 were sequenced. The tide and one consisted of 5 bp. Intron 44 contained
3000 bp in intron 44 are contiguous but the 2389 bp in intron

a complicated compound microsatellite consisting of7 consist of two fragments (1388 bp and 1001 bp) separated
several different dinucleotide repeats (Table 3). Nucleo-by 8820 bp of largely repetitive DNA, which we found difficult

to sequence (Figure 1). The 3000-bp portion of intron 44 tide diversity at intron 44 (p 5 0.141%) was more than
includes and extends the smaller region (1537 bp) sequenced four times greater than nucleotide diversity at intron 7
in 10 individuals in Nachman et al. (1998). Sequences have (p 5 0.034%). Waterson’s u, which is based on the
been submitted to GenBank under accession nos. AF279921–

number of segregating sites, was less than twice as largeAF280049.
in intron 44 (u 5 0.148) as in intron 7 (u 5 0.088).Data analysis: Sequences were aligned by eye, and the num-

bers and frequencies of all polymorphisms were counted. Two The relative similarity in u despite the difference in p

TABLE 1

Amplification primers used in this study

Intron Direction Primer

7 (section 1) Forward 59-TGT ATG CCC TAT GGA TGG AG-39
Reverse 59-TCT GAT TAT GAT GTG GAT GC-39

7 (section 2) Forward 59-TTT CCG CCT CTG CTG TAA TC-39
Reverse 59-TTG TGA AAA TAA TCC TGG TAA G-39

44 Forward (F1) 59-TTG GGG GAA ATA AGG CAA TTC C-39
Reverse (R1) 59-AGA AGC AAA AGA AGA ACC CCG C-39
Forward (F4) 59-CTG TAG TAC CAG AAT CTC C-39
Reverse (R4) 59-CTT GAA GTT GGG GAC ACT AGA G-39
Forward (F11) 59-ATA ATG AGA ACT ACA AAC CAA G-39
Reverse (R5) 59-AAC TCT GAA ATC CTA AAC AAA T-39

Approximate positions of primers are shown in Figure 1. Amplification of 3 kb of intron 44 was done with
three overlapping fragments using primer pairs F1 1 R1, F4 1 R4, and F11 1 R5.
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TABLE 2

Individuals sampled and polymorphic sites at Dmd intron 7

0000001 00000
1225562 45679

Ethnic/language 4261589 84312
Continent Country group YCC no. 5580189 10415

Consensus ATAA-TT A-TGG
Africa Namibia Tsumkwe 38 ....... TA...

Namibia Tsumkwe 22 ..G.... ....A
South Africa Sotho 32 ....... .....
South Africa Pedi 33 ....... ...A.
South Africa Herero 40 ....... .....
C. African Repub. Biaka 7 .GG.G.. TA...
C. African Repub. Biaka 6 ..G.G.. TAC..
Zaire Mbuti 8 ..G.G.. TA...
Zaire Mbuti 65 ....... .....
Zaire Mbuti 9 ..G.Ga . TA...

Europe United Kingdom United Kingdom 26 ....... .....
Germany German 61 ....... .....
Germany German 64 ....... .....
Germany German 62 ....... .....
E. Europe Ashkenazi 24 ....... .....
Poland/Ukraine Ashkenazi 59 ....... .....
S. W. Russia Adygean 56 ......C .....
Russia Russian 72 ....... .....
Russia Russian 71 ....... .....
Turkey Turkish 79 ....... .....

Asia Japan Japanese 78 ....... .....
Japan Japanese 76 ....... .....
Japan Japanese 77 ....... .....
China S. Han 66 ....... .....
China S. Han 67 ....... .....
China S. Han 68 ....... .....
Cambodia Cambodian 69 ....... .....
Pakistan Pakistani 57 ....... .....
Siberia Yakut 49 ....... .....
Siberia Yakut 51 ....... .....
Melanesia Nasioi 10 ....... .....

Americas United States Porch Creek 27 ..G.... .....
United States Tohono O’Odham 1 G...... .....
United States Navajo 23 ....... .....
United States Amerindian 2 ....... .....
United States Amerindian 4 ....... .....
Mexico Mayan 17 ....... .....
Brazil Karitiana 12 ...G... .....
Brazil Karitiana 13 ....... .....
Brazil Surui 16 ....... .....
Brazil Surui 14 ....... .....

Pan ..G.G.. C....
Pongo ..G.G.C T..A.

a Deletion of TTAAG.

between the two introns is due in large part to the negative values of Tajima’s D and Fu and Li’s D statistics
(Table 4).difference in the number of singletons in each intron.

Seven out of 9 (78%) polymorphic sites in intron 7 are Divergence was significantly higher at intron 7 than
at intron 44 in comparisons between human and chim-singletons, while 6 out of 19 (32%) polymorphic sites

in intron 44 are singletons. The frequency distribution panzee (t 5 2.30, P , 0.05). In comparisons between
human and orangutan, divergence was only slightly andof polymorphisms is consistent with neutral expecta-

tions for intron 44, but there is an excess of rare poly- not significantly higher at intron 7 than at intron 44
(Table 4).morphisms in intron 7, reflected in the significantly
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TABLE 3

Polymorphic sites at Dmd intron 44

0000000111 1 1 1 1 1 1 1 1222222
0167889123 7 7 8 8 8 8 8 8345677
0985132625 7 7 0 3 3 5 6 6723924

Continent Country YCC no. 1110448043 3 7 8 2 2 8 6 6432118

Consensus GACCTTCAGG 8 C 12 13 G 1 7 GGAGAGC
Africa Namibia 38 A...A....A 6 . 14 12 . . . ...AT..

Namibia 22 ..G..C.TT. . . 11 11 . . . ...A...
South Africa 32 AGG....T.. . . 11 11 . . . .......
South Africa 33 .G........ . . . 12 . . . ....T..
South Africa 40 .G....T... . . . . . . . ....T..
C. Africa 7 A......... . . . . . 2 . .......
C. Africa 6 A......... . . . . . 2 . .......
Zaire 8 .G........ . G . 14 . 2 . .......
Zaire 65 A......TTA . . 11 20 A . . .....A.
Zaire 9 A.G.A....A 7 . 14 12 . . . ...AT..

Europe United Kingdom 26 ..G..C.TT. . . 11 11 . . . ...A...
Germany 61 A.G.A..... . . 11 9 . . . ...A...
Germany 64 .....C.TT. . . 11 11 . . . .ATA...
Germany 62 A......... . . 11 20 . . . .ATA...
E. Europe 24 .....C.TT. . . 11 12 . . . ...A...
Poland/Ukraine 59 ..G..C.TT. . . 11 11 . . . ...A...
S. W. Russia 56 .....C.T.. . . . . . 2 6 A......
Russia 72 A.G.A..... . . 11 9 . . . ...A...
Russia 71 .....C.TT. . . 11 11 . . . ...A...
Turkey 79 A......... . . . . . 2 . .......

Asia Japan 78 A......... . . . . . 2 . .......
Japan 76 .......... . . . . . 2 . .......
Japan 77 A......... . . . . . 2 . .......
China 66 ..G....... . . . . . 2 . .......
China 67 ..G....... . . 13 . . 2 . .......
China 68 .......... . . 13 . . 2 . .......
Cambodia 69 A..G...... . . 13 . . 2 . .......
Pakistan 57 .....C.TT. . . 11 11 . . . ...A..T
Siberia 49 .....C.TT. . . 11 12 . . . ...A...
Siberia 51 .....C.T.. . . 11 . . 2 . .......
Melanesia 10 .GG....... . . . 14 . . . ....T..

Americas United States 27 A......T.. . . 8 23 A . . ...A...
United States 1 .......... . . 11 11 . . . ...A...
United States 23 .G........ . . . 14 . . . ....T..
United States 2 ..G....... . . . . . 2 . .......
United States 4 .GG....... . . . 14 . . . ....T..
Mexico 17 .....C.TT. . . 11 11 . . . ...A...
Brazil 12 A.G....... . . . . . 2 . .......
Brazil 13 ..G....... . . . . . 2 . .......
Brazil 16 .....C.TT. . . 11 11 . . . ...A...
Brazil 14 A......... . . 11 . . 2 . .......

Pan ..G....T.A 6 . 11 7 . . 6 .A.A...
Pongo ..G....T.A . . 10 14 . - 6 .A.A.C.

Numbers below sites indicate number of dinucleotide repeats. Sites and dinucleotides present at each are
as follows: 1773 (CT)n, 1808 (CT)n, 1832 (GT)n, 1858 (GC)n, and 1866 (GT)n.

We investigated patterns of linkage disequilibrium by linkage disequilibrium was observed in each of the three
sequential comparisons involving these sites (Fisher’scomparing pairs of sites in order along the chromo-

some; this provides a set of independent comparisons exact test, P , 0.001 for each, after Bonferroni correc-
tion for multiple tests). Sites 268 and 551 in section onefor tests of significance (Lewontin 1995). Sites con-

taining singletons were excluded from this analysis. In of intron 7 are z10 kb away from sites 481 and 540
in section two of intron 7. The high level of linkageintron 7, comparisons were made among four sites (sec-

tion one, 268, 551; section two, 481, 540). Significant disequilibrium in intron 7 results in two major haplo-
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types (represented by YCC individuals 32 and 8; Table
2). In intron 44, 13 sequential pairwise comparisons
were made among 14 sites (1, 191, 681, 814, 834, 1160,
1224, 1353, 1830, 1858, 2374, 2423, 2532, and 2691).
Significant linkage disequilibrium was observed in three
of these comparisons (Fisher’s exact test, P , 0.0001
for sites 834–1160 and 1160–1224; P , 0.05 for sites
2374–2423, after Bonferroni correction).

None of the 3 comparisons between pairs of sites in
intron 7 contained all four gametic types, while 6 of
the 13 comparisons between pairs of sites in intron 44
contained all four gametic types. Thus, more recombi-
nation is observed among the sequences in intron 44
than in intron 7, consistent with the mapping data in
Figure 1. We also calculated the neutral recombination
parameter, g, from the polymorphism data at intron 44
using the method of Hey and Wakeley (1997). This
provided an estimate of the per-site population recombi-
nation rate, 2Nc f 5 5.58 3 1023, which corresponds to
a rate of 27.9 cM/Mb (where c f is the female recombina-
tion rate assuming N 5 104; e.g., Hammer 1995). This
value is substantially larger than the estimate of 15 cM/
Mb obtained from mapping data (Figure 1), although
the variance associated with both of these estimates is
large. If population size is closer to 20,000–30,000 (e.g.,
Nachman et al. 1998; Harris and Hey 1999), then the
inferred recombination rate from the sequence data
(9.3–14.0 cM/Mb) is in better agreement with the esti-
mate from mapping data. g could not be calculated
for either portion of intron 7 because there are no
incongruent pairs of sites in these data; the maximum-
likelihood estimate of g in this case is zero (Hey and
Wakeley 1997).

The geographic distribution of nucleotide variation at
each intron is shown in Table 5. For intron 7, nucleotide
diversity is substantially lower in the non-African sam-
ples (p ranges from 0 to 0.025%) than in the African
sample (p 5 0.08%). The two major haplotypes at in-
tron 7 are both present in Africa, but only one is present
out of Africa. For intron 44, nucleotide diversity in the
non-African samples (p ranges from 0.111 to 0.144%)
is more than half the value observed in the African
sample (p 5 0.173%). Surprisingly, for both introns,
the Asian sample is the least variable and is even slightly,
though not significantly, less variable than the sample
from the Americas. Average FST calculated across all
populations was six times higher for intron 7 (FST 5
0.176) than for intron 44 (FST 5 0.028). This overall
difference in FST is attributable to the differences be-
tween the two introns in the partitioning of genetic
variation between African and non-African populations,
as can be seen from the distribution of variation in
Tables 2 and 3. Average FST calculated across all non-
African populations was zero for intron 7 and was very
small for intron 44 (FST 5 0.013).

HKA comparisons involving polymorphism and
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TABLE 5

Amount and distribution of polymorphisms at Dmd introns 7 and 44 by geographic region

Geographic Sample Tajima’s
Locus region size S p (SE) (%) u (SE) (%) D

Intron 7 Africa 10 6 0.080 (0.056) 0.088 (0.053) 20.409
Europe 10 1 0.008 (0.012) 0.015 (0.016) 21.176
Asia 11 0 0.000 (0.000) 0.000 (0.000) —
Americas 10 3 0.025 (0.025) 0.044 (0.032) 21.572

Intron 44 Africa 10 14 0.173 (0.103) 0.165 (0.085) 0.223
Europe 10 10 0.144 (0.088) 0.118 (0.064) 0.985
Asia 11 10 0.111 (0.070) 0.114 (0.060) 20.105
Americas 10 9 0.121 (0.076) 0.106 (0.058) 0.617

DISCUSSIONare shown in Table 6. When all the data are considered,
there is only a marginally significant rejection of the We investigated the amount and structure of DNA
null model (P 5 0.08). However, when the non-African sequence variation at two introns of Dmd in a worldwide
populations are considered collectively, there is a sig- sample of 41 humans and found that these two introns
nificant reduction in the ratio of polymorphism to diver- have strikingly different patterns of genetic variation.
gence at intron 7 relative to intron 44 (P , 0.05). A In general, intron 44 had a high level of nucleotide
significant reduction is also seen in Europe and in Asia, diversity, little linkage disequilibrium, no skew in the
but not in Africa or the Americas. HKA tests involving frequency distribution of polymorphisms, and revealed
Homo-Pongo comparisons yield similar results: a signifi- similar patterns of variation in and out of Africa. Pat-
cant or marginally significant rejection of the null model terns of variation at intron 44 are entirely consistent
is obtained in comparisons involving Asia (P , 0.05), with a neutral model of molecular evolution. In contrast,
Europe (P 5 0.06), or all non-African populations (P 5 intron 7 had a low level of nucleotide diversity, displayed
0.08), but not in comparisons involving the total sample, significant linkage disequilibrium extending over 10 kb,
Africa, or the Americas (P . 0.10). We also performed a significant excess of rare polymorphisms, and very
HKA tests comparing Dmd intron 7 and Dmd intron different patterns of variation in and out of Africa.
44 to another X-linked gene, Pdha1 (Harris and Hey Jointly, the patterns of variation observed at these two
1999). The Pdha1 data consist of 4200 bp surveyed in introns are inconsistent with a standard, neutral equilib-
a worldwide sample of 35 chromosomes. In comparisons rium model. The statistical evidence against this model
using the entire sample, the ratio of polymorphism to derives from the significantly negative values of Tajima’s
divergence is lower at Dmd intron 7 than at Pdha1 (HKA (1989) D and Fu and Li’s (1993) D for intron 7 (Table
x2 5 3.41, P 5 0.06), but is nearly identical at Dmd 4) and from the significant HKA tests showing reduced
intron 44 and at Pdha1 (HKA x2 5 0.01, P . 0.5). variability at intron 7 in non-African populations (Table

6). These patterns are difficult to reconcile with non-
equilibrium population-level effects, such as migrationTABLE 6
or changes in population size, since such effects are

HKA tests comparing Dmd intron 7 vs. expected to affect all loci in a roughly proportional
intron 44, Homo vs. Pan fashion. On the other hand, all of our observations

are consistent with positive directional selection acting
Geographic recently at or near intron 7. Positive directional selec-region Locus S D HKA x2 P value

tion can reduce levels of linked neutral variability, in-
Africa Intron 7 6 39 crease levels of linkage disequilibrium, and produce a

Intron 44 15 27 2.51 NS skew in the frequency distribution toward an excess of
Europe Intron 7 1 39 rare sites (Maynard Smith and Haigh 1974; Kaplan

Intron 44 10 27 5.10 ,0.05
et al. 1989; Tajima 1989; Braverman et al. 1995). More-Asia Intron 7 0 39
over, if selection does not act equally in all geographicIntron 44 10 27 7.01 ,0.01
regions, it may also lead to increased levels of popula-Americas Intron 7 3 39

Intron 44 9 27 2.52 NS tion differentiation (e.g., Stephan 1994; Stephan et al.
World Intron 7 9 39 1998).

Intron 44 19 27 3.08 0.08 The exact nature of selection is difficult to determine
non-Africa Intron 7 4 39 from the observed distribution of variation. There are

Intron 44 15 27 5.01 ,0.05 two major haplotypes at intron 7 (represented by YCC
NS, not significant. individuals 32 and 8) and these haplotypes are three
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(YCC 32) and one (YCC 8) mutational steps derived are roughly threefold lower than in Drosophila (2–3 3
1028 per site; Nachman and Churchill 1996), the sizefrom the ancestral human haplotype, inferred from par-

simony using the chimpanzee and orangutan sequences of windows affected by selection on linked sites in hu-
mans may, on average, be larger than in flies (assumingas outgroups. Both of the major haplotypes are present

in Africa but only one is present out of Africa. All other equivalent selection coefficients).
The effects of selection are expected to be easiest tohaplotypes in our sample are one mutational or recom-

binational step derived from one of these two major detect in genomic regions experiencing low rates of
recombination because these regions will contain morehaplotypes. One straightforward explanation for the dif-

fering patterns of variation at intron 44 and at intron potential targets of selection for a given genetic dis-
tance. Indeed, our study was motivated by an interest in7 is a partial selective sweep of the more common haplo-

type (YCC 32) at intron 7, especially in non-African depicting patterns of variation at a high-recombination
gene to capture the distribution of variation that maypopulations. The fact that variation is reduced primarily

in non-African populations suggests that a selective be closest to neutral, equilibrium values. However, the
observed patterns of variation strongly suggest that se-sweep may have occurred concomitant with or following

the movement of anatomically modern humans out of lection has acted in this region, and these observations
raise the possibility that the signature of selection at theAfrica. It should be noted that despite the presence of

two major alleles, there is no evidence for an excess of molecular level may be common in the human genome.
Moreover, the differences in patterns of variation seen atvariation or for polymorphisms at intermediate fre-

quency as might be expected under prolonged balanc- intron 7 and intron 44 highlight that a single functional
gene may contain segments with dramatically differenting selection (e.g., Hudson et al. 1987; Kreitman and

Hudson 1991). evolutionary histories.
Overall, the level of variation we observed in intronThe likelihood that selection has acted at or near

intron 7 raises the question of which site or sites are 44 is in general agreement with previous surveys of nu-
cleotide variability in this intron (Nachman et al. 1998;the direct targets of selection. The genomic distance in

base pairs (d) over which selection is likely to exert a Zietkiewicz et al. 1998). In a sample of 10 alleles sur-
veyed over 1537 bp, Nachman et al. (1998) reportedstrong effect on levels of linked neutral variability is a

function of the strength of selection, s, and the recombi- nucleotide diversity of 0.187%, a value that is not sig-
nificantly different from the value reported here. Ziet-nation rate per nucleotide, c, and is approximated by

d 5 (0.01) s/c (Kaplan et al. 1989, p. 896). For example, kiewicz et al. (1997, 1998) surveyed 7622 bp in a world-
wide sample of 250 alleles and reported nucleotideWang et al. (1999) observed a reduction in neutral varia-

tion over a region of only a few kilobases in the vicinity diversity of 0.101%. The slightly lower value obtained
by Zietkiewicz et al. (1998) may reflect that their surveyof the 59 promoter region of the teosinte-branched 1 locus

in maize, a gene that has been a target of strong artificial was based on polymorphism detection using SSCP.
The level of nucleotide variability observed at eachselection during the domestication of maize. The re-

combination rate over the entire Dmd locus is z6 cM/ intron can be used to estimate the effective population
size under the neutral expectation for X-linked genes,Mb, but it may be closer to 4 cM/Mb in intron 7 (Oudet

et al. 1992; Figure 1), corresponding to c 5 4 3 1028 per p 5 3Nem, assuming a sex ratio of 1. Using the human-
chimpanzee divergence values in Table 4, the estimatednucleotide. Mutations with selection coefficients ,1024

are unlikely to have been affected by deterministic pro- mutation rates are m 5 3.26 3 1028 for intron 7 and
m 5 1.8 3 1028 for intron 44 assuming a divergencecesses in ancestral human populations, given most esti-

mates of effective population size (e.g., Hammer 1995; time of 5 mya and a generation time of 20 years. The
estimated population sizes are zNe 5 3500 for intronZietkiewicz et al. 1998). If we consider a range of selec-

tion coefficients, 0.001 , s , 0.1, then linked neutral 7 and Ne 5 26,000 for intron 44. The corresponding
coalescence times are z210,000 years for intron 7 andvariability is expected to be reduced over a genomic

distance ranging from 500 bp to 50 kb. Nucleotide vari- 1,560,000 years for intron 44. Despite the large variance
associated with each of these estimates, these differencesability at intron 7 is low in both of the segments we

sequenced, and these are separated by z9 kb. This im- underscore the fact that different regions of the ge-
nome, and even of the same gene, may provide quiteplies that selection coefficients may be .1023, assuming

a simple model of genetic hitchhiking (Kaplan et al. different estimates of parameters that are important for
understanding human evolution. Genomic regions that1989). Nonetheless, the large size of the window of

reduced variation points to the difficulty of identifying have been influenced by selection at linked sites may
provide substantial underestimates of the long-term ef-the specific site or sites that have been under selection.

This stands in contrast to the narrow window of reduced fective population size for humans. The larger value of
Ne obtained from intron 44 is likely to better reflectvariability in maize at the tb1 locus (Wang et al. 1999)

or the narrow window of elevated variability at Adh in equilibrium conditions and suggests that a long-term
effective population size for humans may be on theDrosophila (Kreitman and Hudson 1991). Because av-

erage recombination rates in humans (1028 per site) order of 30,000 rather than 10,000 (e.g., Hammer 1995).



1863Dmd Nucleotide Variation in Humans

et al., 1997 Archaic African and Asian lineages in the geneticThe geographic patterns reported here are in general
ancestry of modern humans. Am. J. Hum. Genet. 60: 772–789.

agreement with other studies of nucleotide variability Harding, R. M., E. Healy, A. J. Ray, N. S. Ellis, N. Flanagan et
al., 2000 Evidence for variable selective pressures at Mc1r. Am.in humans in revealing more variation in Africa than
J. Hum. Genet. 66: 1351–1361.in other continental regions (e.g., Harding et al. 1997;

Harris, E. E., and J. Hey, 1999 X chromosome evidence for ancient
Zietkiewicz et al. 1998; Harris and Hey 1999; Kaess- human histories. Proc. Natl. Acad. Sci. USA 96: 3320–3324.

Hey, J., and J. Wakeley, 1997 A coalescent estimator of the popula-mann et al. 1999). This observation is often interpreted
tion recombination rate. Genetics 145: 833–846.as evidence that modern humans throughout the world

Hudson, R. R., M. Kreitman and M. Aguadé, 1987 A test of neutral
derived recently from an ancestral African population molecular evolution based on nucleotide data. Genetics 116:

153–159.(e.g., Kaessmann et al. 1999), although it has also been
Jaruzelska, J., E. Zietkiewicz, M. Batzer, D. E. C. Cole, J. P. Moisanpointed out that some of the African diversity may derive

et al., 1999 Spatial and temporal distribution of the neutral
from human migration back to Africa (e.g., Harding et polymorphisms in the last Zfx intron: analysis of haplotype struc-

ture and genealogy. Genetics 152: 1091–1101.al. 1997; Hammer et al. 1998). One surprising observa-
Kaessmann, H., F. Heißig, A. von Haeseler and S. Pääbo, 1999tion in our data is the greater variability in the Americas

DNA sequence variation in a non-coding region of low recombi-
than in Asia. The Americas are typically thought to have nation on the human X chromosome. Nat. Genet. 22: 78–81.

Kaplan, N. L., R. R. Hudson and C. H. Langley, 1989 The “hitch-been colonized from Asia, and samples from the Ameri-
hiking effect” revisited. Genetics 123: 887–899.cas typically reveal lower levels of genetic variability than

Karafet, T. M., S. L. Zegura, O. Posukh, L. Osipova, A. Bergen
samples from Asia (e.g., Karafet et al. 1999). At both et al., 1999 Ancestral Asian source(s) of New World Y-chromo-

some founder haplotypes. Am. J. Hum. Genet. 64: 817–831.intron 7 and intron 44, we observe higher levels of
Kraft, T., T. Sall, I. Magnusson-Rading, N. O. Nilsson and C.variability in the Americas than in Asia, though in nei-

Hallden, 1998 Positive correlation between recombination
ther case is this difference significant. Surveys of nucleo- rates and levels of genetic variation in natural populations of sea

beet (Beta vulgaris subsp. maritima). Genetics 150: 1239–1244.tide variability at additional unlinked loci from multiple
Kreitman, M., and R. R. Hudson, 1991 Inferring the evolutionarypopulations will be essential for disentangling the effects

histories of the Adh and Adh-dup loci in Drosophila melanogaster
of population-level processes from selection in shaping from patterns of polymorphism and divergence. Genetics 127:

565–582.variation in different geographic regions.
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