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ABSTRACT Allelic sequence polymorphism at the
13-globin locus was investigated in a group of 36 Melanesians.
A 3-kilobase fragment containing the gene and its flanking
regions was sequenced in 60 normal (HA) and 12 thalassemic
(intron 1, position 5, G -* C) chromosomes. Haplotype rela-
tionships between linked polymorphisms were derived by al-
lele-specific PCR amplification and sequencing. Seventeer
nucleotide polymorphisms and 2 length variants were identi-
fied, and these sites segregated as 17 sequence haplotypes in the
normal chromosomes. This haplotype diversity is higher than
that expected on the basis of the nucleotide polymorphism
observed and is probably due to recombination and gene
conversion. Nucleotide diversity at synonymous sites in the
sample is 0.14%, suggesting an average age of sequence
divergence of =450,000 years, consistent with that expected for
a neutrally evolving human nuclear locus.

Molecular population genetic analysis of nuclear loci was
pioneered by Kreitman in a study of the alcohol dehydroge-
nase (Adh) locus in Drosophila melanogaster (1). That survey
of 11 alleles revealed extensive nucleotide polymorphism,
which has since been shown to reflect the effects of both
recombination (2) and balancing selection (3) on the Adh
gene. Although allelic sequencing is the ideal approach to
investigating both molecular mechanisms and population
genetic questions, the stratagem of using isochromosomal
species lines to simplify analysis of diploid loci is not appli-
cable to humans. Studies ofhuman DNA polymorphism have
therefore been mostly limited to sequence analysis of haploid
mitochondrial DNA (mtDNA) and to scoring of restriction
fragment length polymorphisms (RFLPs) at nuclear loci (4).
Allelic sequence analysis of nuclear genes has remained,
largely for technical reasons, an elusive aim.
The polymerase chain reaction (PCR) (5) and accompany-

ing innovations have made rapid sequencing ofgenomicDNA
commonplace, but because PCR simultaneously amplifies
both alleles of diploid loci, linkage relationships in compound
heterozygotes are obscured. In most instances, amplified
DNA must be subcloned, a time-consuming procedure with
the potential for introducing sequence errors that are unac-
ceptable in population-genetic analyses. We have used allele-
specific PCR amplification (6) to circumvent these difficulties
and extend the analysis of human nuclear genes by deter-
mining allelic sequence variation in a 3-kilobase (kb) region
surrounding the human ,3globin locus.
The 3globin locus has been one of the most intensively

studied of all human loci, not least because of its association
with severe inherited hemoglobinopathies such as sickle cell
anemia and 3thalassemia, some of the commonest genetic
diseases in the world. The earliest examples of prenatal
diagnosis of these disorders using DNA analysis relied on

linkage disequilibrium of t3-globin gene mutations with adja-
cent RFLPs, over 20 of which have now been identified (7).
A comprehensive set of /3-globin gene cluster RFLP haplo-
types has been amassed for many populations (8), and it was
the availability of these data that first prompted analysis of
population relationships using DNA markers (9). This well-
characterized locus is thus an ideal subject for detailed
analysis of allelic sequence variation in human populations.

Here, we report the results of our initial survey of nucle-
otide polymorphism at the /3-globin locus§ in a group of
Melanesians from northern Vanuatu, an island archipelago in
the southwest Pacific Ocean.

MATERIALS AND METHODS
Population Sampled. Genomic DNAs, extracted from the

umbilical cord bloods (10) of 36 unrelated Melanesians (24
normal individuals born on the island of Espiritu Santo in
northern Vanuatu and 12 (3-thalassemia heterozygotes from a
neighboring island, Maewo), were used.

Amplification and Sequencing of Diploid Template. A
3.067-kb fragment containing the human j3-globin gene and
1.4 kb of flanking sequence was PCR-amplified and directly
sequenced (11). Genomic template (400 ng) was subjected to
35 cycles of amplification with primers corresponding to
positions 10547-10572 and 13592-13613 of the human
,3globin gene reference sequence (12). Ten picomoles ofeach
primer (3' primer biotinylated), 50 mM KCl, 10 mM Tris
chloride (pH 8.4), 1.5 mM MgCl2, 0.001% gelatin, 200 mM
dNTPs, 1.85 ug of gene 32 protein (Pharmacia) (13), and 2
units of Taq polymerase were included in each 100-td reac-
tion. Cycle conditions were 1 min at 940C, 2 min at 600C, and
5 min at 720C.
Four reactions per sample were combined, and single-

stranded template was prepared by using streptavidin-coated
magnetic beads (Dynal, Great Neck, NY) for capture and
purification of the biotinylated strand. This template was
sequenced with Sequenase T7 DNA polymerase (United
States Biochemical) with eight internal sequencing primers
(18-24 bases long) spaced at =350-base-pair (bp) intervals.
Identical sequences from different individuals were run out in
parallel, with corresponding dideoxy-NTP (ddNTP) termina-
tion reactions loaded in adjacent wells (Fig. 1).

Allele-Specific Amplification for Linkage Determination. To
determine linkage relationships in compound heterozygotes,
the amplification refractory mutation system (ARMS) (6) was
used. An ARMS primer, incorporating an additional internal
(position -3) mismatch (14), was used to permit Taq poly-
merase extension from only one of the two bases present at

Abbreviations: RFLP, restriction fragment length polymorphism;
ARMS, amplification refractory mutation system.
tTo whom reprint requests should be addressed.
§The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. L26462-L26478).
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FIG. 1. DNA sequence of 12 allele-specific templates amplified
by the ARMS (6) method. Termination reactions are loaded in
parallel and from left to right are ddGTP (G) 1-12, ddATP (A) 1-12,
ddTTP (T) 1-12, and ddCTP (C) 1-12. Nucleotides -636 to -428 of
the P-globin gene cap site, 3'-+ 5' strand, are shown. The AT repeat
region polymorphism (-529 and -528) is indicated, as is a down-
stream A -- G difference in sample 3 at position -469. In hetero-
zygous samples, the region upstream ofthe purine-pyrimidine repeat
is uninterpretable because of length differences associated with the
insertion polymorphism.

a heterozygous site. Only the sequence that lies between the
preferred base and the reverse primer is amplified, resulting
in an allele-specific PCR product. Sites of high heterozygos-
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ity, with proximity to either the 5' or 3' end of the 3.0-kb
fragment (i.e., positions -703, + 183, +339, +492 in Fig. 2B),
were used in the ARMS amplifications. Allele-specific prod-
ucts ranging in size from 2.6 to 2.9 kb were routinely
amplified to high yield and specificity, giving unambiguous
DNA sequence (Fig. 1).
Genomic DNAs were amplified as described above by

using the appropriate ARMS primer and complementary
biotinylated 5' or 3' primer (annealing temperature was
adjusted as required for specificity). Template preparation
and sequencing was as described for diploid amplifications.
With the sequence of one allele directly determined, most of
the sequence of the corresponding allele was inferred by
reference to the original diploid sequence. The second allele
was specifically amplified and sequenced only to resolve the
length polymorphisms at positions -521 and -529. In each
case there were no discrepancies between the haploid and
diploid sequences obtained from a given individual.
RFLP Analysis of Adjacent Sites. Amplified genomic DNA

was digested with restriction enzymes to score RFLP sites
outside the sequenced region. PCR primers for the Hinfl site
5' to the (-globin gene were as described (17). Primers used
to type the 3' HindIII and BamHI sites will be described
elsewhere (S.M.F. and J.B.C., unpublished data).

Test for Population Subdivision. To evaluate subdivision,
we used the single subpopulation test of Strobeck (18). This
test compares two estimates of diversity, 0 = 4NA, where N
is the population size and Au is the mutation rate. When
assuming the infinite "alleles" model, Ois estimated from the
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FIG. 2. (A) The 3-kb sequenced region and its relationship to the human 3-globin gene cluster. The top line shows the P-globin gene cluster.
RFLP sites are Hf, Hinfl; H, HindIll, and B, BamHI. HS indicates the approximate boundaries of a previously identified 9.1-kb hotspot for
recombination (32). Below the cluster, in expanded form, is the 3-kb genomic region that was sequenced. o, Introns (numbered above the boxes);
*, exons (numbered below the boxes); and a, untranslated regions ofthe P-globin gene. (B) Sequence variation observed in the two island samples
of normal P chromosomes from northern Vanuatu. Variant positions are numbered at the 5' end in relation to the 3-globin gene cap site and
at the 3' end in relation to its polyadenylylation site, while polymorphisms within the gene are labeled according to functional region (i.e., intron
2: 81 is the 81st nucleotide of the second intron of the gene). Sequence haplotypes are arranged in the order of sequence similarity and labeled
A, B, C, or D (see text). Stars indicate identity with the (3-globin reference sequence (12) as defined on the first line, and dashes indicate site
absence. At -521, (1) and (2) refer to the number of nucleotides deleted in the sequence. The RFLP sites flanking the sequenced region are

shown, as are recognized RFLPs associated with observed nucleotide differences.
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observed number of alleles or sequence haplotypes. When
assuming the infinite "sites" model, 6 is also estimated from
the number ofpolymorphic sites (sn) observed in a sample of
n DNA sequences:

/n-1
6= Sn / (1/i).

/i

This estimate of 6 is used to calculate the expected number
of sequence haplotypes, k:

Whereas the observed number ofhaplotypes should not differ
significantly from the expected number when there is random
mating and no intragenic recombination, population subdi-
vision leads to fewer than the expected number of haplotypes
being observed.

RESULTS
Nucleotide Polymorphism in Northern Vanuatu. We exam-

ined nucleotide polymorphism at the (-globin locus in 60
normal (pA) chromosomes and 12 thalassemic (intron 1,
position 5, G -* C) chromosomes from 36 unrelated Melane-
sians. Seventeen dimorphic nucleotide positions were iden-
tified within the 3 kb sequenced (Fig. 2): 7 in the 5' flanking
region (814 bp total length), 1 (synonymous substitution) in
the exons of the gene (444 bp), 4 in its intron sequences (980
bp), and 5 in the 3' flanking DNA (582 bp). No polymor-
phisms were found in either the 5' or 3' untranslated regions
of the gene. Ten of the 17 base changes observed were
transitions, only 1 of which results from mutation at a CpG
dinucleotide site (position + 181). Two length polymorphisms
were also observed in the sequenced region: a 2-bp AT
insertion at -529 and either a 1- or 2-bp deletion at position
-521. The AT dinucleotide insert accompanies either the
presence or absence of a T -) A replacement at -528, hence
its previous report as an +ATA, -T event (19).
The dimorphisms observed at positions -541, -469, -316,

+101, +181, +183, and +492 have not been reported previ-
ously to our knowledge, although the + 101, + 183, and +492
variants are present in Caucasians (S.M.F., unpublished
data). The remaining 12 polymorphisms, including all ofthose
within the gene, as well as the -521 and -529 length variants,
have been observed in Caucasian, Asian, and African pop-
ulations (16, 19-24).
There is an average of one nucleotide polymorphism every

175 bp and 1 in 700 bp vary between any two randomly chosen
sequences in the Santo sample (n = 48)-i.e., nucleotide
diversity at the locus, estimated from the number ofobserved
polymorphic sites (25), is 0.14 ± 0.05%, a value not dissimilar
to that estimated from RFLPs in the ,B-globin gene cluster
(26). This level of f3globin nucleotide polymorphism is con-
sistent with estimates of diversity at other loci. A recent
survey using published cDNA and genomic sequences for 49
human nuclear genes found an average nucleotide diversity at
silent sites of0.076% (27), which is not substantially different
from our own estimate of 0.14%. Although nucleotide poly-
morphisms are apparently nonuniformly distributed across
the sequenced region, there is no significant difference in
nucleotide diversity of "effectively silent" (synonymous or
noncoding) sites (1) between coding, noncoding, and flanking
regions sequenced (Fig. 3). However, nucleotide diversity in
the introns is lower than in any other portion ofthe sequenced
region.

Sequence Haplotype Polymorphism in Northern Vanuatu.
The linkage relationships between the nucleotide polymor-
phisms observed in the two island populations are given in
Fig. 2B. In the Espiritu Santo sample, the 19 variable

TOTAL 5' 5' UT ExomnsIntrons 3' UT 3'

Sequence Regions

FIG. 3. Bargraph showing nucleotide diversity (25) relative to the
number of effectively silent (1) sites in the 3-kb region. Nucleotide
diversity within the 5' and 3' flanking regions and in combined coding
(exons) and noncoding (introns) regions of the gene is shown to the
right of the overall (total) estimate for the sequence. UT, untrans-
lated region. Brackets represent the standard error of each estimate.

positions were found to cosegregate as 17 sequence haplo-
types ranging in frequency from 2% to 21%. Seven of these
haplotypes accounted for the 12 normal pA chromosomes
from Maewo. The distribution of normal haplotypes on both
islands is similar, despite the different sample sizes. The
f3-thalassemia mutation, which is found in Vanuatu almost
exclusively on Maewo (29), was present on the same se-
quence haplotype background (A4) in all 12 cases.
Haplotype polymorphism at the P-globin locus has previ-

ously been described in terms of gene "frameworks" or
RFLP linkage groups. The 17 Melanesian sequence haplo-
types fall into four groups, designated A (42% of the PA
chromosomes), B (32%), C (18%), and D (8%), whose within-
gene polymorphisms correspond respectively to the four
previously described P-globin gene frameworks 1, 2, 3-Asian,
and 3 (20). The same haplotype groups are identified inde-
pendently by unweighted pair group method with arithmetic
mean (UPGMA) analysis (data not shown). Each group is
distinguished by a characteristic pattern of linked polymor-
phic sites in the gene and its 3' flanking region.
Our survey is unusual in observing four haplotype groups

in one population. Other studies have only ever identified
three gene frameworks, hence groups, in a particular ethnic
sample: A, B, and D in Mediterraneans and A, B, and C in
Asian Indians, Southeast Asians, Chinese, and American
Blacks (7). Group D (framework 3) gene sequences, which
have previously only been observed in Caucasian popula-
tions, make up the smallest proportion of the Melanesian
sequence haplotypes. However, earlier analyses, which
largely relied on RFLP analysis for identification of gene
frameworks, could not have distinguished C and D type
sequences, so the presence of group D f3globin gene se-
quence haplotypes in Asian populations may have been
inadvertently overlooked.

Fig. 2 also shows the relationship of the 17 sequence
haplotypes to surrounding restriction enzyme sites that make
up the 3' ,j3globin gene cluster RFLP haplotype. The HindIII
and BamHI sites that lie, respectively, 7 and 8 kb 3' to the
gene, form four haplotypes: + +, - -, - +, and + -. The C
and D sequence groups are together associated with the - +
RFLP haplotype. Another pattern, + -, exclusively defines
B-type sequences, although B5 is also associated with the + +
haplotype. However, A-type sequence haplotypes, A2 in
particular, are found with three RFLP haplotypes, - +, + +,
and - -. The HinfI polymorphism, although lying only 175 bp
5' of the start of the 3-kb region, is randomly associated with
sequences from each haplotype group, as noted previously
(30). Clearly, while RFLP analysis tends to confirm major
distinctions observed at the nucleotide level, sequence anal-
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FIG. 4. Bar graph showing observed (o) versus expected (m)
haplotype diversity in the Espiritu Santo sample as calculated by the
Strobeck test (18). Results for the total sequence are given in the
left-most comparison. Similar comparisons, calculated separately for
the 5' and 3' flanking DNA and for combined coding (exons) and
noncoding (introns) regions of the gene, are also shown. Brackets
represent the standard error of each estimate. Length polymorphism
was not taken into account in these comparisons.

ysis reveals chromosomal relationships that would have been
overlooked or misinterpreted if only RFLP analysis had been
used.

5' RFLP haplotypes found in this study are similar to those
identified in a previous sample from Vanuatu (29) and appear
to be in linkage equilibrium with the 3' haplotypes (data not
shown).
Comparison of Nucleotide and Sequence Haplotype Poly-

morphism. We looked for evidence of population subdivision
by comparing the observed number of sequence haplotypes
with the number expected given the nucleotide diversity (18)
(Fig. 4). However, rather than observing a reduction in
haplotype diversity consistent with population subdivision,
we found significantly more sequence haplotypes in Espiritu
Santo than expected. The smaller Maewo sample was not
analyzed. When similar comparisons are made for particular
regions of the sequence (Fig. 4), haplotype diversity is only
excessive in the 5' flanking DNA. This nonuniform relation-
ship between the nucleotide and haplotype polymorphism
observed is suggestive of a molecular rather than demo-
graphic process; indeed, excess haplotype diversity is ex-

pected at loci undergoing recombination (31).

DISCUSSION
We used DNA sequence analysis to determine nucleotide
polymorphism at the human f3-globin locus in a Melanesian
population. Although nucleotide diversity in Vanuatu is
consistent with global estimates derived from cDNA and
RFLP studies, the remarkable feature of the data is the
considerable haplotype variation revealed by sequencing.
Not surprisingly, previous approaches gave no intimation of
this complexity, primarily because excess haplotype diver-
sity, rather than resulting from the accumulation of new
allelic variants via point mutation, is probably due to the
shuffling of existing nucleotide polymorphisms by recombi-
nation, a scenario first envisaged by Watt (28) and later
developed theoretically by Strobeck and Morgan (31).
The conclusion that recombination in the 5' flanking region

has generated much of the observed haplotype diversity is
supported by the distribution of nucleotide sites among the
sequence haplotypes. Haplotype groups, which most likely
represent distinct sequence lineages, are each polymorphic
for the same sites in the region 5' to the f3globin gene. The
likelihood of so many nucleotide dimorphisms recurring in
different lineages as a consequence of random mutation is
very small; they are better explained as resulting from
interallelic recombination and gene conversion. Similar "re-

currences" affecting sites that lie within the 3-globin gene are
present in sequences C4 and D2. However, other differences
within groups, such as those defining A3 (-316), C2 (-541),
and C3 (+181), are better ascribed to new substitutions
arising on existing sequence haplotype backgrounds.
The excess diversity attributable to recombination is found

predominantly in the 5' flankingDNA ofour 3-kb region. This
is almost certainly not the full extent of recombinatorial
activity, however, as the 5' Hinfl site is also randomly
associated with the haplotype groups defined by sequencing.
Conceivably, then, the region immediately 5' to the f3-globin
gene may be strongly influenced by, if not actually an
extension of, an upstream recombination "hotspot" previ-
ously defined by linkage analysis (32) (see Fig. 2A). Recom-
bination rates for this hotspot have been estimated to be 3-30
times higher than those of surrounding regions (33). Although
probably initiating recombination outside the 3-kb sequenced
region, the hotspot could be responsible for the recombina-
tion-driven haplotype diversity we have observed. Certainly,
there are examples in both cultured mammalian cells and
yeast of homologous recombination and gene conversion
occurring at considerable distances from a recombinogenic
origin (refs. 34 and 35 for example).
Although most of the interallelic exchanges occur in DNA

5' of the ,3-globin gene, there are exceptions, such as se-
quence haplotypes C4 and D2, which may have resulted from
short-tract gene conversion around single polymorphic sites
within the gene itself. Similar examples of possible conver-
sion-generated diversity may be found among common he-
moglobinopathies such as HbS, HbE, and some f3thal-
assemias. Many of these mutations are found on diverse 3'
RFLP haplotype backgrounds despite evidence that they
have only recently reached high frequencies by malarial
selection (8). While this has been ascribed to multiple inde-
pendent mutations, interallelic gene conversion of single
original mutations seems a more plausible explanation, es-
pecially in view of the fact that most of these putative
conversions are found in the 5'-most (recombinogenic) part of
the gene (36).
At the 3' end of the sequenced region, where recombina-

tion and gene conversion have not been acting to increase
sequence haplotype diversity, there is no evidence from the
Strobeck test for increased genetic drift induced by popula-
tion substructure or expansion from a recent population
bottleneck. All of the previously identified f(3globin gene
frameworks are present in our northern Vanuatu sample, and
the majority of the polymorphisms observed are known to be
globally distributed. Such variation belies the archipelago's
remote Pacific location and its relatively recent [within the
past 3500 years (37)] settlement history. In contrast, limited
evidence for lower average heterozygosity of both mtDNA
loci (38) and RFLP sites (15), suggestive of increased genetic
drift, has been obtained in studies that have compared
Melanesians (from Papua New Guinea and the Solomon
Islands) with other ethnic groups.
The number of polymorphic sites in our sample from

northern Vanuatu provides a recombination-independent es-
timate of the age of the observed variation. As 1.6% differ-
ence (39) has accumulated at the 3-globin locus during the 5
million years (40) separating chimpanzees from humans,
0.14% nucleotide diversity corresponds to an average age of
sequence divergence of -450,000 years. Similarly, the pair-
wise difference between A3 and DI, the two most divergent
haplotypes in the sample, suggests that the 3' nonrecombin-
ing portions of these sequences may have persisted for more
than twice that time, -1.1 million years. These ages, based
on data from a single population, are consistent with the
coalescence time expected for a neutrally evolving human
nuclear locus, given a long-term effective population size of
10,000 (41).

1808 Evolution: Fullerton et al.
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Therefore, our data cannot support the suggestion that the
human species underwent a population bottleneck 200,000
years ago, as is controversially suggested by mtDNA analysis
(42). The discrepancy between these estimated ages is likely
to reflect the 4-fold greater impact of genetic drift, which
proportionately reduces coalescence time for mtDNA com-
pared with neutral nuclear DNA (41). To explore the genetic
contribution to the modem gene pool of regional populations
prior to 200,000 years ago, then, requires investigation of
human nuclear loci.
Although only one locale has been sampled, two important

conclusions have been drawn from our data. First, a sub-
stantial part of the haplotype diversity observed has been
generated by recombination and gene conversion. Second,
observed nucleotide diversity suggests an average age of
sequence divergence of at least 450,000 years, supporting
coalescence times predicted from neutral theory. This study
of allelic variation at the human f-globin locus thus demon-
strates the value of sequence analysis for the investigation of
molecular and population processes. A fuller appreciation of
the nature and extent of ,3-globin nucleotide polymorphism
awaits similar analyses of other human populations. Global
investigation of ,3-globin diversity alone will not solve the
puzzle of human origins, however, and many other loci will
need to be studied before consensus regarding the evolution-
ary history of Homo sapiens is realized.
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