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and Population Related
Jeremy J. Martinson,' Anthony J. Boyce,2 and John B. Clegg'
'Institute of Molecular Medicine and 'Institute of Biological Anthropology, University of Oxford, Oxford

Summary

The human a-globin complex contains several polymor-
phic restriction-enzyme sites (i.e., RFLPs) linked to form
haplotypes and is flanked by two hypervariable VNTR
loci, the 5' hypervariable region (HVR) and the more
highly polymorphic 3HVR. Using a combination of
RFLP analysis and PCR, we have characterized the 5'HVR
and 3HVR alleles associated with the a-globin haplotypes
of 133 chromosomes, and we here show that specific a-
globin haplotypes are each associated with discrete subsets
of the alleles observed at these two VNTR loci. This sta-
tistically highly significant association is observed over a
region spanning -100 kb. With the exception of closely
related haplotypes, different haplotypes do not share iden-
tically sized 3'HVR alleles. Earlier studies have shown that
a-globin haplotype distributions differ between popula-
tions; our current findings also reveal extensive popula-
tion substructure in the repertoire of a-globin VNTRs. If
similar features are characteristic of other VNTR loci, this
will have important implications for forensic and anthro-
pological studies.

Introduction

Tandemly repetitive DNA loci, normally referred to as
VNTR loci (Nakamura et al. 1987), are found widely dis-
persed throughout the genome. Their high polymorphism
arises from variation in the number of the short sequence
repeats from which each VNTR locus is composed. In ad-
dition, some VNTR loci are now known to be composed
of more than one type of repeat sequence, so that an addi-
tional layer of polymorphism can be seen when the in-
ternal repeat structures of such loci are compared (Jeffreys
et al. 1991; Neil and Jeffreys 1993).

Characterization of VNTR variation has usually been
by measurement of allele sizes obtained by Southern blot
hybridization (Balazs et al. 1989) or PCR (Budowle et al.
1991a), although more recent techniques have included di-
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rect sequencing or mapping of PCR-amplified alleles (Ar-
mour and Jeffreys 1992; Desmarais et al. 1993). Until
recently, these analyses have all concentrated on the distri-
bution of allele sizes or maps as an indication of the poly-
morphism present at a locus and have not included infor-
mation on additional polymorphisms that may be present
in the sequences flanking VNTR loci, despite early sugges-
tions of such linkage between VNTR allele size and nearby
RFLPs for the a-globin (Higgs et al. 1986), insulin (Cox et
al. 1988), and, more recently, apolipoprotein B (Renges et
al. 1992) loci. For the majority of VNTR loci, however,
the extent of polymorphism near the locus is not known
or is limited to a few hundred base pairs in the sequences
flanking the VNTR array (Armour et al. 1993; Monckton
et al. 1993), despite the fact that such flanking-marker in-
formation would yield many insights into VNTR mutation
processes.
The human a-globin gene complex (fig. 1) is a good sys-

tem with which to study these phenomena. Detailed map-
ping of this complex has revealed nine polymorphic sites
throughout a 30-kb region; extensive linkage disequilib-
rium between the sites has resulted in only a limited num-
ber of haplotypes (Higgs et al. 1986). In addition to these
site polymorphisms, the complex is flanked by two VNTR
loci, the 5'HVR (Jarman and Higgs 1988) and the 3'HVR
Uarman et al. 1986). The 5'HVR array is composed of cop-
ies of a 57-bp repeat unit and has a heterozygosity of
-70%. The 3'HVR is composed of copies of a 17-21-
bp repeat and is more polymorphic, with heterozygosities
approaching 100% in some populations (Jarman et al.
1986) (table 1).

a-Globin haplotypes provide a powerful system with
which to study population amalgamation and admixture
(O'Shaughnessy et al. 1990). Our previous studies of a-glo-
bin haplotypes and genotypes, as well as other genetic
markers, in the populations of Oceania have demonstrated
that several aspects of the colonization history of the re-
gion are evident from the gene pools of the different pop-
ulations (O'Shaughnessy et al. 1990). The a-globin gene
markers in Polynesia are predominantly those seen in
Southeast Asia (e.g., haplotypes Ta and Ila) but include a
substantial proportion of markers found only in Melanesia
(haplotypes II1a, IVa, and Vc; fig. 1) (Hill et al. 1989). This
is indicative of admixture between the ancestors of the
present-day Polynesians, who originated in island South-

513



Am. J. Hum. Genet. 55:513-525, 1994

10

inter-( HVR WC I Wa2 cal

20 30 kb

/44\ 4 4

Sac Bgl I SML PZ/Z Acc Rsa I

+ -M PZ

a2 al 01 3 HVR

Pst Pst Hinf

+ T (S) + 0

Ila

Illa

IVa +

Vc +

+ - L PZ +

- + M z -

- S PZ + - + +

- - S PZ +

Figure I a-Globin cluster, showing the location of the haplotype sites and the flanking HVRs. Functional genes are denoted by blackened
boxes; and pseudogenes are denoted by unblackened boxes. Zigzag lines denote the location of VNTR loci. The locations of the polymorphic loci
that make up the haplotype, together with the restriction enzymes with which they are detected, are shown below the map. The numbers 1-7 below
the restriction sites refer to the probes used to detect allelic variation; details for each probe can be found in Jarman and Higgs (1988) (1), Higgs et al.
(1986) (2 and 6), Goodbourn et al. (1983) (3), Proudfoot et al. (1982) (4), Lauer et al. (1980) (5), and Jarman et al. (1986) (7). S, M, and L = small,
medium, and large inter-4 HVR allele sizes, respectively, discernible at the resolution used. Z and PZ = length polymorphism produced by a small
VNTR locus within the intron of the 4-gene, whose size variation is associated with the presence of either a 5-gene (Z) or a i pseudogene (PZ) at the
location shown (Hill et al. 1985b). Numbers above the map represent length in kilobases. Below the map are shown some of the haplotypes common
in Polynesia and discussed in the text. a-Globin haplotype nomenclature classifies the major haplotypes according to the alleles present at the five sites
at the 3' end of the haplotype; thus the group I haplotypes all end in the motif PZ++--, group II in PZ+---, group III in Z----, etc. (Higgs et al.
1986). Subdivision within major groups is on the basis of the four 5' RFLP sites.

east Asia, and the inhabitants of the islands of Melanesia
(Bellwood 1989; Gibbons 1994). Our studies have also
shown that the populations of eastern Polynesia have a

lower diversity at several minisatellite VNTR loci, consis-
tent with a reduction in population size during the coloni-
zation of the region (Flint et al. 1989). Together these data
show that the inhabitants of present-day Polynesia contain
a variety of identifiable markers from their different ances-

tral populations but that their overall genetic diversity has
been reduced as a consequence of the genetic bottleneck
through which they passed during the colonization pro-

cess.

This detailed anthropological information available as a

result of our previous surveys makes the populations of
Oceania a particularly useful model system with which to

study in detail the genetic events that have given rise to the
observed diversity at the a-globin complex. In particular,
Polynesians have one marker chromosome, thought to
have originated in Melanesia (Hill et al. 1985a) but carried
into Polynesia and present there at high levels, probably as

a consequence of genetic drift (Hill et al. 1987). The high
frequencies of this unique marker have enabled us to de-
velop an approach for assigning the sizes of both the
5'HVR and 3'HVR alleles to a variety of haplotypes in the
populations of Oceania, and we show here that different

haplotypes have their own characteristic range of VNTR
alleles. Because of the lower polymorphism of the 5'HVR,
some alleles at this locus are associated with more than
one haplotype. At the 3'HVR, however, few occurrences

of two different haplotypes sharing an identically sized al-
lele are seen.

Material and Methods

Haplotype Determination
The samples studied here were collected from the pop-

ulations of French Polynesia, in collaboration with the In-
stitut Territorial de Recherches Medicales Louis Malarde,
Papeete, Tahiti, French Polynesia. Samples were collected
from healthy adult donors resident in the archipelagoes of
French Polynesia and also from umbilical cords obtained
from the maternity hospital in Papeete. Genealogical and
ethnic-status information was also collected; this allowed
for non-Polynesian individuals to be excluded from the
survey. The blood samples were collected and transported
on dry ice and were stored at -70°C prior to extraction.
Leukocyte nuclear DNA was extracted by standard pro-
teinase K digestion and phenol/chloroform extraction
(Old and Higgs 1983) using an Applied Biosystems model
340A nucleic acid extractor.
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Table I

Properties of the 5'HVR and 3'HVR Loci

A. Repeat Size and Variability

Human Genome Repeat Length Size Range Heterozygosity
Locus Mapping Symbol (bp) (repeats) (%)

5'HVR ............ D16S85 57 5-60 70
3'HVR ........... D16S85 17-21 15-400 90

B. Internal Repeat Structure

Length
Locus and Type Sequencea (bp)

3'HVR:
a............. AACAGCGACACGGGGGG 17
bi ......... .... AACAGCGACACGGGAGG 17
b2........................ AACAGCGACACGGGGAGG 18
b3........................ AACAGCGACACGGGGGAGG 19
b4........................ AACACGCACACGGGGGGAGG 20
c............. AACACGCACACGGGAGGGAGG 21

5'HVR:
consensus ............ GGGGAGCATTCAGGAGGCCTTCCCGGAGGTAGGGTGGTGGGAAGAAGGGGGTCAGCGT 57

a Determined by Jarman et al. (1986) from a cloned 3'HVR allele and by Jarman and Higgs (1988) from a cloned 5'HVR allele. The recognition
sequence for MnlI in the 3'HVR repeats is shown underlined. The 5'HVR is composed of many other repeats that differ from the consensus sequence
by up to four nucleotides; these are all substitutions and do not alter the length of the repeat.

a-Globin genotypes and haplotypes were determined by
restriction-enzyme digestion, agarose gel electrophoresis,
Southern blotting, and radiolabeled-probe hybridization
using standard techniques (Sambrook et al. 1989). The
probes used are described in the legend to figure 1. The
3'HVR and 5'HVR allele sizes were initially determined by
agarose gel blotting to obtain estimates of allele size: more
accurate sizes of the smaller (<1-kb) alleles were later ob-
tained by electrophoresing restriction enzyme-digested
DNA through polyacrylamide gels prior to alkali blotting
(Martinson and Clegg 1990). The increased resolution en-
ables alleles differing by a single repeat unit to be distin-
guished. Further accurate sizing of small 3'HVR alleles was
obtained by electrophoresis of PCR-amplified alleles.

PCR Sizing ofthe 3'HVR
3'HVR alleles are composed of varying numbers of sev-

eral different repeat units, shown in table 1, that vary both
in sequence and in length. It is therefore possible that two
alleles, while containing the same number of repeats, may
vary slightly in size, because of differences in the type of
repeats present; for example, the replacement of a 17-bp
a-type repeat with an 18-bp b2-type repeat will result in
two alleles that differ in length by only 1 bp. Such small
differences in size were detected for smaller 3'HVR alleles
by electrophoresis of radioactively labeled PCR-amplified
alleles through sequencing-type polyacrylamide gels.
Genomic DNA (100-250 ng) was amplified in a 50-gl

reaction volume containing 45 mM Tris-Cl pH 8.8, 11
mM (NH4)2SO4, 4.5 mM MgCl2, 4.5 ,uM Na2EDTA, 6.7
mM fP-mercaptoethanol, 110 jgg of BSA/ml, 1 mM each
dNTP, 5 U of thermostable DNA polymerase, and 1 gM
each primer (Jeffreys et al. 1990), together with 1 ptg of the
single-strand DNA binding protein gp32 (Schwarz et al.
1990). One of the primers had been radiolabeled using 32p
y-ATP and T4 polynucleotide kinase (Sambrook et al.
1989) prior to amplification. The sequence of the 5' primer
was tggaacaagtaccctgagtcccacctg, and that of the 3' primer
was gccgccctgtacaggagtcacttg. Initially, Taq polymerase
(Cetus) was used, but higher yields were later obtained
with VENT polymerase (New England BioLabs) under the
same reaction conditions.
The reaction volume was overlaid with mineral oil and

was amplified for 25 cycles in a Hybaid OmniGene thermal
reactor. The initial cycle had a denaturing temperature of
950C for 3 min., annealing temperature of 60'C for 1 min,
and extension temperature of 720C for 2 min. The subse-
quent 24 cycles had identical conditions, except that the
denaturing time was reduced to 1 min and the extension
time was incremented by 1 s each cycle. Allele sizes were
determined by electrophoresis of 2.5-p l aliquots through
3.5% nondenaturing polyacrylamide gels, followed by di-
rect autoradiography of the dried gel. More accurate sizing
of smaller fragments was obtained by electrophoresis
through 5% denaturing polyacrylamide sequencing gels,
using M13 mp8 DNA sequence as a reference standard.
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Table 2

5'HVR and 3'HVR Allele Sizes, from 5I Polynesian -a37 Ill
Homozygotes

Allele Size Frequency
(bp) No. Observed (%)

5'HVR:
660 .......... 1 .98
1,290 .......... 63 61.76
1,460 .......... 38 37.25

3'HVR:
540 .......... 33 32.35
580 .......... 1 .98
585 .......... 1 .98
620 .......... 64 62.75
630 .......... 2 1.96
650 .......... 1 .98

Allele sizes were corrected to take into account differences
in size between Hinfl-digested and amplified alleles, thus
facilitating comparison between amplified 3'HVR alleles
and those determined by RFLP analysis.

Statistical Analysis ofthe 3'HVR and 5'HVR Allele
Distributions
The association between VNTR alleles and the in-

tervening haplotype was analyzed quantitatively for each
separate VNTR locus by using nonparametric tests. Pair-
wise comparisons, using the Mann-Whitney test, for each
VNTR locus were made for each haplotype observed at
more than three chromosomes. The overall difference in
VNTR distribution between all such haplotypes was ana-

lyzed using the Kruskal-Wallis test.

The association between both VNTRs and the interven-
ing haplotype was analyzed using a multivariate approach.
Wilk's X (Mardia et al. 1979) was calculated for the overall
distribution of haplotypes. This statistic describes the par-

tition of variation, in both VNTR alleles, between the
different haplotypes. The empirical distribution of ex-

pected X values was obtained using computer simulation
to reassign haplotypes randomly to each observed VNTR
allele pair. The observed value of X could then be com-

pared with the distribution of expected values, and the
probability of generating the observed value by chance was
calculated.

Results

Restricted Distribution of3'HVR Alleles in -a37111
Homozygotes
The populations of Oceania contain high frequencies of

many a-globin gene rearrangements that remove one of
the two a-genes and cause the phenotype of mild a+-
thalassemia (Flint et al. 1986). Of the many different types
of single-a-gene chromosomes present in Oceania, only

one, designated "-a' 7III," is found at high levels in the
populations of eastern Polynesia (Hill et al. 1989). No in-
stances of this deletion chromosome have been found out-
side Melanesia and Polynesia, and all examples of it-
which are thought to be the descendants of a single mu-
tant-are associated with the same a-globin haplotype,
the 1I1a (Hill et al. 1989).

In the course of this study, we determined the a-globin
genotype of 2,163 individuals and obtained 51 individuals
homozygous for the -a' 7III deletion. All of these homo-
zygotes were found to be homozygous for the type lIla
haplotype, confirming the conclusions drawn from previ-
ous surveys (Hill et al. 1989; O'Shaughnessy et al. 1990).
These deletion chromosomes have an extremely restricted
distribution of alleles at both the 3'HVR and 5'HVR loci
(table 2): two alleles at each locus account for >98% of the
number seen, with the variants differing slightly, in size,
from the two common alleles. For example, the 3'HVR
alleles associated with several -a'71I1 homozygotes and
aa/-a3.7111 heterozygotes are shown in figure 2; the two
deletion-associated alleles can be easily identified in het-
erozygous individuals.

Linkage Relationships between a Haplotypes and Flanking
VNTR Alleles
The exclusive restriction of the -a_ 37II deletion to the

II1a haplotype, as well as the limited distribution of 3'HVR
and 5'HVR alleles associated with the deletion, allows
both the haplotype and associated HVR alleles of the nor-
mal (nonthalassemic) aa-gene chromosome in individuals
heterozygous for the deletion to be determined simulta-
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Figure 2 3'HVR alleles seen in homozygous and heterozygous
- a3711I deletion samples. Samples 1-7 are a3'111 deletion homozy-
gotes, and samples 8-14 are aa/-a_7111 heterozygotes. Samples 1, 5, and
6 are homozygous for the larger of the two deletion-associated alleles
that are common in Polynesians; samples 2 and 3 are homozygous for the
smaller allele, and samples 4 and 7 are heterozygous. The haplotypes of
the aa chromosomes of the heterozygous samples are as follows: samples
8 and 9, la; sample 10, Ila; sample 11, lie; sample 12, Illa; and samples 13
and 14, IVa. DNA molecular-weight markers shown are X-Hindlll and
OX174-Haelll digests. Sizes, in kilobases, of the marker bands are given
in the left margin. The autoradiograph has been deliberately overexposed
in order to reveal the small bands in lanes 8 and 9.
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neously. The normal aa haplotype is determined by sub-
tracting the component RFLPs of the Illa haplotype asso-
ciated with the -a7III chromosome from the genotype
obtained in the heterozygote, and the 5'HVR -and 3'HVR
allele sizes can be measured directly from autoradiographs
such as that shown in figure 2. We determined the haplo-
type and the 3'HVR and 5'HVR allele sizes for the Tahitian
umbilical cord DNAs in this manner: we concentrated on
these samples as they were collected from unrelated indi-
viduals, and the ethnic status information obtained al-
lowed us to exclude from the study non-Polynesian geno-
types. Of the 1,023 umbilical cord DNAs analyzed, 18
were homozygous for the -a'-7III deletion, and 174 were
heterozygous, but 41 of these were excluded as having
non-Polynesian ancestry, leaving 133 Polynesian chromo-
somes that were analyzed in detail.
The haplotypes seen were consistent with those deter-

mined in previous surveys (Hill et al. 1989; O'Shaughnessy
et al. 1990; Hertzberg et al. 1992). A total of 17 different
haplotypes, 21 5'HVR alleles, and 46 3'HVR alleles were
detected (described in detail in table 3). For each chromo-
some, these could be combined to give a "superhaplotype"
comprising the 5'HVR and 3'HVR allele sizes together
with the intervening RFLP haplotype (fig. 3). For each
VNTR locus, there is a degree of haplotype-specific asso-
ciation (fig. 3A and B). However, each chromosome is ac-
tually described by three data points: 3'HVR allele size,
5'HVR allele size, and haplotype (fig. 3C). The distribution
of haplotypes is clearly not random; "clustering" of alleles
associated with particular haplotypes occurs. This can be
seen most clearly with the IVa haplotype, characterized
by a small range of 5'HVR alleles (660-995 bp), and an
associated range of 3'HVR alleles (970-2,350 bp). In con-
trast, the Ia haplotype has an L-shaped distribution in
which one arm consists of a small number of 5'HVR alleles
associated with many 3'HVR alleles, and the other arm has
the converse relationship. The majority of chromosomes
with this haplotype have small alleles for both VNTR loci
and lie in the bottom left-hand corner of the distribution
seen in figure 3C.

Statistical Significance ofHaplotype-VNTR Allele
Association

Pairwise haplotype comparisons, made using the Mann-
Whitney test, for each VNTR locus (summarized in table
4) show that the majority of haplotypes differ significantly
from each of the others at one or other of the two VNTRs,
even when these VNTRs are analyzed independently.
Kruskal-Wallis analysis of the whole set of haplotypes (ob-
served at more than three chromosomes each) indicates
that the observed extent of haplotype restriction is very
highly significant for each separate VNTR (5'HVR H[71
= 44.34, P < .001; 3'HVR H171 = 78.32, P << .001), al-
though the lower polymorphism seen at the 5'HVR is re-
flected in a lower, but still significant, value for H.

The degree of haplotype association becomes more
striking when the distribution of both VNTRs is consid-
ered simultaneously. Simulation of the distribution of
Wilk's X showed that the empirical probability of the ob-
served value being produced by chance was extremely low
(X = .2767; P << .001). Thus the association between the
two VNTRs and the intervening haplotype as suggested by
figure 3C is indeed very highly significant.

High-Resolution Sizing ofVNTR Alleles Associated with
Different Haplotypes

In figure 3C there is apparent overlap between some of
the haplotype groups; that is, chromosomes bearing
different haplotypes appear to share identically sized
VNTR alleles. Because of the lower polymorphism of the
S'HVR, there are several instances of different haplotypes
sharing the same-sized allele at this locus. This is not the
case with the 3'HVR. When 3'HVR allele sizes are deter-
mined to a high level of resolution by PAGE, the apparent
overlap between different, unrelated haplotypes is due to
the different alleles being similar in size, rather than iden-
tical; that is, the distributions interdigitate rather than
overlap. This can be seen for the smaller 3'HVR alleles in
figure 4, where high-resolution sizing shows that alleles as-
sociated with the Ia and Ild haplotypes, which are so sim-
ilar in size as to be indistinguishable by agarose gel electro-
phoresis, are in fact different. This difference is not a sim-
ple multiple of a repeat length but, instead, reflects
variation in the internal composition of these alleles (table
1). It is therefore possible for two alleles to be very similar
in size (even to the extent that they appear identical unless
viewed at high resolution) but actually to belong to differ-
ent subpopulations of chromosomes when linked RFLPs
are considered. The high-resolution sizing approach
shown in figure 4 has also revealed slight variation in HVR
allele size within a haplotype, indicating subtle changes in
repeat-unit composition.

New Haplotype Relationships Revealed by Flanking
VNTR Loci
The fine-scale size differences between 3'HVR loci re-

vealed at high resolution explain many, but not all, of the
apparent overlaps seen in figure 3. In figure 4A, haplotypes
Ia and Ilc have 3'HVR alleles that are identical in size at
the base-pair level. Although the nomenclature used for a-
globin haplotypes implies that these haplotypes are very
different (see legend to fig. 1), their structures are similar
and may reflect common ancestry. In fact, haplotypes Ia
(++-MPZ++--) and Ilc (++-MPZ+---) could
differ from each other by as little as one single base pair
affecting the Rsa I site; the Ilc could in fact have more
sequence similarity with the Ia haplotype than with the
other type II haplotypes, where both site changes and
length changes to the inter-c HVR would be required to
produce, say, the Ila (-+-LPZ+---). The HVR distri-
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Table 4

Pairwise Mann-Whitney Comparisons of 3'HVR and 5'HVR Allele distributions
on Polynesian aa Haplotypes

Ia Ila Tlc lid Ile Illa IVa

la <.05 .a NS <.05 NS NS <.001
Ila ..... <.001 .a <.05 <.01 NS NS <.001
lIc . .. ..NS <.oi a a a a a

lid ..... NS <.001 NS <.05 NS NS <.01
Ile ..... <.001 NS <.01 <.001 <.01 <.05 NS

.......... <.001 NS <.01 <.001 <.05 NS <.001
Illa ..... <.001 NS <.01 <.001 NS NS <.001
IVa ..... <.001 NS <.01 <.001 NS <.001 NS

NOTE.-Data are P values at which W values are significant. Comparisons between 5'HVR allele distributions
are shown above the diagonal, and comparisons for the 3'HVR are shown below the diagonal. NS = not sig-
nificant.

a 5'HVR alleles associated with the Ilc haplotype are all identical; hence the Mann-Whitney test cannot be
performed, as the variance of that allele distribution is zero.

butions of the Ia, 1Ic, and Ila haplotypes in figure SA show
that the distribution associated with the Ilc is a subset of
that seen with the Ia and has no overlap with the distribu-
tion seen with the Ila. The HVR allele distributions asso-
ciated with the Ilc haplotype are not significantly different
from those associated with the Ia; however, they differ sig-
nificantly from the other group II haplotype allele distribu-
tions (table 4). Conversely, the VNTR allele distributions
of the Ild (---SPZ+---) and Ile (+--SPZ+---)
haplotypes, which could also theoretically differ from each
other by a single base change, are significantly different,
suggesting that these two haplotypes are similar by con-
vergence, rather than as a result of a recent common an-
cestry.
The extensive distribution of group II haplotypes,

shown in figure 3C, arises partly from the heterogeneous
composition of this group in particular. As haplotype no-
menclature is arbitrarily based on the 3' end RFLP sites, a
mutation that affects these RFLPs will produce a member
of a different haplotype group, whereas a mutation affect-
ing the 5'-end RFLPs will merely result in a novel member
of the same group; this may explain why the Ia and IlIc
haplotypes described above are so similar. Group II haplo-
types have a more extensive range of 5' RFLPs than does
any other haplotype group, and most group II haplotypes
are more similar to members of other haplotype groups
than they are to other group II haplotypes. This heteroge-
neity can clearly be seen in figure SB, where the different
group II haplotypes are identified separately. There is very
little overlap between the different haplotypes, with the
exception of the Ila, which has the broadest distribution
of VNTR alleles seen in this survey. This may reflect its
ubiquitous distribution in many of the world's peoples.
These effects can also be seen in the quantitative analysis
shown in table 4: the distribution of 3'HVR alleles associ-
ated with the Ila haplotype is not significantly different

from the distributions seen with the other group II haplo-
types, with the notable exceptions of the Ilc haplotype
(which, as explained above, resembles the Ia haplotype
more than it does other group II haplotypes) and the Ild
haplotype, which has a particularly restricted distribution
of 3'HVR alleles that lie outside the range of the Ila.

Discussion

The a-globin 3'HVR is an extremely polymorphic
VNTR locus with heterozygosities approaching 100% in
several populations (Jarman et al. 1986). As a consequence
of this high mutability, distributions of alleles have been
generated that we have shown are associated with different
nearby RFLP haplotypes. In the absence of this haplotype
information, the distribution of 3'HVR alleles and, to a
lesser extent, 5'HVR alleles appears random or unstruc-
tured. Because of the apparent overlap between allele dis-
tributions associated with different haplotypes, it is diffi-
cult to discriminate between 3'HVR alleles on the basis of
allele size alone, particularly if the size determination for
these loci is on the basis of agarose-gel Southern blot hy-
bridization. The extensive substructuring that exists
within the overall distribution of alleles becomes apparent
only when haplotype information is considered. This is rel-
evant when one is considering the utility of VNTR loci
in forensic work, as 3'HVR alleles originating in different
populations can be similar or indistinguishable in size: for
example, the 3'HVR-allele size distributions associated
with the group III haplotypes (confined in this region to
Melanesian and Polynesian populations) overlap consider-
ably with those associated with the group I and II haplo-
types (found in this region only in the populations of
Southeast Asia and Polynesia). The current forensic prac-
tice of "binning" allele sizes conservatively (Budowle et al.
1991b) will, however, tend to reduce the impact of this
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quencing gel, with DNA sequence from bacteriophage M13mpl8 as a molecular size marker. Each lane shows the 3'HVR allele associated with the
normal, aa chromosome in individuals heterozygous for the 7111 deletion. Samples 1-7 and 16-20 have the Ia haplotype on their aa chromosome,
samples 8 and 9 have the Ilc haplotype, and samples 10-15 have the Ild haplotype. The sizes of the three common bands are indicated in the margin.
On the basis of the original restriction-digest and agarose-gel screening of these samples, the sizes of the Ild haplotype 3'HVR alleles were erroneously
assigned to one or other of the Ia haplotype groups; further, in 3'HVR allele the 2-bp size difference between sample 5 and the other Ia haplotypes was
only detectable by the PCR-denaturing gel approach shown here. B, 3'HVR allele sizes determined by the aforementioned approach, plotted here at a

higher resolution than that shown in the previous figures. With the exception of the Ia and lIc haplotypes discussed in the text, no other haplotypes
have identical VNTR allele pairs.

phenomenon when the VNTR alleles are very similar in
size.
The variety of repeat units that make up the 3'HVR

array provides additional structural complexity, as two
similarly or identically sized arrays may have radically
different internal structures. As the different repeats vary

in size as well as sequence, it is also possible for alleles
to differ from one another by less than the length of a

repeat unit; for example, the replacement of an a-type

repeat with a c-type repeat would alter the size of the
allele by 4 bp, a size difference that would be undetect-
able by most approaches. Such small internal structure
differences can already be seen in figure 5, where one

rare 3'HVR allele associated with the Ia haplotype
differs from the more common allele by 2 bp. The full

extent of such differences becomes apparent only when
the allele internal structures are determined by internal
MVR mapping Ueffreys et al. 1991; Desmarais et al.
1993) or sequencing.
We are currently developing such an approach for the

study of the a-globin VNTRs, using a modification of the
techniques described by Smith and Birnstiel (1976) for use

with PCR-amplified DNA fragments (authors' unpub-
lished data): preliminary results (table 5) show that the size
heterogeneity seen at the 3'HVR is indeed reflected in sub-
stantial differences in internal repeat composition. These
differences reflect the population of origin of the different
haplotypes, at least on the basis of the data so far obtained:
the Melanesian -Ct37111 deletion/lIla haplotype chromo-
some 3'HVR is composed entirely of a- and b-type repeats,
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whereas the Southeast Asian Ia haplotype 3'HVR contains
a-, b-, and c-type repeats. The map data so far obtained
also reveal and confirm relationships between 3'HVR al-
leles: the 2-bp size difference between the Ia-associated al-
leles shown in figure 4A is due solely to the replacement of
one b-type repeat with another (indicated as "B" in table
5; the resolution of the electrophoretic system used to de-
termine the maps did not allow the identification of the
precise repeat types involved). Also, the internal structures
of the identically sized 3'HVR alleles associated with the

Ia and 1Ic haplotypes are identical, confirming a strong re-

lationship between these haplotypes in this population.
Further analysis of the variation in internal structure of

the 3'HVR will doubtless reveal in more detail the popula-
tion structure and genetic mutation processes of this lo-
cus. Already, the nonrandom association of haplotypes
and HVRs indicates that interchromosomal recombina-
tion between heterologous haplotypes-which would ex-

change HVR alleles and thus homogenize the distributions
associated with each haplotype-are not occurring at a de-
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Table S

Internal Map Structure of Polynesian 3'HVR Alleles

Allele Sizea
Haplotype (bp) No. Studied Map

t3.71I1b ......... 620 12 baaabbaabaaaaaabbababbabaabbba
-a3.7III b 540 10 baaabbaabaaaaaabbaba-----abbba
Ia ......... 310 6 bbaacccabaa
lIc ......... 310 2 bbaacccabaa
Ia ......... 308 1 Bbaacccabaa
Ia ......... 355 4 bbaaaaabccaba

a Based on Hinfl digests of genomic DNA.
b On lIla haplotype.

tectable rate in this population. Also, the discrete distribu-
tions of 3'HVR alleles associated with different haplotypes
show that reciprocal recombination between different
3'HVR alleles does not occur at a high rate. Additional
evidence for this is the observation of characteristic repeat
patterns in 3'HVR alleles associated with different haplo-
types (table 5). High levels of interchromosomal recombi-
nation would exchange repeats and remove this associa-
tion. From the data presented here, it is apparent that in-
terchromosomal recombination is not responsible for the
hypervariability at these loci but that intrachromosomal
processes such as unequal sister-chromatid exchange
(USCE) or replication slippage are much more prevalent
(Wolff et al. 1988, 1989). These processes are presumably
responsible for the clustering of rare alleles around com-
mon ones of similar size, as is seen with the type I haplo-
types.

Similar conclusions have been drawn from analyses of
VNTR allele polymorphism and association with nearby
sequence polymorphism for other VNTR loci. Studies on
the insulin locus have revealed several polymorphisms that
are in strong linkage disequilibrium with each other; this
linkage extends across the insulin VNTR and encompasses
a region of -40 kb (Cox et al. 1988; Lucassen et al. 1993).
At the HRAS1 VNTR, nearby linked markers have been
used to determine the progenitor allele involved in the pro-
duction of new alleles (Kasperczyk et al. 1990), and mutant
alleles have been implicated in susceptibility to cancer
(Krontiris et al. 1993), either by linkage to nearby deleteri-
ous mutations or possibly by direct effect on gene expres-
sion (Green and Krontiris 1993). Renges at al. (1992) have
studied extensively the relationship between the apolipo-
protein B 3'VNTR and four polymorphic sites within the
gene region and have shown that strong linkage disequilib-
rium exists between each diallelic site and the VNTR. Fur-
ther, they show that certain VNTR alleles occur predomi-
nantly on specific haplotypes, defining a region of close
association extending over >40 kb. Our work on the a-
globin complex here shows that such a relationship exists
over a region approximately two and a half times as long

and that it encompasses two highly polymorphic VNTRs,
as well as the less polymorphic ones used in the construc-
tion of the haplotype (fig. 1).

Small, nonintegral variations of allele size are not char-
acteristic of the 5'HVR, which has an unvarying 57-bp re-
peat motif Uarman and Higgs 1988). Within this size con-
straint, however, there are several sequence variants, many
of which contain the recognition sequence for the restric-
tion enzyme StuI. This locus is therefore as amenable as
the 3'HVR to internal repeat mapping and sequencing ap-
proaches that will facilitate the characterization of appar-
ently identically sized alleles. Although the 5'HVR has a
lower heterozygosity (and presumably a lower mutation
rate) than the 3'HVR, it is clear from our data that there is
haplotype specificity within its allele size distributions; this
can be seen, for example, for the group III and IV haplo-
types in figure 3C. This is likely to become more pro-
nounced when the additional layer of sequence complex-
ity is incorporated into the 5'HVR descriptions.
Thus both the 5'HVR allele and the 3'HVR allele exhibit

considerable haplotype dependency in their respective allele
size characteristics. Moreover, the a-globin haplotypes, like
their f3-globin counterparts (Wainscoat et al. 1986), can be
used to create a phylogeny that well describes human pop-
ulation relationships. It follows, then, that these two VNTR
loci have very significant in-built population-specific infor-
mation in their allele distributions.
The phenomena observed here in the Polynesian popu-

lation are particularly apparent because of the overall re-
duced diversity of 3'HVR and 5'HVR alleles in this popu-
lation (Hertzberg et al. 1992). This consequence of the spe-
cific demographic history of the population studied here
merely makes more noticeable a process that is likely to be
occurring in other populations but that may be obscured
by higher allelic diversity. It seems likely that a detailed
survey of different loci in different populations would re-
veal that VNTR alleles are generally associated with re-
stricted subsets of flanking markers. If this is indeed the
case, then current assumptions of random allele distribu-
tions are likely to mislead.
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The results shown here for two VNTR loci on chromo-
some 16 indicate that the distributions of VNTR allele
sizes alone do not describe the total amount of variation
present at that locus. Previous studies have demonstrated
that the internal structures of some VNTR loci are them-
selves polymorphic (Jefreys et al. 1990; Desmarais et al.
1993), and this is true of the a-globin VNTRs (table 5).
Here we present the first indication that these internal
structure and size polymorphisms are linked to discernible
polymorphisms some considerable distance from the
VNTR loci. This linkage association is not merely seen
with polymorphisms in the sequences flanking the VNTR
arrays, but extends over a 100-kb region encompassing
several RFLP sites and two separate VNTR loci. In the
absence of such flanking-marker information, false assign-
ments may be made if allele size alone is the criterion of
identity: we have shown here that two VNTR alleles may
be so similar in size as to be indistinguishable by conven-
tional blotting approaches but may also be totally unre-
lated to one another in terms of their internal structures,
linked polymorphisms and, most important, the popula-
tions in which the different alleles originally arose.
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