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Structural Analysis of Insulin Minisatellite Alleles Reveals Unusually Large
Differences in Diversity between Africans and Non-Africans

John D. H. Stead and Alec J. Jeffreys

Department of Genetics, University of Leicester, Leicester, United Kingdom

The insulin minisatellite (INS VNTR) associates with susceptibility to a variety of diseases. We have developed a
high-resolution system for analyzing variant repeat distributions applicable to all known minisatellite alleles, ir-
respective of size, which allows lineages of related alleles to be identified. This system has previously revealed
extremely low structural diversity in the minisatellite among northern Europeans from the United Kingdom, with
all alleles belonging to one of only three highly diverged lineages called “I,” “IIIA,” and “IIIB.” To explore the
origins of this remarkably limited lineage diversity, we have characterized an additional 780 alleles from three non-
African and three African populations. In total, 22 highly diverged lineages were identified, with structural inter-
mediates absent from extant populations, suggesting a bottleneck within the ancestry of all humans. The difference
between levels of diversity in Africans and non-Africans is unusually large, with all 22 lineages identified in Africa
compared with only three lineages seen not only in the United Kingdom but also in the other non-African popu-
lations. We also find evidence for overrepresentation of lineage I chromosomes in non-Africans. These data are
consistent with a common out-of-Africa origin and an unusually tight bottleneck within the ancestry of all non-
African populations, possibly combined with differential and positive selection for lineage I alleles in non-Africans.

The important implications of these data for future disease-association studies are discussed.

Introduction

The insulin minisatellite (INS VNTR [MIM 125852]),
located 596 bp upstream of the human insulin gene
translation-initiation site, has attracted widespread in-
terest because of its associations with a range of phe-
notypes, including susceptibility to type 1 diabetes (Ben-
nett and Todd 1996), type 2 diabetes (Huxtable et al.
2000), polycystic ovary syndrome (Waterworth et al.
1997), variation in birth size (Dunger et al. 1998), and
obesity (Le Stunff et al. 2001). We have developed a
system of minisatellite variant-repeat (MVR) mapping
by use of PCR (Jeffreys et al. 1991) to analyze allele
structure at the INS VNTR (Stead and Jeffreys 2000;
Stead et al. 2000). By detecting six different variant-
repeat types and fully analyzing all known alleles ir-
respective of size, this system generates far more de-
tailed information on allele relationships than could
be achieved by analyzing minisatellite length or variation
in flanking haplotype. Elsewhere, we have demonstrated
a remarkably low level of minisatellite diversity within
a type 1 diabetes—associated cohort from the United
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Kingdom, with all alleles readily assigned by structure
to one of just three highly diverged lineages (Stead and
Jeffreys 2000; Stead et al. 2000). To investigate the or-
igins and worldwide prevalence of this unusual pattern,
we now apply MVR-PCR to the analysis of six addi-
tional populations from geographically diverse regions
of Africa, Europe, and Asia.

Other studies analyzing genetic variation in different
populations have generally revealed greater diversity
within Africans than among non-Africans, consistent
with an African origin of anatomically modern humans
(Cann et al. 1987; Vigilant et al. 1991; Armour et al.
1996; Relethford and Jorde 1999; Seielstad et al. 1999;
Jorde et al. 2000; Alonso and Armour 2001; Hollox et
al. 2001; Templeton 2002). Furthermore, despite ele-
vated African diversity, all humans show reduced ge-
netic diversity compared with other species, suggesting
a bottleneck within the ancestry of all humans (Li and
Sadler 1991; Crouau-Roy et al. 1996; Kaessmann et al.
1999). Most recent studies of autosomal genetic vari-
ation have examined SNPs arranged into haplotypes
(Clark et al. 1998; Fullerton et al. 2000; Alonso and
Armour 2001; Hollox et al. 2001; Mateu et al. 2001;
Gilad et al. 2002; Nakajima et al. 2002). Although dif-
ferences between haplotypes allow the inference of phy-
logenetic relationships between chromosomes and the
detection of historical recombination events, the low
mutation rate of SNPs limits the temporal resolution of
these analyses. Microsatellites have also been used to
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investigate population diversity, although their higher
mutation rates—combined with an approximately step-
wise mode of mutation—results in substantial homo-
plasy, reducing their usefulness for analysis of deeply
rooted phylogenies (Nauta and Weissing 1996; Feldman
et al. 1997).

At the INS VNTR, major structural differences be-
tween alleles reflect ancient divergence between chro-
mosomes, whereas small differences indicate a more re-
cent common ancestor between alleles. Variant-repeat
analysis is therefore simultaneously informative on dif-
ferent timescales of population history. Other minisatel-
lites have also been used to investigate population his-
tories. For example, MVR mapping at minisatellite
MS205 showed that diversity in non-Africans represents
a subset of the diversity within Africa (Armour et al.
1996). However, these studies could not analyze large
alleles and detected only a relatively small number of
variant-repeat types, limiting their resolution. In the
present study, we aimed to provide the most infor-
mative description of worldwide minisatellite variabil-
ity to date, by analyzing six different variant-repeat
types within all alleles of the INS VNTR, irrespective
of allele size. These data may also have important im-
plications for disease-association studies. Most previous
studies on the INS VNTR analyzed cohorts of European
descent in which high linkage disequilibrium near the
minisatellite (Doria et al. 1996)—combined with low
minisatellite lineage diversity (Stead and Jeffreys 2000)—
make it difficult to distinguish between etiological var-
iants and associated variants. Analysis of populations
with different allele lineages and associated patterns of
linkage disequilibrium could therefore facilitate the
identification of true etiological variants in the INS re-
gion. The present study is therefore a necessary prelude
to any future disease-association studies of the insulin
region in non-European populations.

Material and Methods

DNA Source

Genomic DNA was extracted from blood or sperm
and was analyzed in individuals, sampled at random
with respect to disease status, from six populations:
United Kingdom (102 individuals), Kazakhstan (40), Ja-
pan (59), Ivory Coast (78), Zimbabwe (69), and Kenya
(42). The use of human samples was approved by the
Leicestershire Local Research Ethics Committee.

Nomenclature

Historically, alleles at the minisatellite have been di-
vided into three groups, on the basis of size: class I
(small), IT (intermediate), and III (large) (Bell et al. 1981).
Here, we reserve the term “class” exclusively for alleles
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grouped by size, irrespective of allele structure defined
by MVR-PCR. Alleles grouped on the basis of similar
minisatellite structures are termed “lineages.” These lin-
eages are named with single capital letters, except for
lineages I, IIIA, and IIIB, which were previously named
according to minisatellite sizes (Stead and Jeffreys 2000).
Sublineages are indicated by Roman numerals (e.g.,
ITAii is the second sublineage of lineage IIIA), except
for lineage I sublineages IC, ID+, ID—, and IE, which
were named for consistency with our previous studies
(Stead and Jeffreys 2000). The names of specific alleles
reflect lineages, size (expressed in repeat number), and
a further discriminator; for example, J42.2 is the second
different allele of 42 repeats identified in lineage J.

Alleles were assigned, manually and in a hierarchical
fashion, to lineages and sublineages. Alleles from dif-
ferent lineages could not be aligned to each other along
the majority of their lengths. Within some lineages, sub-
groups of alleles shared greater similarity to each other
than to other alleles within the lineage, owing to large
insertions or deletions or to common differences occur-
ring at more than one independent variant position. We
refer to these groups as sublineages. Dot matrix analyses
of alleles within a lineage and between lineages con-
firmed the division of alleles into lineage groups. The
identity of sublineages was confirmed by multidimen-
sional scaling, as described elsewhere (Stead and Jeffreys
2000). Although it was not possible to fully define a
priori the criteria for lineage and sublineage definition,
all assignments of alleles to lineage groups were per-
formed by individuals who were blinded with respect to
the population of origin, to prevent any bias in the con-
clusions regarding the differences in genetic variation
between populations.

Amplification and Separation of Alleles

Alleles of the INS VNTR were amplified by PCR from
10 ng of genomic DNA, by use of the universal pri-
mer INS-1296 and a lineage-specific primer—INS-
23+ (which exclusively amplifies lineage I) or INS-23—
(which amplifies all other lineages)—in 10-ul reactions,
using the buffer described elsewhere (Jeffreys et al.
1990), supplemented with 12 mM Tris base, 1 pg/ml
carrier herring sperm DNA, 0.4 uM of each primer, 0.07
U/ul Tag polymerase (Advanced Biotechnologies), and
0.007 U/ul Pfu polymerase (Stratagene). To determine
allele sizes, samples were amplified at 96°C for 40 s,
61°C for 30 s, and 70°C for 5 min for 22 cycles on an
M] Tetrad thermal cycler (M] Research). Samples were
electrophoresed through a 40-cm 1% Seakem LE (FMC
Bioproducts) agarose gel in 1 x Tris-borate—~EDTA buf-
fer (89 mM Tris-borate, pH 8.3, and 2 mM EDTA) at
3 V/em for 20 h and were detected using Southern blot
hybridization, with a **P-labeled probe generated by
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Table 1
Genetic Diversity at the INS VNTR
United Ivory
Kingdom Kazakhstan Japan Coast Zimbabwe Kenya
(%) (%) (%) (%) (%) (%)
Minisatellite lineages 43.4 26.7 9.8 88.4 90.1 90.4
Specific alleles 96.2 96.0 91.7 97.9 98.8 98.4

NoTE.—Nei’s gene diversity statistic (Nei 1987) was used to estimate heterozygosity for
each population on the basis of either the minisatellite lineages or the identity of specific
alleles at the INS VNTR defined by unique MVR codes. Estimates of diversity that were
based on specific alleles are high and are similar between all six populations, reflecting the
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high rate of simple mutation at the minisatellite (Stead and Jeffreys 2000).

PCR amplification of a class I allele. Sized alleles were
separated prior to MVR-PCR analysis by band excision
after amplification and electrophoresis of products, as
described above, with samples amplified for 32 cycles.
PCR products were detected by staining with ethidium
bromide and were visualized using a Dark Reader (Clare
Chemical Research) to prevent UV damage. Alleles >3.5
kb could not be detected on ethidium bromide—stained
gels, and their positions were instead estimated using a
1-kb ladder size marker (Gibco BRL) prior to band ex-
cision. Alleles <2 kb were released from the gel by adding
50 ul of dilution buffer (5 mM Tris-HCI, pH 7.5, and
5 pg/ml carrier herring sperm DNA) and freezing-thaw-
ing-vortexing three times. Larger alleles were gel purified
using the QIAquick gel extraction kit (Qiagen), according
to the manufacturer’s instructions.

Table 2
Percentage Lineage Frequencies in Six Populations

United Ivory
Lineage Kingdom Kazakhstan Japan Coast Zimbabwe Kenya
I 71.6 85.0 94.9 19.2 18.8 15.5
IIA 23.0 11.3 4.2 5.8 1.4 7.1
11IB 5.4 3.8 .8 3.2 1.4 3.6
F 7
G 1.3 7
H 1.4 3.6
] 9.6 8.0 9.5
K 20.5 17.4 20.2
L 8.3 5.1 3.6
M 3.2 7 3.6
N 2.6 5.8
(©) 2.6
P 2.9 2.4
Q 1.9 5.8 9.5
S 4.5 7 3.6
T .6 4.3 1.2
U 1.4
\" 1.3 1.4 4.8
w 12.8 13.0 9.5
X 1.9 4.3 2.4
Y .6 3.6
V4 7

NoOTE.—Blank entries indicate that no alleles were seen.

MVR-PCR Mapping of Separated Alleles

In an early study, we established a system of MVR-
PCR analysis that detects six different variant repeats at
the INS VNTR (Stead and Jeffreys 2000). The names
of the six variants and their sequences are as follows
(nucleotides differing from the A-type repeat are un-
derlined): A, GTGGGGACAGGGGT; B, CCTGGGG-
ACAGGGGT; C, CTGGGGACAGGGGT; E, GTGG-
GGATAGGGGT; F, CCCGGGGACAGGGGT; and H,
GTGGGCACAGGGGT. Individual alleles of the INS
VNTR were MVR mapped by PCR amplification with
a universal primer flanking the minisatellite (INS-1296)
and a primer that specifically detects one of the above
variant repeats (MVR primers INS-MA, INS-MB, INS-
MC, INS-ME, INS-MF, and INS-MH). Amplification
thus generates PCR products whose sizes reflect the po-
sitions of a specific variant repeat within the minisatel-
lite. To reduce progressive loss of larger amplicons by
internal priming during PCR, MVR primers carry a 20-
nt 5 extension (TAG). During the first round of PCR
amplification, this extension becomes incorporated on
the end of each amplicon. A third primer with sequence
identical to that of this 20-nt extension is included at
higher concentration than the MVR primer. Subsequent
PCR cycles will therefore predominantly amplify prod-
ucts from the end of each amplicon, using the TAG
primer—as opposed to within the amplicon, using the
MVR primer. MVR-PCR was performed in 7-ul reac-
tions with ~0.1 pg of purified allele DNA in the buffer
described above, with 0.035 U/ul Tag polymerase and
0.0035 U/ul Pfu polymerase plus one MVR primer at a
concentration of 10 nM, together with 0.25 uM INS-
1296 and TAG primers. PCR amplifications were per-
formed at 96°C for 40 s, 65°C for 30 s, and 70°C for 2
min for eight cycles, followed by 96°C for 40 s, 58°C
for 30 s, and 70°C for 2 min for 12 cycles. Products
amplified using each of the six MVR primers were elec-
trophoresed in adjacent lanes through a 40-cm 1.5% LE
agarose gel at 3 V/cm for 18 h and were detected by
Southern blot hybridization.

This MVR system allows alleles as long as 80 repeats
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Non-African alleles

African alleles
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Figure 1

Allele structures at the INS VNTR. Selected examples of allele codes defined by MVR-PCR analysis are presented in 5-to-3'

orientation, with the INS gene to the right. Although alleles as long as 630 repeats have been analyzed, for convenience only alleles shorter
than 90 repeats are shown. All of these non-African alleles are from a single lineage, whereas there are 11 lineages (arranged in groups) in
Africans within this size range. Each square represents a single repeat unit, with different colors representing different variant repeats as follows:
green = A, red = B, dark blue = C, pale blue = E, yellow = E and pink = H. Some repeats (blackened squares) were not amplifiable,
because of the presence of additional unknown sequence variants. Gaps were introduced by hand to facilitate allele alignments. All allele codes

are available at the authors’ Web site.

to be fully analyzed. Larger alleles were mapped by cre-
ating a range of deletion amplicons, in a way similar to
that of our previous analyses of class III alleles (Stead
and Jeffreys 2000). In brief, standard MVR analysis pro-
duces amplicons between the flanking universal primer
and the MVR primer which binds to a variant-repeat
unit within the minisatellite. Agarose gel electrophoresis
of MVR-PCR products, followed by band excision of a
specific MVR product, thus results in purification of a
deletion amplicon spanning a region between the flank-
ing universal primer and a specific repeat unit. If the
universal primer is located §' of the minisatellite (the
standard “forward” MVR system), the repeat-specific
primer is designed with a 5" extension that matches the
3’ primer used to amplify alleles (INS-23—). Similarly, if
the universal primer is located 3’ of the minisatellite
(“reverse” MVR), the repeat-specific primer is designed
with a §" extension that matches the 5" primer used to

amplify alleles (INS-1296). In this way, deletion ampli-
cons are generated that cover either the 5’ or 3’ end of
the repeat array, all of which share identical sequences
at each terminus, matching INS-1296 at the 5’ end and
INS-23— at the 3’ end. For very large alleles, this process
is repeated to produce additional deletion amplicons
from previously fragmented alleles. Each deletion am-
plicon is subsequently mapped using the same system of
forward MVR-PCR, and full allele codes are assembled
from overlapping codes from various deletion ampli-
cons. In this way, structures of alleles >600 repeats could
be determined from as many as 25 overlapping codes
with the same level of accuracy as for short alleles. The
forward and reverse MVR primers used to generate these
deletion amplicons were chosen to detect variant repeats
that were present at low frequency within an allele but
widely dispersed along the repeat array. The choice of
MVR primer was therefore dependent on allele lineage.
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Table 3
F,, Estimates at the INS VNTR

United
Population Kingdom  Kazakhstan Japan Ivory Coast Zimbabwe Kenya
United Kingdom .051 124 231 .238 263
Kazakhstan .016 271 271 312
Japan 3 376 448
Ivory Coast .001 .000
Zimbabwe .001
Kenya

NoTE.—Global F, = 0.209. F, values were estimated from minisatellite lineage data for
each pair of populations following division of alleles into 22 lineages. Underlined values were
significant (P <.01). All estimations were performed with Arlequin v. 2.000 (Schneider et al.

2000).

Full details of the procedure are given elsewhere (Stead
and Jeffreys 2000). Deletion amplicons were gel purified,
as described above. To ensure that a single band had
been excised, products were reamplified, and gel puri-
fication was repeated. Since MVR-PCR is very sensitive
to the concentration of input DNA, all alleles and de-
letion amplicons were diluted by between 10-fold and
10,000-fold, depending on concentration of purified
product, and a test MVR was performed; the DNA con-
centration in the full MVR analysis was then adjusted
according to signal strength and quality (Stead and Jef-
freys 2000).

Supplementary information, including all primer se-
quences, plus full MVR-PCR codes of the 1,985 alleles
typed in this and other studies (Stead and Jeffreys 2000;
Stead et al. 2000; authors’ unpublished data), are avail-
able at the authors’ Web site.

In Silico Analysis

E,, and analysis of molecular variance (AMOVA) cal-
culations (Excoffier et al. 1992) were performed using
Arlequin v. 2.000 (Schneider et al. 2000). Gene diversity
estimates were calculated for each population, using
Nei’s gene-diversity statistic, which generates an estimate
of heterozygosity

n(l—3x?)
H=——7—,
n—1

where 7 is the number of gene copies and x; is the fre-
quency of the ith allele or lineage (Nei 1987). Gene di-
versity was estimated separately for alleles and for lin-
eages. We define an allele as a unique pattern of
variant-repeat distribution at the INS VNTR, and we
define a lineage as a group of alleles which share similar,
though not necessarily identical, structures. Mutation
rates within lineages of the INS VNTR were estimated
using Ewens’s distribution (Ewens 1972), in which the
expected number of different alleles defined by MVR

structure, 7,, in a sample of » alleles of a given lineage
is given by

na=2 6
1

G+i—1"°

6 = 4N.fu, where the effective population size N, is
taken to be 10,000 (Jorde et al. 1998), fis the proportion
of all alleles that belong to the lineage being tested, and
w is the mutation rate. In Africans, mutation rates were
estimated only for those lineages (15 of 22) that had
sufficient numbers of alleles plus instances of two or
more identical alleles.

Computer Simulations

Non-African populations contain only 3 of the 22
lineages found among Africans but, nevertheless, retain
three of the four sublineages of lineage I seen in Africa.
Computer simulations were performed to determine the
probability of selecting three of these sublineages while
obtaining an overall reduction in lineage diversity from
22 lineages to the I, IIIA, and IIIB lineages present in
extant non-African populations. This simulation was
thus designed simply to determine the output of a pop-
ulation bottleneck and is not informative as to its size

Table 4
AMOVA at the INS VNTR

AVERAGE VARIANCE COMPONENTS
(%)

Among Samples

POLYMORPHISM ~ Within Samples Within Groups Among Groups

INS VNTR 70.5 1.6 27.8
109 RFLPs/
microsatellites 84.5 4.7 10.8

NoTE.—For comparison, data from Barbujani et al. (1997) are pre-
sented that show the mean molecular variance at 109 DNA poly-
morphisms within and between four or five continents, including
Africa.
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Figure 2

Sublineages within lineage I. Alleles from each sublineage of lineage I are presented, as described in figure 1. The relative

frequencies of each sublineage within lineage I are shown for the combined non-African populations (323 lineage I chromosomes) and the
combined African populations (69 lineage I chromosomes). Lineage I alleles in Africans can be divided by MVR code into three sublineages,
IC, ID, and IE, with ID alleles further dividing into sublineages ID+ and ID— (Stead et al. 2000). Each sublineage is distinguished by variation,
both at the minisatellite and in the flanking haplotype (authors’ unpublished data).

or duration. Chromosomes were sampled at random,
with replacement from a pool with the same lineage
composition as in the combined African populations in
the present study. Sampling was terminated when the
number of different lineages represented exceeded three.
Three million simulations were performed. Of the sim-
ulations that yielded only lineages I, IIIA, and IIIB
(0.17% of simulations) only 3% contained at least three
different sublineages of lineage I.

Results

Comparisons between Populations

We have produced complete maps of the distribution
of six different variant repeats within 780 alleles of the
INS VNTR from populations from the United Kingdom
(204 alleles), Kazakhstan (80), Japan (118), Ivory Coast
(156), Zimbabwe (138), and Kenya (84). These samples
were selected to provide coverage of Europe, Central and

East Asia, and three geographically separated regions of
Africa. Among the 780 alleles, 297 different alleles de-
fined by unique patterns of variant-repeat distributions
were identified, ranging in size from 17 to 630 repeats.
Pairwise comparisons of the structures of different alleles
allowed them to be assigned to distinct lineages and
sublineages (see the “Material and Methods” section).
In total, 22 different lineages of clearly related alleles
were identified. All 22 lineages were found in the Afri-
can populations. In contrast, the populations from the
United Kingdom, Kazakhstan, and Japan shared the
same very small subset of just 3 of the 22 lineages found
in Africans, namely, lineages I, IIIA, and IIIB. This major
difference in lineage composition between Africans and
non-Africans is reflected by estimates of gene diversity
(Nei 1987), which, when based on minisatellite lineages
(groups of alleles with similar structures) rather than
specific alleles (unique structures at the minisatellite),
generate heterozygosities of 88%-90% in Africans,

Table 5

Sharing of Identical Alleles between Populations

Population (No. United Ivory

of Different Alleles) Kingdom Kazakhstan Japan Coast Zimbabwe Kenya
United Kingdom (88) 14 15 6 3 4
Kazakhstan (44) 14 4 3 4
Japan (39) N 3 3
Ivory Coast (85) 21 13
Zimbabwe (76) 19

Kenya (52)

NOTE.—Data are the number of different alleles (defined by unique MVR codes).
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presented for each of the six populations analyzed.

compared with just 10%—-43% in non-Africans (table
1). Lineage frequencies in the six populations analyzed
in the present study are shown in table 2, with examples
of MVR codes from specific alleles shown in fig. 1. Codes
for all alleles are available at the authors’ Web site.
This difference in genetic diversity between Africans
and non-Africans is unusually large. For example, most
nuclear polymorphisms produce F, values of 0.1-0.15,
even between Africans and non-Africans, indicating that
only 10%—-15% of genetic variation is due to differences
between population groups (Jorde et al. 1998). However,
the INS VNTR lineage data generate F,, estimates be-
tween Africans and non-Africans as high as 0.45 (table
3), higher than estimates from most genomic regions
(although such values are not unprecedented; e.g., see
Chang et al. 1995). Similarly, hierarchical AMOVA (Ex-
coffier et al. 1992) showed that 27.8% of the total ge-
netic variance was due to differences between Africans
and non-Africans, substantially greater than at most
other loci (table 4; Barbujani et al. 1997). In contrast,
differences between populations within a continent were
unusually low, despite their substantial geographical
separations (table 4; Barbujani et al. 1997). These sub-
stantial differences between Africans and non-Africans
would be consistent with differential and directional se-

Lineage size and frequency distributions. Relative frequencies and size distribution of the 22 lineages defined by MVR-PCR are

lection operating on the two population groups (Cavalli-
Sforza et al. 1994).

Despite this major divergence between Africans and
non-Africans, the three universally present allele lineages
(I, IITA, and IIIB) are structurally similar in all popula-
tions. For example, lineage I divides into four sublin-
eages (IC, ID+, ID—, and IE), on the basis of MVR
structure and flanking haplotype. Three of these subli-
neages are present in every population (fig. 2). Although
sublineage IE is African specific, it is uncommon (fre-
quency 0.8%) and could be of recent origin, possibly
after the out-of-Africa migration. The observation that
three of the four sublineages of lineage I identified in
Africans are also present in all non-African populations
is striking, given the massive overall reduction in lineage
diversity in non-Africans; this suggests a possible en-
richment of lineage I within non-Africans, consistent
with positive selection.

To test whether the presence of lineages I, IIIA, and
IIB in all populations could be due, in part, to recent
admixture, we analyzed the degree of sharing of specific
alleles, rather than lineages, between populations (table
5). This showed that the frequencies of specific alleles
varied substantially between populations and that allele
sharing between populations was very low, especially
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Figure 4 Relationship between lineage size and estimated mu-
tation rate. Mutation rates were estimated from the combined African
data by use of Ewens’s distribution (Ewens 1972) for lineages that
each contained at least five alleles and at least one instance of duplicate
examples of the same allele. Lineages IIIA (~150 repeats) and Y (~450
repeats) were thus excluded. The positive correlation between esti-
mated mutation rate and allele size is significant (r = 0.77, P <.001).

between Africans and non-Africans. For example, the
most common allele in the United Kingdom (ID42.4,
frequency 14.2%) was seen only once in the Japanese
(0.8%) and was absent from all three African popula-
tions. Furthermore, analysis of haplotypes surrounding
the minisatellite (authors’ unpublished data) showed
that all non-African IIIA haplotypes (23% of all U.K.
haplotypes) differed from all African IIIA haplotypes by
variation at the SNP +1355C/T (Julier et al. 1991). Only
one allele (ID40.2) was identified in all six populations.
These data suggest a very low level of admixture and
establish that the presence of the three non-African lin-
eages in Africa represents a true component of indige-
nous African diversity.

Diversity and Mutation

Most differences between alleles within each of the 22
lineages are due to the simple gain or loss of a few
repeats. As a result, alleles within a lineage fall within
a narrow range of allele sizes (fig. 3). This tight corre-
lation between lineage and size, together with restricted
diversity in non-Africans, creates the bimodal allele-size
distribution seen in these populations. Although lineage
size and diversity is far greater in Africans, allele lengths
do approximate a trimodal distribution, from which the
original definition of class I, II, and III alleles is derived
(fig. 3; Bell et al. 1981). The low diversity within a lin-
eage is consistent with previous studies showing that
most germline mutations at the INS VNTR result in
small changes in repeat distribution, perhaps driven by
polymerase slippage during DNA replication or repair
(Stead and Jeffreys 2000). Rough estimates of mutation
rates within each lineage were obtained, through Ew-
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ens’s distribution, by comparing the number of different
alleles in a lineage with the total number of alleles in
that lineage (Ewens 1972). This showed that the esti-
mated mutation rate increases significantly with allele size
(0%-1.1% per gamete [fig. 4]), as might be expected for
mutation by polymerase slippage. Interestingly, >80% of
repeats in every lineage contained a potentially mu-
tagenic polymerase-a arrest site (TGRRGA) (Kraw-
czak and Cooper 1991; Todorova and Danieli 1997;
Templeton et al. 2000).

The INS VNTR mutates not only by simple gain and
loss of small numbers of repeats but also by rarer meiotic
recombination events that can result in major restruc-
turing of alleles (Stead and Jeffreys 2000). However, even
the most complex mutants can be aligned to the pro-
genitor alleles along at least part of their lengths (Stead
and Jeffreys 2000). In contrast, it is generally impossible
to align any of the 22 different lineages to each other,
suggesting that they have diverged through multiple mu-
tations, probably including complex rearrangements.
This indicates a deep and ancient divergence between
different minisatellite lineages. The apparent lack of any
structural intermediates between the 22 lineages suggests
that even within Africans there has been a substantial
loss of genetic diversity, consistent with other studies
which suggest the existence of a population bottleneck
within the ancestral African population (Li and Sadler
1991; Crouau-Roy et al. 1996; Kaessmann et al. 1999).

Comparisons of Humans and Nonhuman Primates
at the Minisatellite

In an attempt to identify which lineages within extant
human populations are closest to the ancestral state, we

Orang-utan amn

Gorilla EEEEEEEEEEE

Chimpanzee EEENEENENEEEEENEEEE
b

Chimpanzee ENEENENENE NN NE R
c

Human F EEEEE EEEEEEEEEEE

Human H EENENES ENEENENES EEEN EEENEE

Human G NEEEENEEE ENE NN NN EEEEEEE B

Human | LR e

Human J EEESEEENENENENEN SEN EESENENEN SEESEEENNEEES
Figure 5 The INS VNTR in primates. A, MVR-PCR-typed al-

leles from one chimpanzee, one gorilla, and one orangutan (as in fig.
1). B, A single chimpanzee allele characterized elsewhere, using se-
quencing (Seino et al. 1992), with the sequence converted iz silico into
a “pseudo-MVR” code. The 3’ terminal repeat is a null repeat un-
detectable by the PCR primers used in MVR-PCR; such terminal null
repeats could exist in other great ape alleles. C, Alleles from the five
human lineages containing the shortest alleles.
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analyzed INS VNTR alleles in one chimpanzee, one go-
rilla, and one orangutan (fig. SA). Each great ape was
homozygous, with allele lengths of 19, 11, and 3 repeats,
respectively, indicating a trend toward an increase in
allele size with phylogenetic proximity to humans. The
minisatellite is probably polymorphic in chimpanzees,
since the allele analyzed here has a different structure
from a previously published allele (Seino et al. 1992)
(fig. SB). None of the ape alleles bore any structural
similarity to any of the human lineages, preventing the
identification of the most ancestral lineage. As noted
elsewhere (Seino et al. 1992), the most common variant
repeat in humans (A) is absent from each of the primates.
Indeed, only the B- and C-variant repeats were found in
apes, with the orangutan showing only B-type repeats.

Discussion

Variant-repeat analysis at the INS VNTR in six human
populations identified a total of 22 highly diverged lin-
eages, including alleles ranging from 17 to 630 repeats
in length. The presence of massive structural differences
between lineages suggests that they have diverged
through multiple mutations, probably including com-
plex rearrangements and indicating a deep-rooted phy-
logeny. Furthermore, the apparent loss from extant pop-
ulations of structural intermediates between lineages
suggests a population bottleneck in the ancestry of all
humans. Similar conclusions have come from studies
on mtDNA and autosomal markers that demonstrated
a marked reduction in genetic diversity within modern
human populations compared with other species (Li
and Sadler 1991; Morin et al. 1994; Crouau-Roy et al.
1996).

All 22 lineages were identified in African populations,
whereas a small subset of only three lineages, which are
shared by all populations analyzed to date, were iden-
tified in non-Africans. Although these data are consis-
tent with a range of nuclear genetic markers—including
protein polymorphisms, RFLPs, and microsatellites—
that suggest a common out-of-Africa origin for all mod-
ern non-African populations (Bowcock et al. 1994;
Dekaetal. 1995; Jorde et al. 1995, 1997), both F,, (table
3) and AMOVA (table 4) analyses reveal the difference
between Africans and non-Africans at the INS VNTR
to be unusually large. Although marked differences in
diversity between Africans and non-Africans have sim-
ilarly been reported for mtDNA (Vigilant et al. 1991;
Ingman et al. 2000), these sequences will be more prone
to genetic drift because of the smaller effective popu-
lation sizes of uniparentally inherited loci (Fay and Wu
1999). One explanation for this African/non-African di-
vergence is that minisatellite lineage data are not directly
comparable with data from other polymorphisms be-
cause of differences in the rates and mechanisms of mu-
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tation, as well as differences in how an allele or lineage
is defined. Nevertheless, two other studies that analyzed
minisatellites by MVR-PCR in different populations did
not find such a striking difference in lineage diversity.
Minisatellite MS205 showed a less-than-threefold dif-
ference in lineage diversity between Africans and non-
Africans, whereas analysis of the HRAST minisatellite
in populations from Iberia and southeastern Africa iden-
tified five lineages, only one of which was restricted to
Africa (Vega et al. 2001), very different from the 22-
to-3 reduction in lineage diversity seen at the INS
VNTR. This major decrease in insulin-lineage diversity
shared by all non-African populations implies that an
unusually intense population bottleneck in their com-
mon founding population has operated on this genomic
region.

In contrast with the massive divergence between Af-
ricans and non-Africans, all three African populations
are remarkably similar (table 3). Low divergence be-
tween populations from Kenya and Zimbabwe is per-
haps unsurprising, given that both populations would
have been affected by the Bantu expansion occurring
within the last 2,500 years (Cavalli-Sforza et al. 1994).
However, the population from the Ivory Coast should
not have been affected by this event, so the reason for
the similarity between all three populations remains
unclear.

Curiously, although the level of lineage diversity is
massively reduced in non-Africans, they still retain three
of the four African lineage I sublineages (IC, ID+,ID—,
and IE) (fig. 2). These sublineages are unlikely to have
arisen independently in different populations, because
they are each defined by variation both at the minisatel-
lite and in the flanking haplotype, and this variation is
shared across all populations (authors’ unpublished
data). Computer simulations with the use of present
African lineage frequencies show that it is unlikely that
a bottleneck would purge all lineages except I, IITA, and
IIIB, yet retain three of the four lineage I sublineages.
Thus, 0.17% of simulations in which diversity was re-
duced to three lineages yielded a derived population
containing only lineages I, IITA, and IIIB, as seen in non-
Africans; this low likelihood simply reflects the low fre-
quency of lineages IITA and IIIB in Africans (table 2).
Of these successful simulations, only 3% retained at
least three of the four lineage I sublineages; these sim-
ulations resulted from the sampling of only five to eight
chromosomes (P >.95), again pointing to an intense
bottleneck. Different lineage I chromosomes therefore
appear to be significantly overrepresented in non-Afri-
cans and could reflect positive selection for lineage I
chromosomes acting specifically in ancestral or extant
non-African populations. It is therefore interesting that
a recent study of three non-African populations iden-
tified transmission-ratio distortion at the INS VNTR,
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with lineage I chromosomes being overtransmitted to
offspring at a frequency of 0.54 (Eaves et al. 1999).
Similar studies have not been conducted in African
populations.

These findings have important implications for dis-
ease-association studies. Most analyses of the INS
VNTR have focused on populations of European de-
scent (Bennett and Todd 1996; Waterworth et al. 1997;
Dunger et al. 1998; Huxtable et al. 2000). Although
different associations have been described for each of
the three non-African INS VNTR lineages (Bennett et
al. 1995), low lineage diversity and tight linkage dis-
equilibrium surrounding the minisatellite in these pop-
ulations have prevented the basis of these associations
from being fully resolved (Doria et al. 1996; Stead et
al. 2000). The present study indicates that, although
similar problems could arise when analyzing any non-
African population, increased diversity in Africans
(both at the minisatellite and in the flanking haplotype)
could help to distinguish between putative etiological
variants. However, because of this diversity, future dis-
ease-association studies in Africans would require anal-
ysis of very large cohorts that could not be readily typed
by MVR-PCR because of the cost, labor intensiveness,
and technical difficulty of the technique. Furthermore,
the frequencies of many African lineages would be too
low for lineage-specific associations to be detected. Dif-
ferent phylogenetically related lineages would therefore
need to be pooled prior to association analysis. Al-
though the occasional common short motif can be de-
tected between some structurally diverged lineages (data
not shown), this sharing of motifs might not necessarily
reflect lineage relationships but, instead, could simply
be the result both of mutational convergence and of
recombination between lineages which can be elevated
at minisatellites (Jeffreys et al. 1998). The only obvious
criterion for pooling lineages is therefore allele size,
which could lead to highly divergent lineages being er-
roneously combined, with attendant loss of signal from
the true etiological variants.

Without structural intermediates between minisatel-
lite lineages, the number of mutational steps separating
them cannot be determined from MVR data, preventing
the estimation of phylogenetic relationships between
lineages or of their divergence times. However, low di-
versity within each minisatellite lineage implies a mono-
phyletic origin, whereas major structural differences be-
tween lineages suggests a deep divergence. If this is the
case, then SNPs should have accumulated in the DNA
flanking the minisatellite in each lineage and, in the
absence of recombination, should have remained as-
sociated with the minisatellite lineage. Such lineage-
restricted SNPs, which have already been identified
for the three U.K. lineages (Bennett et al. 1995; Stead
et al. 2000), would not only serve as easily typed sur-
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rogate markers of minisatellite lineage but could also
be used to confirm monophyly within a lineage and to
reconstruct phylogenetic relationships between lineages.
This would provide a framework for a cladistic, high-
throughput approach to disease-association studies
within diverse population cohorts. Such lineage-re-
stricted SNPs are currently under investigation.
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