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Minisatellite diversity supports a
recent African origin for modern

humans

John A.L. Armour’, Tiiu Anttinen?, Celia A. May', Emilce E. Vega!,
Antti Sajantila?, Judith R. Kidd?, Kenneth K. Kidd?, Jaume Bertranpetit,

Svante Pddbo? & Alec J. Jeffreys!

In a study of human diversity at a highly variable locus, we have mapped the internal
structures of tandem-repetitive alleles from different populations at the minisatellite
MS205 (D16S309).The results give an unusually detailed view of the different allelic
structures represented on modern human chromosomes, and of the ancestral
relationships between them. There was a clear difference in allelic diversity between
African and non-African populations. A restricted set of allele families was found in non-
African populations, and formed a subset of the much greater diversity seen on African
chromosomes. The data strongly support a recent African origin for modern human

diversity at this locus.

A wide variety of polymorphic loci has been used to
investigate the extent of human genetic diversity and
to delineate the relationships between modern human
populations!8, In addition to mitochondrial varia-
tion"2, nuclear loci used include: classical blood group
and serological markers®, RFLPs*5, microsatellites®”’,
retrotransposon insertions® and haplotypes of closely
linked polymorphisms®!%. When different alleles exist
in different populations, additional information on
population relationships can be obtained if cladistic
information can be used to define the evolutionary
relationships among the alleles®!l. For example, the
analysis of haplotypes of closely linked polymorphisms
has allowed the inference of phylogenetic relationships
between the different states encountered and thus the
reconstruction of a probable history for that chromo-
somal segment, in which different haplotypic states
differ either by new mutation or recombination®1°.
Tandemly repeated minisatellite loci include the
most variable loci described to date in humans. By
virtue of their extensive length variation between dif-
ferent alleles, they have found many applications in
genetic analysis, including the establishment of indi-
vidual identity and family relationships!?-!4. The high
levels of population variability at these loci are due to a
high rate of germline mutation to new allelic states, at
frequencies (up to 15% per gamete) high enough to
measure by direct observation in pedigrees and single
molecule analysis of germline DNA'-17, Analysis of
genetic diversity by simple measurement of allele
length does not provide information on the cladistic
relationships between specific alleles; information on
these relationships can, however, be obtained by deter-

mining the interspersion pattern of variant repeats
along individual alleles'®-22,

These interspersion patterns can be conveniently
determined using minisatellite variant repeat-PCR
(MVR-PCR!%-22), and have been used to study the
mechanisms underlying the generation of new allelic
diversity by germline mutation!’?2. The striking fea-
ture of these studies at some!”1%2! but not all?>%
hypervariable minisatellite loci is that mutational
rearrangements do not occur randomly but are prefer-
entially located at or near one extremity of the repeat
array. At such loci, germline mutation, and therefore
recently generated variation, is polar — one extremity
of the locus is extremely variable, undergoing
rearrangement at high frequency, whereas other parts
of the locus are more stable in the germline and have a
smaller repertoire of population variability.

The minisatellite locus MS205 (D165309) combines
a number of properties useful in the study of human
diversity. It is a highly variable nuclear locus, with an
estimated true heterozygosity in Europeans of approxi-
mately 99.7% (ref. 21). The germline mutation rate
has been estimated from extensive paternity casework
as approximately 0.4% per gamete?!, Unlike many
other hypervariable loci, MS205 is relatively short,
with all alleles observed to date less than 5 kb long (up
to 87 repeats of a 45-54 bp repeat unit), so that full-
length allelic structures can be obtained for all alleles
by MVR-PCR?!. MVR-PCR analysis of new mutant
alleles!” and of alleles selected at random from a Euro-
pean population?! has shown that the mutation
process is highly polar, with all pedigree mutations so
far involving mutational change within five repeat
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speakers of the Urals), Basques,
West Africans, Kenyans, Zimbab-
weans, Japanese, Melanesians and
Rondonian Surui (from Western
Amazonia). Overall, 229 different
structures were found; observed

ulslula(sjelnle] Ja] [sla] lu} la] i

WOO?OOO
o
[=]
=)
o
o
(%)
[}
a
-
a
-
c
o
=
D
-
C
[ {

3
o
o
a
=)
s}
o
[s]
[=)
]
[=}
L]
[=]
o
»
D
2
[u)
[ |

gmaoma
o
a
o
o
3]
%}
5}
G
L]
g
n
a
Q
1 ]
D
u
5}
a

>
=

[slaln]ulslalale] Ja] [uls] la] Juin] In] ]

Q00000COUEOS00OERGNOBORUSEEENARROSNEORERRCNERAES
P 1] L]

frequencies of individual alleles
within each population sample
ranged from 0.009 (alleles seen only
once among the 106 CEPH alleles)
to 0.75 (allele CE1 [see below] in
Surui).

Simple visual inspection of allele
structures, or an analysis of the fre-

Fig. 1 Selected examples of similar, presumably closely related alleles at minisatellite
MS205, demonstrating preferential variation within each group at the 3' end of the locus,
here shown on the right. A-type repeat units?! are shown as black boxes, T-type as white
boxes. The population from which each allele is drawn is shown (Sa = Saami; J = Japan-
ese; K = Kenyan; C = North European; Ba = Basque; F = Finnish; WAf = West African).

quency of repeat unit motifs in dif-
ferent alleles that makes no
assumptions about the mutational
process (not shown), showed clearly
that allelic variation at MS205 was

units of one extremity of the locus. Instability prefer-
entially acting at one end of the locus has the effect
that new mutations repeatedly ‘over-write’ the effects
of older changes. By contrast, away from this highly
unstable region, the rest of the locus allows some of
the deeper evolutionary history of an allele to be
retained in its structure without being obscured by
subsequent mutation (Fig. 1). This can be used as a
simple basis for inferring relationships between alleles:
differences between two alleles that are confined to the
unstable region of the locus suggest recent common
ancestry, whereas differences at the more stable part of
the array suggest a more distant relationship®!. Thus
by contrast with many other types of markers used in
the study of human population diversity, at MS205
there exist simple rules, derived from direct observa-
tion of germline mutations, that allow the delineation
of affinities between different allelic states; diversity
within and between populations can therefore be
analysed at the level both of individual alleles and of
larger families of structurally related alleles sharing
common ancestry. We have used MVR-PCR to survey
allelic structures at MS205 from a geographically
diverse selection of human populations.

Groups of closely related alleles

Interspersion patterns of A-type and T-type minisatel-
lite variant repeats were mapped in a total of 330 alle-
les from Finns, Saami (=Lapps), North Europeans
{from the CEPH families?!), Moksha (Finno-Ugric

——@— realdala s
—O—— residata 3’

—&— mock data

100 o

number of groups

T
0.10

simitarity index

nature genetics volume 13 june 1996

distributed non-randomly between
the populations studied. Methods were therefore devel-
oped to allow objective grouping of related alleles.

Previous studies of European MS205 alleles?! and
direct analysis of germline mutations!” both suggested
that differences between closely related alleles most
frequently accumulated at the 3' end of the locus
(shown on the right in Fig. 1). Mutations in other
locations have presumably arisen on occasion in the
history of the locus, and the data set was therefore
analysed for internal evidence of other patterns of
mutation (see Methods). Examination of all possible
pairwise combinations of alleles failed to demonstrate
any clearly related pairs of alleles differing only by
changes at other locations; alignment of alleles was
therefore carried out at the 5' end, since this would
most frequently pair up alleles along regions of com-
mon ancestry.

To assemble similar alleles into groups, pairwise
comparisons of allelic structures were made after
alignment at the 5' end, and a pairwise similarity score
between each pair derived. Groups of alleles sharing a
given minimum similarity score were then assembled
(see Methods). Comparisons were made of the num-
ber of groups found over a range of different similarity
scores with the same analysis performed on 229 ran-
domised ‘mock’ alleles, and also with the real data set
but with pairs of alleles aligned from the opposite (3')
end (see Methods). The results (Fig. 2) confirm the
impression from visual inspection that there are signif-
icant similarities between alleles aligned from their 5'
ends. The curve for real alleles aligned from the oppo-
site (3') end follows the trajectory of the curve for ran-
domised data, further supporting the idea that
evolution at MS205 is well modelled by 5' alignment of
alleles, and that different alleles rarely if ever show
identity restricted to the 3' end. A similarity score of
0.125 gave the greatest difference between the real and

Fig. 2 Overall results of comparisons between allelic structures
at MS205. The numbers of groups found at different criterion
similarity scores are compared between (i) 5' aligned alleles from
the data set (ji) 3' aligned alleles and jii) 5' aligned mock alleles,
made by randomly permuting the repeat units of each of the 229
different alleles. A similarity score of 0.125 was subsequently
used as a lower threshold of similarity in the analysis of groups
of alleles.
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‘mock’ data, and was used in the analysis discussed
below. The use of other similarity scores (0.05-0.15)
did not affect the overall conclusions (data not
shown).

Population diversity: Africans and non-Africans
Analysis of ancestral relationships between alleles was
carried out by assembling groups of similar, presum-
ably closely related alleles after 5' alignment (Figs 3, 4).
Common motifs were found among alleles from non-
Africans studied, even from geographically very dis-
tant populations such as Melanesians and Saami.
Among 242 alleles observed in non-Africans, 226 fell
into groups 1-6; these groups in turn show clear inter-
group relationships, with a shared central motif
(shown in red in Fig. 3), suggesting a relatively recent
common ancestry for these non-African populations.
By contrast, a wider variety of groups was represented
in the African alleles, including some groups (7, 8, 9
and 12) of which members were not observed at all
outside Africa, and a large number of ‘singleton’ alleles
which did not group with any other non-identical
allele. Of the 88 alleles sampled from Africans, 37
belong to those groups (1-6) that predominate in
non-Africans, consistent with the origin of the non-
African populations as a subgroup of an ancestral
African population. Additional detail from mapping
autoradiographs was used to examine African alleles
with relatively uninformative structures (generally
classified as ungrouped singletons), and suggested that
while some show structural affinities, most have dis-
tinct patterns of variant T-type repeat units (data not
shown; see Methods); these alleles do not therefore
exaggerate the number of different allele lineages rep-
resented in Africans.

The simple demonstration of higher diversity
among Africans has been noted in other systems and is
compatible with a number of hypotheses that do not
assume an African origin; for example, greater diversi-
ty could result if effective population sizes have histori-
cally been higher in Africa®®. Because we can apply the
observed mechanisms of germline mutation to deduce
groups of alleles sharing common ancestry, however,
our data go further than this: there are more distinct
lines of descent represented in Africa, and the lineages
present outside Africa form a subset of the global varia-
tion. Furthermore, the same limited set of lineages is
shared by the non-African populations studied.

These data are very difficult to reconcile with a sim-
ple hypothesis of multi-regional development; such a
model does not predict the sharing of a small number
of lineages by (separately developing) populations as
far afield as Scandinavia and South America, nor does
it account for the marked difference observed between
African and other populations. We can consider three
basic explanations for the observed patterns of allelic
diversity at MS205. First, it is possible that mutation
rates at MS205 are higher in some lineages, and thus
that there may have been preferential allelic diversifica-
tion among the alleles found in Africa. We have no evi-
dence to exclude this possibility, but the predicted
recent clusters of closely related alleles are not seen in
the African data, and this hypothesis fails to explain
why these highly unstable lineages are not also repre-
sented outside Africa. Second, selective constraints at

this locus may have specifically acted to maintain higher
diversity in Africa (or to reduce diversity outside
Africa); if selection were to account for reduced varia-
tion outside Africa, the model would have to explain
the selection of the same restricted set of alleles in
widely dispersed populations. While the MS205 tan-
dem repeat array may be evolving without selective
constraint, it is not possible to exclude local indirect
selective forces which may have shaped the evolution of
the locus. However, the concordance of the basic differ-
ence found here between African and non-African
populations with the conclusions of other studies, most
notably from RFLPs*3, mitochondrial DNALZS,
microsatellite allele frequencies® and haplotype analy-
sis>10, would on the contrary suggest that the observed
pattern reflects the true pattern of human origins
rather than being a peculiarity of this minisatellite
locus. Most recently, the analysis of haplotypes at the
CD4 locus!® has demonstrated a similar pattern to that
found here, in which the existence of a small subset of
lineages in different non-African populations suggests
that these populations may have a recent common ori-
gin. Overall, and taken together with the results of
other studies, our data are most simply consistent with
a third explanation, that there has been a major divi-
sion in the origin of modern humans between African
and non-African populations, with a founder non-
African population arising as a subset of a larger popu-
lation found in Africa. So far, the different systems used
to investigate human diversity have given results con-
sistent with the general conclusion of an African origin,
rather than demonstrating the exclusion of all other
possibilities®>; a single substantiated counter-example
would be sufficient to cast serious doubt on this view of
human origins.

Timing divergence: alleles shared between
populations

If all MS205 allele maps could be aligned to create a
single phylogeny incorporating all mutation events,
and if mutation rates both for polar and non-polar
changes were known, then it would be feasible to date
allele lineages and to estimate the time of the split
between African and non-African populations. Prob-
lems of allele alignment associated with superimposed
mutations, and lack of information on non-polar
mutation rates makes such an approach impossible.
There is however an alternative approach to estimating
population divergence times, using information on
identical alleles shared between different populations
together with mutation rate data.

Numerous examples exist of identical MS205 alleles
shared between different African populations and
between different non-African populations (Table 1).
There are by contrast only three instances of identical
alleles shared between African and non-African popu-
lations (Table 1, Fig. 5), out of 88 and 242 alleles
analysed in the two groups respectively. To estimate
the maximum time required to reduce allele sharing to
this level between two diverging populations, we made
the worst-case assumption that the ancestral popula-
tion contained only three different and equally fre-
quent alleles. Computer simulations with the
measured mutation rate of 0.4% (ref. 24) showed that
the rate of decay of allele sharing between diverging
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Fig. 3 MS205 alleles mapped from a, Zimbabweans b, Melanesians c,
North Europeans (CEPH) and d, Japanese, grouped according to the 44
groups found applying the alignment procedure (see text) to the full data
set at a similarity score of 0.125. (a) and (d) include examples of singleton
alleles, which could not be grouped with any other (non-identical) allele in
the data set. Examples of the ...JEOUNJNIEQO... motif commonly
found in non-African alleles are shown in red.

populations was largely independent of population involving small changes at the unstable end of the
size above 1,000, being driven by mutation rate rather locus!’. Second, there has been gene flow, perhaps very
than genetic drift (see Methods). Decay to the recently, between the African and non-African popula-

observed level of three
African/non-African allele sharing required
an average of 770 generations (15,000 years;
95% upper confidence limit 22,000 years).
This estimated divergence time for the
split between African and non-African pop-
ulations is much more recent than other
estimates, for example based on mitochon-
drial DNAL There are several possible
explanations why the method adopted here
might underestimate the true age. First, the
examples of shared alleles may not be iden-
tical by descent but have arisen by conver-
gent evolution; this is unlikely, since even
variations in band intensity observed on
mapping autoradiographs agree between
the different copies (Fig. 5). Although con-
vergence from widely differing ancestral
alleles is thus unlikely, it is not possible to
exclude convergence to the same state from
a more recent common ancestor, because
there is a preponderance of mutations
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Table 1 Allele sharing between different populations sampled
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The figures show the number of distinct alleles found in each of a pair of populations: Z = Zimbabwean; K =
Kenyan; WAf = West African; Mok = Moksha; Ba = Basque; C = North European (CEPH); F = Finnish; Sa =
Saami; J = Japanese; Mel= Melanesian; Su=Surui. Figures in parentheses show the number of distinct alleles
found in each sample. The rectangle delineated contains the comparisons between each African/non-African

pair of populations sampled.

tions sampled — this also seems unlikely, particularly
between the geographically remote Zimbabweans and
Surui (Fig. 5a), or between Kenyans and Finns (Fig.
5¢). Another possibility is allelic heterogeneity in
mutation rate, as already described at minisatellite
MS32 (D188)%, with alleles shared between popula-
tions being biased towards those showing unusual
germline stability. As the rate of decay of allele sharing
is proportional to mutation rate (see Methods), a split
between African and non-African populations about
150,000 years ago would require that shared alleles
have mutation rates reduced by about 10-fold over the
average of 0.4%/gamete. The existence of alleles shared
between Africans and non-Africans therefore suggests
that there may be considerable mutation rate hetero-
geneity at MS205, and that direct measurement of
mutation rates for the relevant alleles (see Discussion)
may help place more precise upper limits on the age of
the observed divergence.

The structure marked ‘CE1’ (Fig. 3b, 34) is found at
high frequency in Saami (f=0.21) and Japanese (f=
0.3) and at very high frequency in Surui (f = 0.75), and
as single examples each from the Moksha and Melane-
sian samples among all the other populations studied.
The high frequency of this allele may be the result
either of recent divergence and expansion in these
populations, or else of unusual germline stability of
this allele. If we accept that the Saami moved west-
wards from Siberia to reach their present location?,
and that the ancestors of the indigenous populations
of North and South America arrived from Asia via
Alaska’, then a geographical unity is suggested for
these high frequencies of allele CEI as a marker of
chromosomes present in ancient populations of North
and East Asia; this pattern of distribution also corre-
lates with a mitochondrial variant (16298T) found at
high frequencies in Saami, Japanese and Amerindian

populations?8,

Discussion

The data presented here demonstrate a marked differ-
ence between the diverse lineages found in African
populations and the limited subset that predominate
throughout non-African populations. For this reason,
populations that inhabit intermediate regions
between Africans and non-Africans, such as North
East Africa and the Middle East, may be of particular

found, such as
the allele CEI1
common in
Saami, Japanese
and Surui, and
these may be of
use in tracing nuclear lineages in other geographical
locations; for example, the stepwise dispersal of
humans across Polynesia may have involved dramatic
‘bottlenecks’ in population size, as suggested by stud-
ies of minisatellite allele length?®, and the ability to
trace the relationships between alieles predominating
in different locations may be highly informative.

A number of questions are raised by these data
about possible differences between the mutation
rates of particular alleles or allelic lineages, especially
of those alleles shared between African and non-
African populations (Fig. 5) and of the allele (CEI)
at high frequency in Saami, Japanese (Fig. 3d) and
Surui. In principle, these questions can be addressed
directly by analysis of male germline DNA using
small-pool PCR!7 and work is in progress to develop
such methods for MS205 (C.A.M., JALLA. and
A.JJ., unpublished data). Since MS205 undergoes
mutation predominantly in the male germline
(11/12 germline mutations so far verified are pater-
nal in origin (ref. 17 and J.A.L.A., unpublished
data)), analysis of sperm mutations should give a
largely representative view of overall mutational
behaviour for any allele tested.

In this study, no attempt has been made to construct
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Fig. 5 The three examples of identical alleles found in both
African and non-African populations in this study. a, Z=Zimbab-
wean; Su=Surui; b, WAf=West African; C= North European; ¢, K
= Kenyan; F = Finnish. In each case the shared binary map is
shown above maps which incorporate additional information
from intensity differences between repeat units seen on autora-
diographs. Repeat units that give reduced signals (either with
forward or reverse mapping primers?') are indicated by addition-
al symbols: B = A-type; A =weak A-type; ¥ =very weak A-
type; O =T-type; O = weak T-type; @ = very weak T-type. The
agreement between the structures of the maps shared between
African and non-African populations even with this additional
detail suggests that they are not simply examples of fortuitous
convergence.
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a complete ‘tree’ of alleles mainly because only the
most recent branchings are described by the mutation-
al processes for which we have direct observational
evidence, and the deeper branches will involve rarer
(perhaps non-polar) events for which much less
descriptive data can be obtained. Nevertheless, future
work may allow analysis of affinities between the small
clusters of recently diverged alleles by studying their
association with polymorphic sites in the DNA flank-
ing the repeat array; although gene conversion-like
processes appear to have disrupted associations
between minisatellite alleles and flanking polymor-
phisms at the (active) 3' end of the locus, associations
between the tandem repeat array and 5' flanking poly-
morphisms appear to be more robust?!, and may be a
useful basis for understanding the detailed longer-
term histories and affinities of entire groups of alleles.
Similarly, no population tree based on allele frequen-
cies has been derived because the sample sizes from
each population are relatively small in this study; larg-
er surveys may allow better estimates of allele or group
frequencies.

Can other human loci give a similarly clear and
detailed view of divergence between different lineages
of a chromosomal segment? The chief reasons for the
clarity and detail of these data are that MS205 (i) is a
highly unstable locus, with many recently generated
new alleles, (i) undergoes compartmentalized (polar)
mutation, so that more recent mutation does not often
act to obscure the deeper ancestry of an allele and (iii)
is relatively short, so that complete structural analyses
can be made of even the longest alleles encountered.
Many other minisatellite loci fail to meet one or other
of these essential criteria, usually because they are
either too long, like D188 (ref. 19)or D7521 (ref. 20),
or because their mutations are frequently non-polar,
like D2S90 (ref. 22) and D5S110 (ref. 23). It may nev-
ertheless be possible to find other loci with the right
combination of properties to act as similarly efficient
reporters of mutation and divergence at additional
chromasomal locations.

Methods

Mapping MS205 alleles by MVR-PCR. Minisatellite variant
repeat ({MVR) interspersion patterns were mapped as
described”, except that a new primer 205TAG-T (5'-TCAT-
GCGTCCATGGTCCGGACTCACCYGCCCCGTACAC-3') was
used in forward mapping instead of primers 205TAG-N and
205TAG-N2, to give better detection of T-type repeat units. In all,
330 alleles were mapped from 165 individuals of the following
origins: North European (Indo-European speakers from the
CEPH families, 106 alleles?!), Finnish (18 alleles), Saami
(=Lapps, from both Sweden and Finland, 24 alleles), Moksha
(Finno-Ugric speakers of the Urals, 16 alleles), Basque (18 alle-
les), West African (from Ibadan, Nigeria, 30 alleles), Kenyan
(Mijikenda from the Kilifi district, 18 alleles), Zimbabwean (from
Harare, 40 alleles), Japanese (from Nagoya, 20 alleles), Melane-
sian (Nasioi speakers from Bougainville, 20 alleles) and Rondon-
ian Surui (Lupi speakers from Western Amazonia, 20 alleles).

Alignment of alleles according to 5' similarity. To arrive at an
alignment procedure in which alleles would be grouped as
accurately as possible according to their ancestry, the data set
was examined in detail for evidence of the structural basis of
mutational change. Previous studies!”?! suggested that muta-
tional differences between closely related alleles most frequently
accumulated at the 3' end of the locus (shown on the right in
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Fig. 1). Thus the 5' end of the locus will frequently escape muta-
tion, thereby preserving structural evidence of common ances-
try between related alleles, and an algorithm that aligns alleles
according to similarity at the 5" end should generally assemble
true families of alleles sharing common ancestry. To check for
evidence of other patterns of mutation the data set was analysed
for pairs of similar alleles that differed at locations other than
the mutationally most active 3'extremity of the array. Examina-
tion of all possible pairwise combinations of alleles (data not
shown) confirmed that mutations away from the preferentially
unstable 3' end of the locus are sufficiently uncommon in the
evolution of MS205 that groups of alleles assembled using
alignment at the 5' end will be largely monophyletic.

Comparison between alleles and assembly into groups. To
assemble alleles into groups sharing 5' similarity (and therefore
probable common ancestry), pairwise comparisons of allelic
structures were made after alignment at the 5' end, expressing a
similarity score between each pair as the number of switches of
repeat type (from ‘A-type to “T’-type, or vice versa) matched at
the 5' end, divided by the mean allele length. Switches of repeat
type were counted to align alleles using their structurally most
informative features. Groups of alleles sharing a given similarity
score were then assembled by a stepwise process, building up
groups by starting with the most similar alleles and gradually
lowering the similarity required for inclusion until the thresh-
old was reached (details and programs available on request).
Groups were fully mutual, in that to be included an allele had to
fulfill the similarity criterion with every other member of the
group. The validity of the groups so assembled was assessed by
determining the number of groups found using a range of dif-
ferent similarity scores. At a shared similarity score of 0, all alle-
les can be placed together in one group; as the required score
increases, a greater number of smaller groups will be formed,
until finally all non-identical alleles are in different groups.
Alignment results were compared with the same analysis per-
formed on 229 mock alleles, in which each allele in the data set
was randomly permuted to give a new structure of identical
length and composition, and similar internal complexity (fre-
quency of doublets, triplets, quartets of repeat units). A com-
parison was also made with the real data set but with pairs of
alleles aligned from the opposite (3') end.

The comparison between the real and mock data (Fig. 2)
showed a clear difference, presumably reflecting authentic
structural similarity in the real data, with the greatest differ-
ence at a similarity score of 0.125; as it appeared to maximize
the signal-to-noise ratio from the data, this score was used in
the analyses presented. Tests of the robustness of the grouping
procedure were carried out by randomizing the order of the
input data prior to grouping at a cut-off of 0.125. Four of these
five randomized runs gave identical results {as shown in this
manuscript). One run differed only in the distribution of some
of the alleles originally placed in groups 2, 6, and 10; the total
number of groups, and the grouping of other alleles was
unchanged.

Additional detail from mapping autoradiographs. The inten-
sity of bands produced on MVR autoradiographs can show
reproducible heterogeneity even within one type of repeat
unit?’, As only some of the observed sequence variation
between MS205 repeats is assayed by the MVR mapping proce-
dure?, these reproducible variations in intensity almost cer-
tainly indicate further, uncharacterized repeat sequence
variants. This further detail in the MVR maps was used to pro-
vide additional information both for African alleles containing
long runs of ‘T’-type repeat units, and for alleles shared
between African and non-African populations.

Some African alleles contained long runs of “I’-type repeat
units; these uninformative alleles may not reveal their true
affinities in our analysis, and yield ungrouped singletons fol-
lowing allele grouping. Analysis of additional information
from variant ‘“T’-type repeat units generally shows no simple
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affinities between these alleles, and we conclude that these rela-
tively ‘bland’ alleles do not simply form one large family, but
instead belong to diverse lineages. The three examples of iden-
tical alleles found in both African and non-African popula-
tions were examined for additional information from intensity
differences on autoradiographs. No differences were found
between the maps even at this more detailed level of analysis
(Fig. 5), confirming true common ancestry.

Simulating mutational decay in allele frequency. The muta-
tion rate at MS205 has been measured at 0.4% per gamete??.
Assuming that identical structures will only be very rarely recre-
ated by new mutation, it is possible to predict the rate of decay
in the frequency of an allele with time. Decay in allele frequency
was simulated using population sizes up to 15,000 (30,000 alie-
les). Integer arrays with each position representing one chro-
mosome were set to an initial value of 1, and ‘mutation’ (to 0)
and random sampling into the next generation carried out
repeatedly until the frequency of the intact allele (value 1} fell
below a threshold level {programs available on request). As
population size increased, the effects of drift became less signifi-
cant, so that at large population size (>1000) the time taken to
decay to a particular level was mainly dependent upon muta-
tion rate. In the absence of drift, the frequency f after n genera-
tions will be given by f=(1-w)" from which n=
flog f1/[loge(1-4t)]. Thus the times (n; and n,) taken to decay
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