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Summary

Microsatellites are now used ubiquitously as genetic
markers. One important application is to the assessment
of population subdivision and phylogenetic relatedness.
Such applications require a method of estimation of ge-
netic distance. Here we examine the most widely used
measure of microsatellite genetic distance, Goldstein et
al.’s delta-mu squared ([dm]2), with respect to a large data
set of 213 markers typed across samples from four di-
verse human populations. We find that (dm)2 yields plau-
sible interpopulation distances. For the first time, we
report significant interpopulation differences in mean
microsatellite length, although the effect of these differ-
ences on (dm)2 is negligible. However, we also show that
the method is extremely sensitive to one or two loci that
contribute extreme values, even when a sample size of
1200 loci is used. Some of these extreme loci can be
removed on the grounds that some alleles carry large
indels, but for others there is no clear justification for
exclusion a priori. Our data suggest a rather recent Af-
rican/non-African split, with an upper limit of some
70,000–80,000 years ago.

Introduction

Microsatellites are arguably the most important class of
genetic markers yet discovered, being abundant, highly
polymorphic, easy to genotype, and predominantly se-
lectively neutral. Uses include gene mapping, parentage

Received December 9, 1998; accepted for publication July 26, 1999;
electronically published August 30, 1999.

Address for correspondence and reprints: Dr. William Amos, Uni-
versity of Cambridge, Department of Zoology, Downing Street, Cam-
bridge CB2 3EJ, United Kingdom. E-mail: w.amos@zoo.cam.ac.uk

* Present affiliation: Department of Infectious Diseases, University
Hospital of Wales, Cardiff.

† Present affiliation: Department of Cellular Physiology and Im-
munology, Rockefeller University, New York.

� 1999 by The American Society of Human Genetics. All rights reserved.
0002-9297/1999/6504-0023$02.00

analysis and the assessment of relatedness (Queller et al.
1993), phylogenetic studies (Bowcock et al. 1994), stud-
ies looking at population differentiation (Paetkau et al.
1995), and, most recently, a means to measure inbreed-
ing (Coltman et al. 1998; Coulson et al. 1998). Micro-
satellites evolve predominantly by the gain and loss of
single repeat units, the so-called stepwise-mutation
model (SMM) (Ohta and Kimura 1973), a simple pro-
cess with well-studied mathematical properties. Such
mathematical tractability has led to the development of
a range of genetic-distance measures, used widely for
examination of the relationships between animal and
human populations and with the potential for “genetic
absolute dating” (Goldstein et al. 1995b).

Goldstein et al.’s (1995b) genetic-distance measure
(dm)2 was developed specifically for microsatellite mark-
ers and is based on the SMM of evolution. An essential
feature of a genetic-distance measure used to estimate
relative times of divergence is that its expected value
should increase linearly with time. This requirement is
fulfilled by the (dm)2 distance under the unconstrained
SMM, and linearity is maintained even when the as-
sumptions of single-step mutations and symmetrical mu-
tation rate are violated (Kimmel et al. 1996). The (dm)2

distance has a lower variance than does the average
square distance (ASD) (Goldstein et al. 1995a; Slatkin
1995), from which it is derived, and computer simula-
tions suggest that it is robust to fluctuations in popu-
lation size (Takezaki and Nei 1996).

When sampling is complete, calculation of (dm)2 is sim-
ple:

2 2( )dm = (m � m ) ,x y

where mx and my are the means of allele sizes in pop-
ulations x and y, respectively. Here and elsewhere, equa-
tions are presented for one locus only; data from mul-
tiple loci are combined by averaging single-locus (dm)2

values. Goldstein and Pollock (1997) have suggested the
use of as an unbiased estimator ofASD � Var � Varx y

(dm)2 from an incomplete sample, which we shall refer
to as “U(dm)2”:
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nx2 2 2( ) ( ) ( )U dm = i � j x y � i � m x�� �i i x in � 1i j ix

ny 2( )� i � m y ,� y in � 1 iy

where xi and yj represent the frequency of alleles i and
j in each population, Varx and Vary are the variances in
allele size in populations x and y, and nx and ny are the
number of alleles sampled from each population. The
difference between U(dm)2 and the squared difference of
sample means (henceforth referred to as “M(dm)2”) “will
be very slight unless both the sample size and the level
of differentiation is small” (Goldstein and Pollock 1997,
p. 340, box C).

Goldstein et al. (1995b) have derived the following
equation for the expected value of (dm)2 at t generations
after a single population has divided into two fully iso-
lated populations:

2( ) ( )E [ dm t ]=2bt ,g

where b is the mutation rate (measured in single-step
changes). By substitution of an estimate of the mutation
rate, t can be estimated from (dm)2.

Despite the attractiveness of (dm)2 as a measure of ge-
netic distance that is linear over time and independent
of population size, there are still only a few published
examples of its use on empirical data as opposed to
simulation data (e.g., see Goldstein et al. 1995b; Good-
man 1998).

In the present report we present an exploration of
some properties of (dm)2 in a sample of 213 loci, typed
in an average of 294 individuals sampled from four dif-
ferent human populations. We use this large sample to
examine the empirical properties of (dm)2 and its poten-
tial for application to population and phylogeny studies.

Material and Methods

Population Samples

DNA samples came from the following human pop-
ulations: Gambians ( ) from the western regionn = 89
around Banjul, representing the same ethnic groups as
Gambians as a whole (Allsopp et al. 1992), Italians
( ) from Padua and its environs, Indians ( )n = 33 n = 182
from Tamil Nadu, and black South Africans ( )n = 27
from around the vicinity of KwaZulu Natal. The indi-
viduals sampled are regarded as unrelated, being the
(unaffected) parents of families analyzed in genome
screens.

Choice of Microsatellite Loci

Microsatellite loci were CA repeats typed as part of
whole-genome screens for disease-associated regions.
Loci were selected from those in the public domain, on
the basis of the following criteria: reliable amplification,
high (generally 1.7) heterozygosity in whites, range of
allele sizes that is not inconveniently large, alleles sep-
arated by complete repeat units, and no obvious occur-
rence of null alleles. The loci used for this analysis were
distributed throughout the genome, with the exception
of chromosomes 4 and 12, which were not available for
analysis in our study.

Microsatellite Genotyping

Microsatellites were amplified by PCR using fluores-
cently labeled primers and were electrophoresed on a
denaturing 6% gel in an ABI 373A sequencer. Allele sizes
were determined by GENESCAN� 672 and GENO-
TYPER� software (PE Biosystems) and an internal size
standard electrophoresed in every lane.

Binning

To convert raw data from the ABI sequencers into
numbers of repeat units, a binning macro was written.
Allele-length estimates are expected to conform to a se-
ries of frequency peaks showing ∼2-bp periodicity and
separated by low-frequency troughs. Periodicities are sel-
dom exactly 2 bp, because DNA fragment-size deter-
mination is influenced by base composition and, at most
loci, a change in repeat number also changes the average
base composition of the fragment, causing a slight but
detectable shift in its mobility. To allow for this, our
macro searches for the strongest periodicity in the data,
seeking to minimize the mean squared deviation (MSD)
for all empirical allele lengths, from the centers of their
nearest bin classes. For the vast majority of loci, binning
is unambiguous, with adjacent frequency peaks being
separated by gaps in which allele lengths are not ob-
served. However, the MSD values allowed us to identify
eight loci where the binning process is unexpectedly
poor. Such cases appear to be due to the presence of
alleles that differ, in size, by 1 bp. Given the small num-
ber of alleles and loci involved, as well as the small
impact that such changes will have on mean length (al-
leles in an intermediate size class will tend to fall equally
into bins 1 bp above and 1 bp below their true sizes,
giving a zero net change in mean length), we argue that
these misclassifications will have a negligible effect on
our calculations of genetic distance.
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Figure 1 Size distribution of M(dm)2 over 213 loci. a, Gam-
bian–South African interval size 0.2. b, Gambian-Italian, interval size
1. c, Italian–South African, interval size 1. d, Indian–South African,
interval size 2. e, Gambian-Indian, interval size 2. f, Indian-Italian,
interval size 2.

Results and Discussion

Method of Calculation of (dm)2

In the Appendix, we consider several alternative meth-
ods for calculation of (dm)2, which aim to reduce biases
associated with finite sample sizes. In practice, the dif-
ferences between methods seem to be small. Therefore,
hereafter we will use only the simplest form, which we
term “M(dm)2,” calculated as the squared difference in
mean length.

Distribution of (dm)2 Values

The distributions of M(dm)2 values for each population
pair (fig. 1) are all L-shaped, with many small values
and a few much larger ones. Variance in M(dm)2 is higher

than would be expected according to Goldstein and Pol-
lock (1997, referring to Zhivotovsky and Feldman 1995)
(table 1), with the observed variance lying outside the
95% confidence interval (CI) for the expected variance
for each population comparison except Gambian–South
African. The discrepancy is particularly large for com-
parisons involving the Indian population. Zhivotovsky
and Feldman (1995) have argued that the expected var-
iance of (dm)2 is so large that several hundred microsat-
ellite loci may be required to build trees with reliable
branch lengths. The even higher variances that we find
imply that even larger numbers of loci are required, un-
less some alternative approach for calculation of genetic
distance can be found.

Some of the excess variance in (dm)2 is likely to be due
to interlocus mutation-rate variation (Zhivotovsky and
Feldman 1995) and possible differences in range con-
straints (Feldman et al. 1997; Pollock et al. 1998). How-
ever, as seen in figure 1, although the majority of (dm)2

values are clustered at the low end of the size range,
there are a few loci that yield very large (dm)2 values,
which dramatically inflate the variance, especially for
comparisons involving the Indian population. Two loci
in particular contribute extreme values: the largest (dm)2

is 76.69 for locus DXS993, followed by 53.39 for
D6S279. The arithmetic mean (dm)2 calculated over all
216 loci is 1.34, but it is only 0.99 if DXS993 is ex-
cluded. If D6S279 is also excluded, the mean (dm)2 is
reduced further, to just 0.74. This example clearly illus-
trates how the chance sampling of a particular locus can
have a large effect on the mean (dm)2.

To examine the basis of these extreme values, allele-
frequency distributions for DXS993 and D6S279 are
compared for all four populations (fig. 2). Locus
DXS993 shows evidence of a large deletion specific to
the Indian population, which contains some alleles that
are shorter than the clone sequence without its micro-
satellite. Such loci could be removed from the data set
on a priori grounds. By contrast, at locus D6S279 the
Indian population lacks the lowest mode carried by the
other three populations. Such a situation could conceiv-
ably arise by drift alone, and hence this locus cannot be
excluded a priori. In this particular case, only 14 of 182
samples amplified, suggesting a possible alternative ex-
planation—that short alleles in the Indian population
are descended from a progenitor allele that suffered a
mutation in one of the priming sites, either reducing or
eliminating amplification. Such a mutation would either
have to have arisen early in this population’s ancestry
or have to have spread remarkably fast to achieve its
current high frequency.

Thus, although some loci associated with large (dm)2

values may be excluded because of alleles carrying ob-
vious deletions, other loci are more problematic. To deal
with the latter, one could, through a combination of



1128 Am. J. Hum. Genet. 65:1125–1133, 1999

Table 1

Mean, Variance, and Expected Variance for M(dm)2, for Six Population Comparisons

POPULATIONS COMPARED

M(dm)2

Mean (95% CIa) Variance Expected Variance (95% CI)b

Gambian–South African .481 (.372–.589) .651 .463 (.278–.695)
Indian-Italian 1.344 (.456–2.212) 41.820 3.612 (.452–9.789)
Gambian-Italian 1.897 (1.428–2.367) 11.730 7.200 (4.132–11.114)
Italian–South African 2.117 (1.603–2.632) 14.662 8.967 (5.141–13.852)
Indian–South African 2.426 (1.788–3.065) 22.624 11.774 (6.390–18.790)
Gambian-Indian 2.436 (1.686–3.187) 31.248 11.871 (5.682–20.314)

a Calculated as mean � 1.96 standard error.
b Expected variance calculated as twice the squared value of the mean (Zhivotovsky and Feldman

1995; Goldstein and Pollock 1997), when the mean is used as an estimate of the expected (dm)2 value.
The mean (dm)2 over 213 loci should be a reasonable estimate of the expected value of (dm)2, although
this substitution will introduce a small extra error. The 95% CI for the variance is calculated by use
of the CIs for the mean as estimators of the expected value of (dm)2.

allele sequencing (to reveal insertions, deletions, and in-
terruption mutations) and redesign of primers (to reveal
nonamplifying alleles), assess the nature of those alleles
which contribute most to large (dm)2 values. However,
such experiments tend to be extremely time-consuming
and are not guaranteed to be successful. Since post hoc
exclusion of loci yielding excessively large (dm)2 is dif-
ficult both to justify and to execute (where does one
draw the line?), we examined several alternative methods
for calculation of overall (dm)2 values across all loci (table
2).

Mean.—As shown above, even when 1200 loci are
examined, (dm)2 for an individual locus can be so large
that its exclusion can reduce the mean value by 26%.
Since inclusion of such extreme loci is a matter of chance,
the simple mean is prone to remarkable uncertainty. Fur-
thermore, the extent of this uncertainty will be apparent
only when an extreme locus is included.

Median.—The median (or middle value) is often a
more representative measure of the location of a distri-
bution than is the mean, especially when the distribution
is asymmetric (Sokal and Rohlf 1995). Median values
are considerably smaller than the mean values, but the
rank order of size of the medians and means are almost
identical, the exception being those for the Gambian-
Italian and Italian-South African distances, whose ranks
are reversed depending on the measure used. The median
may be useful as a comparative measure, but it cannot
be used directly, because it will underestimate divergence
times.

Least-squares methods.—Pollock et al. (1998) have
proposed the measures DLS and DGLS to find the best-fit
distance from the (dm)2 values generated over a number
of loci. These methods show improved accuracy over
(dm)2, by allowing for interlocus variation in both range
constraints and mutation rate. However, from the data,
it is difficult to obtain good estimates of these param-
eters: the populations have not diverged sufficiently to

yield independent samples of the range constraint, and
individual loci may not be at mutation-drift equilibrium
(either because of recent changes in population size or
because of selection at adjacent sites). Computer simu-
lations suggest that DLS is less accurate than (dm)2 and
that, although DGLS is slightly more accurate than (dm)2

when interlocus mutation rate varies, (dm)2 is the most
accurate measure when there is variation in locus ranges
(Pollock et al. 1998). Until reliable estimates of per-locus
mutation rate and range can be made, the justification
for using these alternative measures is unclear.

None of the methods discussed above exclude excep-
tional loci. However, if outlying loci deviate from the
SMM model on which (dm)2 relies, such loci can be le-
gitimately excluded from genetic-distance estimates. The
following methods offer alternative exclusion protocols.

Truncated mean.—A truncated mean can be calcu-
lated by ignoring the most extreme 5% of the distri-
bution. The largest 2.5% ( ) and smallest 2.5% ofn = 5
(dm)2 values for each population pair are eliminated, and
the arithmetic mean is calculated from the remaining
203 values. Truncated means are smaller than the simple
arithmetic means but larger than the medians. The rank
order of truncated means is similar to that for the means,
although the position of the two largest distances (In-
dian–South African and Gambian-Indian) is reversed be-
tween the two measures. The theoretical validity of this
method is dubious because we have no grounds on which
to exclude the smallest values in the sample.

Asymmetrically truncated mean.—This statistic is cal-
culated as for the truncated mean, but with the full 5%
of values excluded from the top end of the distribution.
The rank orders for asymmetrically and symmetrically
truncated means are identical, and their magnitudes are
intermediate between the median and the truncated
mean. However, 5% is clearly an arbitrary cutoff.

Elimination of loci, to reach predicted variance lev-
els.—This method relies on comparisons between the
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Figure 2 Allele-frequency distributions for the two loci contrib-
uting the largest (dm)2 values. A, DXS993. B, D6S279. All allele lengths
were binned (see text) and converted to whole numbers of repeat units
by subtraction of the flanking sequence, taken as the length of the
clone sequence between and including the primer sequences minus the
length of the repeat tract in the clone sequence.

observed and expected interlocus variance (Zhivotovsky
and Feldman 1995) in (dm)2 for a given population pair.
For each pair of populations, loci contributing the largest
(dm)2 were removed sequentially until the observed var-
iance lay within the upper CI of the expected variance.
The mean (dm)2 of the remaining loci was taken as a
measure of overall (dm)2. In practice, as many as five loci
were excluded per population pair (see the values in
parentheses in table 2), and the resulting rank order was
the same as that for the truncated means. This approach
is attractive because use of the expected variance pro-
vides an objective method of deciding how many loci to
exclude. However, some of the extra variance may be
due to interlocus variation in both mutation rate and
range constraints (Zhivotovsky and Feldman 1995;
Feldman et al. 1997; Pollock et al. 1998). Therefore, this
method may overestimate the number of loci that should
be excluded because of non-SMM events.

Effects of General Interpopulation Length Differences

There have been several reported instances of inter-
species comparisons of homologous microsatellite
lengths such that one species carries longer repeat arrays
than another. Part of the difference can be ascribed to
an ascertainment bias, arising from the fact that marker
loci tend to be developed from unusually long arrays
cloned from one species only (Ellegren et al. 1995).
However, several reciprocal tests have shown that non-
artifactual length differences do exist: humans have
longer (CA) repeats than do chimpanzees (Rubinsztein
et al. 1995a, 1995b; Cooper et al. 1998), and sheep have
longer (CA) repeats than do cows (Crawford et al.
1998). Such observations contravene an implicit as-
sumption of (dm)2—that is, that grand mean allele length
(i.e., the mean of all loci considered) does not vary
among taxa.

Comparisons between grand mean allele lengths
among the four human populations that we studied re-
veal very small but statistically significant differences be-
tween the Italians and each of the two African popu-
lations and between the Indians and the South Africans:
Italian, mean 211.720 bp; Indian, mean 211.653 bp;
Gambian, mean 211.253 bp; and South African, mean
211.214 bp; Gambian-Italian, ; Italian–SouthP = .013
African, , and Indian–South African,P = .01 P = .039
(probabilities are from two-tailed paired t-tests). Since
most of the markers are derived from whites, the gen-
erally greater length of Italian microsatellites could be
due entirely to ascertainment bias. On the other hand,
both the significant difference between Indians and
South Africans and extrapolation from our previous hu-
man-chimpanzee comparisons (Cooper et al. 1998) sug-
gest that nonartifactual length differences probably do
exist. Until tests are conducted with markers developed
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Table 2

Averages of (dm)2 Values Calculated by Various Methods

POPULATIONS COMPARED

AVERAGE (dm)2

Mean Median
Truncated

Mean
Asymmetrically
Truncated Mean

Loci Elimination
(No. of Loci
Eliminated)a

Gambian–South African .481 .200 .403 .322 .481 (0)
Indian-Italian 1.344 .255 .662 .496 .617 (5b)
Gambian-Italian 1.897 .713 1.507 1.236 1.802 (1c)
Italian–South African 2.117 .660 1.727 1.403 2.008 (1d)
Indian–South African 2.426 .817 1.935 1.623 2.205 (2e)
Gambian-Indian 2.436 .920 1.803 1.462 2.035 (1f)

a Loci were eliminated until observed variance fell within the 95% CIs for the expected variance.
b D2S134, D6S279, D7S513, D16S420, and DXS993.
c D14S267.
d D2S165.
e D20S120 and DXS993.
f DXS993.

Table 3

Association between (dm)2 and Italian Heterozygosity, as
Assessed by rS and Student’s t-Test

Populations Compared rS t Pa

Gambian–South African .189 2.809 !.01
Indian-Italian .001 .018 NS
Gambian-Italian .192 2.856 !.01
Italian–South African .199 2.960 !.01
Indian–South African .259 3.920 !.01
Gambian-Indian .137 2.014 !.05

a NS = not significant.

from DNA from nonwhites, the relative contribution of
artifact and nonartifact remains unclear; but, if the dif-
ferences are genuine, they imply that human populations
differ slightly in their genomewide microsatellite-muta-
tion rates (Rubinsztein et al. 1995a; Cooper et al. 1998).
Statistical removal of the observed differences in mean
length does not have a significant impact on (dm)2 values
(data not shown).

Observed Heterozygosity and (dm)2

Loci with high mutation rates are expected to yield
larger (dm)2 values than are given by loci with lower
mutation rates (Goldstein et al. 1995b). Since mutation
rate also correlates positively with heterozygosity, loci
with high heterozygosity should also yield relatively
large (dm)2 values. To examine whether this relationship
exists, we looked for correlations between locus-specific
heterozygosity and locus-specific (dm)2 values, in each of
the possible interpopulation comparisons (table 3) (to
standardize comparisons, the heterozygosity of a locus
is always taken as its heterozygosity in the Italians, the
population closest to the one from which the majority
of loci were derived). We find a significant positive cor-
relation in each interpopulation comparison except in
that between Italians and Indians (table 3). Repeating
the analysis without the loci listed in table 2 gave very
similar Spearman rank-correlation coefficient (rS) values
and unchanged levels of significance (data not shown).

These results emphasize the danger of assuming a sin-
gle mutation rate for all loci when population-divergence
times are calculated from (dm)2. If loci have been selected
for very high heterozygosities, the (dm)2 values are likely
to reflect a higher underlying mutation rate. Alterna-
tively, if loci are selected for proximity to candidate dis-

ease genes, a lower mutation rate may be required in
calculations.

Combining of Populations

In view of the increasing consensus that the deepest
split in the phylogeny of modern human populations
occurs between Africans and non-Africans (Cavalli-
Sforza et al. 1992; Nei and Takezaki 1996), it would be
interesting to date this division by means of the (dm)2

distance measure. However, to study this split, it is nec-
essary to decide how to combine the information arising
from each population. As Goldstein et al. (1995b) have
discussed, there are two extreme methods: (1) consider
each population separately and then take the average of
the distances between African and non-African popu-
lations or (2) combine the African populations and com-
pare this artificial population with the combined non-
Africans. Neither approach is satisfactory, since the first
may act to inflate the distance whereas the second is
likely to underestimate it. With our data, we explored
both approaches (table 4). Our results reflect the pre-
dictions by Goldstein et al. (1995b)—that method 1
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Table 4

(dm)2 Values between African and Non-African Populations

POPULATIONS COMPARED

(dm)

Mean Median
Truncated

Mean
Asymmetrically
Truncated Mean

Loci Elimination
(Mean No. of Loci

Eliminated)

Calculated for Each Population Pair Separately and Then Averaged

African-Italian 2.007 .687 1.617 1.320 1.905 (1)
African-Indian 2.431 .869 1.869 1.542 2.120 (1.5)
Gambian–non-African 2.167 .817 1.655 1.349 1.919 (1.5)
Non-African–South African 2.272 .739 1.831 1.513 2.016 (1.00)
African–non-African 2.219 .778 1.743 1.431 2.012 (1.25)

Calculated after Data Have Been Merged to Create Composite
�African� and �Non-African� Sample Sets

African-Italian 1.887 .657 1.510 1.231 1.785 (1)
African-Indian 2.311 .819 1.760 1.462 2.061 (1)
Gambian–non-African 1.831 .786 1.480 1.203 1.722 (1)
Non-African–South African 1.936 .640 1.604 1.323 1.832 (1)
African–non-African 1.763 .670 1.429 1.178 1.666 (1)

gives larger distances than method 2. However, the dif-
ferences, between overall (dm)2, between the two meth-
ods, when calculated on the basis of median, truncated
means, and eliminated loci, are quite small.

Absolute Dating

An attractive feature of (dm)2 is that it can potentially
be used to make direct estimates of the times since
population divergence (Goldstein et al. 1995b) if the
mutation rate is known. The relationship between (dm)2

and time is expected to remain approximately linear for
∼250,000 years (Pollock et al. 1998), making it suitable
for examination of even deep splits between human pop-
ulations. To calculate 95% CIs for each locus, 1,000
bootstrap samples were taken from the 213 loci (table
5). Note that the variance portrayed in these CIs does
not include any uncertainty in the estimate of the mu-
tation rate.

The (dm)2 estimate of the date of population division
is more recent than estimates based on other methods.
For example, archaeological evidence suggests that the
African–non-African divergence occurred ∼100,000
years ago, compared with our estimates of �69,500
years ago (pooled African/non-African data) or �80,300
years ago (the Gambian-Indian distance). When the ar-
chaeology is taken at face value, two possible expla-
nations for this discrepancy are the following: (i) our
loci have unusually low mutation rates, or (ii) interpo-
pulation migration has reduced population differentia-
tion. Migration patterns may become clearer in light of
data from uniparental markers such as mtDNA and Y-
chromosome polymorphisms, but, because of the pau-
city of mutations in pedigrees, the extent of interlocus

mutation variation is unlikely to be clarified by direct
observation. An alternative approach might be to esti-
mate mutation rates indirectly, through measurement of
either effective population size or allele size ranges (e.g.,
see Feldman et al. 1997; Pollock et al. 1998). Clearly,
further work is needed.

Conclusions

We have conducted an extensive analysis of the ge-
netic-distance measure (dm)2, using 1200 microsatellite
markers typed across a large number of individuals
drawn from four human populations. Our data have
yielded plausible although rather recent estimates of the
divergence times between these populations, but they
also illustrate some potential problems that can arise.

An implicit assumption of (dm)2 is that mean length
across all loci does not differ between populations. How-
ever, several recent interspecific studies contradict this
assumption (Rubinsztein et al. 1995a, 1995b; Cooper
et al. 1998; Crawford et al. 1998). For the first time,
we have shown that small but significant interpopulation
differences also exist within a species. Pragmatically,
these length differences appear to be too small to have
an impact on (dm)2 values, but their existence may have
important implications for our understanding of micro-
satellite evolution and may imply subtle shifts in the
genomewide microsatellite-mutation rate.

The biggest problem that we have identified involves
outlying values. As expected, the distribution of (dm)2

has a very long tail. However, a few loci contribute (dm)2

values large enough to dominate the overall mean and
to create very wide CIs, even among 1200 loci. Some of
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Table 5

95% CIs for (dm)2, and Corresponding Dates

Populations Compared 95% CI for (dm)2 95% CI for Date (Mean Date)a

Gambian–South African .373–.589 9,000–14,200 (11,600)
Indian-Italian .674–2.341 16,200–56,400 (32,400)
Gambian-Italian 1.506–2.389 36,300–57,600 (45,700)
Italian–South African 1.611–2.644 38,800–63,700 (51,100)
Indian–South African 1.864–3.164 44,900–76,300 (58,500)
Gambian-Indian 1.808–3.329 43,600–80,300 (58,700)
African–non-African (method 1) 1.697–2.882 40,900–69,500 (53,500)
African–non-African (method 2) 1.391–2.221 33,500–53,500 (42,500)

a A mutation rate of (Weber and Wong 1993) and a generation time of 27�45.6 # 10
years (Weiss 1973) are assumed.

these deviate from the SMM by carrying deletions and
could be excluded, but others give high values even
though the SMM cannot be rejected. We have examined
a number of alternative methods for calculation of the
overall (dm)2, including various truncation strategies and
the use of median instead of mean. The rank order of
interpopulation distances is generally stable, and trun-
cation improves the CIs. However, in the absence of
theoretical grounds for choosing one method over an-
other, we cannot make firm recommendations. More
work is needed to establish the statistical properties of
these alternative measures.

Our analyses have indicated appreciable interlocus
variation in mutation rate. We have shown that (dm)2

and heterozygosity are correlated and, by implication,
that genetic distances will not be directly comparable if
they are based on subsets of loci that differ in average
heterozygosity. Such lack of comparability will be in ad-
dition to any effects due to the chance inclusion or ex-
clusion of loci contributing extreme values. Problems of
this nature emphasize the value of reporting in vivo mu-
tations observed in genome screens, since these provide
the most direct way to learn more about locus-specific
mutation rates.
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Appendix

The (dm)2 distance was calculated for each locus and
population pair, both as the squared difference in mean
length, M(dm)2, and by the unbiased estimator, U(dm)2.
Of 1,278 locus-population comparisons, 353 (27.6%)
generate a negative value of U(dm)2 (largest negative

value of �1.04), because of high intrapopulation vari-
ances relative to interpopulation differentiation. The val-
ues of M(dm)2 and U(dm)2 are highly correlated: Pearson’s
r varies from .965 (Gambian–South African distances)
to 1.999 (Gambian-Indian distances). However, U(dm)2

is smaller than M(dm)2 in every comparison made (n =
), with an average difference of 0.183.1,278

The tendency of U(dm)2 to generate low values can be
ameliorated by use of “biased” measures of variance
(i.e., those uncorrected for incomplete sampling), to yield
a new measure, B(dm)2, which gives results very similar
to those for M(dm)2:

2 2 2( ) ( ) ( )B dm = i � j x y � i � m x�� �i i x i
i j i

2( )� i � m y .� y i
i

Use of biased estimators of variance in B(dm)2 can be
justified because bias associated with small samples
causes underestimation of both the true population var-
iance and the ASD. It is important to note that U(dm)2

corrects only the population-sampling variance and,
consequently, yields distances that are a little too small.
In contrast, in B(dm)2 the opposing biases tend to cancel
each other out. Comparisons between B(dm)2 and M(dm)2

show that B(dm)2 is sometimes larger and sometimes
smaller than M(dm)2. Analysis of three independent pop-
ulation comparisons (Gambian-Indian, Gambian–South
African, and Italian–South African) has shown that, on
average, B(dm)2 values do not differ significantly from
M(dm)2 values (mean difference , ,�54.436 # 10 n = 639

, two-tailed ). Thus, in the absence oft = 1.919 P = .055
contraindications, M(dm)2 is preferred, for its simplicity
of calculation.
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