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Most studies of microsatellite evolution utilize long, highly muta-
ble loci, which are unrepresentative of the majority of simple
repeats in the human genome. Here we use an unbiased sample of
2,467 microsatellite loci derived from alignments of 5.1 Mb of
genomic sequence from human and chimpanzee to investigate the
mutation process of tandemly repetitive DNA. The results indicate
that the process of microsatellite evolution is highly heteroge-
neous, exhibiting differences between loci of different lengths and
motif sizes and between species. We find a highly significant
tendency for human dinucleotide repeats to be longer than their
orthologues in chimpanzees, whereas the opposite trend is ob-
served in mononucleotide repeat arrays. Furthermore, the rate of
divergence between orthologues is significantly higher at longer
loci, which also show significantly greater mutability per repeat
number. These observations have important consequences for
understanding the molecular mechanisms of microsatellite muta-
tion and for the development of improved measures of genetic
distance.

he human genome is composed of 40-50% repetitive DNA,

an important class being simple tandem repeats or micro-
satellite DNA sequences (1). Microsatellites are iterations of
short (1-6 bp) sequence motifs, repeat numbers generally being
less than 30 (2). They are spread over the genome with an
estimated average density of one locus per 2-30 kb, the fre-
quency being dependent on the criteria used for defining a
microsatellite locus (1, 3). Similar microsatellite densities have
also been documented for other eukaryotic genomes (4). Mic-
rosatellites are instrumental as genetic linkage markers in ge-
nome mapping projects (5) and have also found widespread use
for evolutionary and population genetics studies in many species
(6, 7), including humans (8).

Microsatellites differ from most other DNA sequences in their
high degree of polymorphism, with heterozygosities commonly
exceeding 70%. As they generally seem to be free of selective
constraints, it is evident that the extensive degree of genetic
variability requires a high underlying mutation rate. Estimates of
the human genomic mutation rate are in the range of 107* to
1072 per meiosis (9), several orders of magnitude higher than
that of unique DNA sequences (10, 11). It is commonly assumed
that microsatellite mutations arise from replication slippage
(slipped strand mispairing), a process thought to result in the
gain or loss of one or a few repeat units (12-14). A microsatellite
locus may initially evolve from the random occurrence of a few
repeat units embedded within unique sequence and subse-
quently, after several steps of repeat expansion, reach a stage of
an appreciable number of repeats. In theory, such expansion can
proceed indefinitely in the absence of selection unless there are
mechanisms that direct mutations toward contractions (15-17)
or that make loci collapse (e.g., point mutations or large
deletions; ref. 18).

Based on the assumption that replication slippage is the main
cause of mutation, a stepwise mutation model (SMM; refs. 19
and 20), or derivatives thereof, has been suggested to be appli-
cable to microsatellite data and for deriving genetic distance
measures (21-24). In its simplest form, the model assumes that
the mutation process is characterized by constant rates of single
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step changes per locus with equal likelihood of expansion and
contraction. However, recent observations suggest that the
process of microsatellite mutation and evolution is more com-
plex. A number of mutation biases have been indicated, such as
an excess of gains over losses (9, 15, 25, 26), a propensity for long
alleles to contract upon mutation (9, 15-17), and an increase in
mutation rate with allele size (4, 9, 15, 27-30). In addition, it has
been suggested that the mutation process may differ even
between closely related species, leading to interspecific differ-
ences in microsatellite length. One such example is the report of
human microsatellites generally being longer than orthologous
loci in chimpanzee (ref. 31; but see ref. 32). Furthermore, there
are several lines of evidence suggesting that locus-specific mu-
tation rates may vary both within and between species (18, 33,
34), as well as between different types of repeat motifs (33, 35,
36). Together, these observations point at microsatellite evolu-
tion being a highly dynamic and variable process. Understanding
the character and cause of this variation is pivotal for the proper
implementation of microsatellite data in evolutionary studies,
and for explaining their widespread occurrence in eukaryotic
genomes.

The information currently available on biases in the micro-
satellite mutation process suffers from the common problem of
itself being based on data from biased selections of loci. First,
loci where it has been possible to characterize de novo mutations
by pedigree analysis clearly represent the upper extreme end of
the distribution of mutation rates. Mutations at loci that might
better represent the mean genomic rate are not sufficiently
common to make scoring and characterization of reasonable
numbers feasible by pedigree analysis. Second, comparisons of
microsatellite length and structure at orthologous loci in related
species are generally based on sets of loci selected on the basis
of polymorphism in the species from which they were isolated
(screening and development methods thus select for long mic-
rosatellites). For this reason, such interspecific comparisons are
likely to be flawed because of ascertainment bias (32, 37-39).

We have adopted an unbiased empirical approach to the study
of microsatellite evolution by analyzing long genomic sequences,
containing numerous microsatellite loci, from humans and chim-
panzees. We aligned 5.1 Mb of orthologous genomic sequence
and utilized this data set to address fundamental questions
regarding the microsatellite mutation process. Using this ap-
proach, we assayed differences in repeat lengths of orthologous
microsatellites in humans and chimpanzees and characterized
the relationships among mutability, allele length, and repeat
motif.

Materials and Methods

Human-Chimpanzee DNA Alignments. We constructed a data set
composed of 5.1 Mb of human and chimpanzee genomic DNA
alignments in a number of stages. First, we extracted chimpanzee
(Pan troglodytes) bacterial artificial chromosome (BAC) clone
sequences from the National Center for Biotechnology Infor-
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mation (NCBI) Entrez (http://www.ncbi.nlm.nih.gov/Entrez/).
The majority of the retrieved sequence data were generated by
the NIH Intramural Sequencing Center (NISC) comparative
vertebrate sequencing project, which aims to sequence in several
vertebrate species genomic DNA sequence orthologous to five
large regions of human chromosome 7 (see http://www.nisc.
nih.gov/). The sequences reported as “working draft sequence”
were broken up into their constituent unordered pieces. Corre-
sponding orthologous human sequences were obtained by per-
forming BLAST searches against the human genome (http://
www.ncbi.nlm.nih.gov/BLAST/). The position of each BLAST
match on a human genome contig enabled removal of any
overlapping portions of DNA sequence. Alignments were then
generated by using the default values of CLUSTALW (40) as
implemented on the Multiple Alignment General Interface
(MAGTI) server at the Human Genome Mapping Project (http://
www.hgmp.mrc.ac.uk/). The resulting alignments were checked
by eye to remove poorly aligned regions, such as are often found
at the ends of alignment, thereby ensuring high-quality genomic
alignments. In total, we obtained 80 human-chimpanzee
genomic alignments by using this method. Details of the posi-
tions of all human—chimpanzee alignments within human and
chimpanzee sequences in GenBank are provided in Table 5,
which is published as supporting information on the PNAS web
site, Www.pnas.org.

Microsatellite Analyses. Microsatellites within the genomic DNA
sequences were identified by using the program SPUTNIK (http://
abajian.net/sputnik/), which uses a recursive algorithm to search
for repeated patterns of nucleotides of length between 1 and 5.
Sputnik does not search against a “library” of known microsat-
ellites, but instead applies simple scoring rules to identify those
simple repeats for which the maximum score is above a certain
threshold. Imperfect repeats, those with insertions, deletions
and mismatches, are allowed by SPUTNIK, although such imper-
fections reduce the score of the microsatellite. We altered the
“error_match_points” parameter to —6 to allow microsatellites
with small proportion of imperfect repeats to be detected. The
results of this study are insensitive to this parameter: no quali-
tative changes were observed when only perfect repeats were
considered (results not shown).

To perform orthologous comparisons of microsatellite loci, we
ran the Sputnik analysis separately on each sequence in the
alignments. A second algorithm was then implemented to iden-
tify orthologous microsatellites (i.e., those that occur in the same
position of an alignment in both of the constituent sequences) on
the condition that none of the orthologues were overlapped by
any other microsatellites in the aligned sequence. All microsat-
ellites where both orthologues were above a certain length
threshold were recovered. This length threshold was set at 9 bp
(9 repeat units) for mononucleotides, 10 bp (5 repeat units) for
dinucleotides, 9 bp (3 repeat units) for trinucleotides, 12 bp (3
repeat units) for tetranucleotides, and 10 bp (2 repeat units) for
pentanucleotides. All microsatellites found in coding sequences,
as identified by using the annotation data of the human se-
quences, were removed from the analysis.

Microsatellites detected by the above methods were then
checked for a number of possible anomalies. A number of
different errors in measuring allele length are possible due to the
combined effects of misaligned flanking sequences, single-base
substitutions, mutations in nearby microsatellites, and actual
length changes. For example, point substitutions close to the end
of repeat arrays, which have been shown to be more common
than expected (41), could cause the array to appear shorter
because of a length change, when no actual change has occurred.
In addition, the presence of repetitive DNA can cause errors to
occur in the alignment because of the higher incidence of length
mutations. For these reasons, microsatellites not flanked by
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conserved matching nonrepetitive sequence where length
changes could be unambiguously detected were omitted from the
analysis. The locations, motifs, and lengths of all microsatellites
included in the analysis are provided in Table 6, which is
published as supporting information on the PNAS web site.

To determine the mutability of different length classes of
microsatellites, pairs of orthologous loci of motif size 1-4 were
placed in 6-bp bins according to allele length (pentanucleotides
were excluded from the analysis as few long alleles were ob-
served). This procedure was done twice, first on the basis of
human length, assuming that this was the ancestral state, and
then assuming that allele lengths in chimpanzees were ancestral.
An estimate of mutability, based on the average squared diver-
gence between orthologues (22), which is affected by both
mutation rate and the variance in mutation step size, was then
calculated for each bin. The same method was also used to divide
microsatellites into categories above and below a length thresh-
old of 18 bp by both human and chimpanzee length to test the
significance of changes in mutability with repeat length.

As both human and chimpanzee orthologues of a microsatel-
lite had to be above a particular length threshold for a micro-
satellite locus to be detected by our methods, contraction
mutations that cause the length of one orthologue to sink below
the threshold would not be detected. Without correction, this
would cause an underestimation of mutability, mainly affecting
microsatellites whose lengths are close to the minimum thresh-
old. Therefore, when examining the effect of allele length on
mutability, we corrected for this bias by adding to our results a
number of hypothetical loci representing the reciprocal contrac-
tions of inferred expansions, assuming an equal likelihood of
expansions and contractions in the microsatellite mutation pro-
cess. Whether the assumption of equal proportions of expansion
and contraction mutations is realistic across all loci is unclear,
although a recent study found that it was adequate to explain
length distributions of human dinucleotide loci (42).

When orthologues at a locus have different lengths, we assume
that either an expansion from the shorter allele length or a
contraction from the longer one has occurred, depending on
which orthologue is considered ancestral. In cases where an
expansion was inferred and a contraction of the same magnitude
could not have been observed (because one allele would lie
below the length threshold), a correction was made by counting
the observed change twice. When this correction is taken into
account an estimate of mutability for each length class was
obtained by using the following expression:

h ne

> hi(H; = G + 2, cfH; — C)?
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i=1 i=1

Mutability = —

H; and C; are, respectively, the human and chimpanzee allele
lengths of all of the ny, pairs of orthologues sorted by human
length and n. pairs of orthologues sorted by chimpanzee length
in a given length bin. 4; and ¢; are weighting parameters. i, = 2
when a correction for reverse mutation is required when human
length is considered ancestral [i.e., when H; — (C; — H;) is less
than the detection threshold] and otherwise #; = 1. ¢; = 2 when
a correction for reverse mutation is required when chimpanzee
length is considered ancestral [i.e., when C; — (H; — ;) is less
than the detection threshold] and otherwise ¢; = 1.

Simulations of Microsatellite Evolution. The properties of a null

model of no change in mutation rate with allele length under
conditions of high and low mutation rates were investigated by
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Table 1. Length differences between human and chimpanzee orthologous microsatellites

Average length,

Minimum no. of No. of Total bp bp Human = Human > Human < )2 difference
Type of repeat repeat units loci Human Chimp Human Chimp chimp chimp chimp from 1:1 P
Mononucleotide 9 1,154 17,922 17,946 15.53 15.55 288 407 459 3.12 NS
Dinucleotide 5 451 10,252 9,168  22.73 20.33 210 150 91 14.44 <0.001
Trinucleotide 3 206 3,102 3,018  15.06 14.65 163 26 17 1.88 NS
Tetranucleotide 3 409 7,792 7,512 19.05 18.37 320 53 36 3.25 NS
Pentanucleotide 2 247 3,700 3,620 14.98 14.66 220 13 14 0.04 NS

NS, not significant.

simulation; 10° microsatellite alleles of random initial lengths up
to 200 repeat units were evolved along two separate lineages for
1,000 generations starting from a common ancestor. All muta-
tions were single-step changes, and expansions and contractions
were treated as equally likely. The likelihood of a mutation
occurring in each generation was 0.0005 for the lower mutation
rate simulation and 0.05 for the higher rate simulation. The
resulting distributions of allele lengths were analyzed by dividing
orthologues into categories based on final length in one of the
lineages, assuming that the simulated microsatellites below a
threshold of 9 repeat units could not be identified. A correction
was made to account for the reciprocal contractions of observed
expansions that were missed because of sampling above the
threshold in the same manner as for the empirical data, assuming
that the lineage used to divide lengths represented the ancestral
state, and the estimate of average mutability was calculated for
each bin. Standard errors were estimated by repeatedly running
each simulation 100 times and calculating the standard
deviation.

Human-Chimpanzee-Baboon DNA Alignments. To examine the pos-
sibility of different mutation rates along the human and chim-
panzee lineages we constructed three-species alignments includ-
ing baboon sequences as an outgroup, using a method similar to
the human-chimpanzee alignments. Baboon (Papio cynocephalus
anubis) bacterial artificial chromosome clone sequences gener-
ated by the NISC comparative vertebrate sequencing project
were extracted from NCBI Entrez and, if necessary, separated
into their constituent fragments. Standalone BLAST searches (43)
were performed between all chimpanzee and baboon sequences
to identify orthologous regions greater than 10 kb in length. The
corresponding human sequences were then obtained by per-
forming BLAST searches against the human genome and overlaps
were removed. Three-species alignments were then created by
using CLUSTALW and checked for poorly aligned regions as
described above. We obtained 43 human-chimpanzee—baboon
genomic alignments, with a total length of 1.8 Mb.

Results and Discussion

Microsatellite Length in Humans and Chimpanzees. Previous studies
have suggested that human microsatellites are longer than their
chimpanzee orthologues (31, 44). Here we test this observation
by using an unbiased sample of orthologous noncoding micro-
satellites of repeat unit lengths 1-5 from 5.1 Mb of nonoverlap-
ping human—-chimpanzee genomic DNA sequence alignments.
We observed 1,154 orthologous mononucleotide loci, 451 dinu-
cleotide loci, 206 trinucleotide loci, 409 tetranucleotide loci, and
247 pentanucleotide repeat loci (Table 1).

The data reveal a highly significant tendency for human
dinucleotide repeat arrays to be longer than their chimpanzee
orthologues (Table 1; P < 0.001). None of the other repeat types
exhibit significant differences, although tri- and tetranucleotide
repeats both also have a larger proportion of orthologues that are
longer in humans than chimpanzees. Conversely, mononucle-
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otide repeats tend to be longer in chimpanzee than in human
and, although the ratio is not significantly different from 1:1,
show significantly different behavior compared with both dinu-
cleotide (x*> = 18.1; P < 0.001) and tetranucleotide (x*> = 5.6; P <
0.025) repeats.

It has been suggested that microsatellite mutations are more
common in heterozygotes (25) and, assuming that this observa-
tion is valid, it is argued that populations with higher heterozy-
gosities could experience elevated mutation rates because of
microsatellite loci being found in the heterozygous state more
often. If directional biases in the mutation process are also
assumed, such differences in microsatellite mutation rates could
lead to length differences between humans and chimpanzees.
Humans are believed to harbor lower levels of DNA sequence
variation than chimpanzees and other primates, an observation
that can be explained by a period of reduced population size
followed by an expansion in the human population (45, 46). If
heterozygosity increases mutation rate and chimpanzee micro-
satellites exhibit greater variation than humans, we would expect
more of these loci to be longer in chimpanzees than humans. As
the opposite trend is observed, it is unlikely that such a mech-
anism is operating.

Another possible explanation for the observed between-
species differences in microsatellite lengths could be that general
neutral mutation rates—including length and point mutations—
are different along the lineages leading to humans and chim-
panzees. For instance, this could result from human males
having a higher average age of reproduction than other primates
(31), as direct observations of germ-line transfers demonstrate
that fathers passing on microsatellite mutations are older on
average than those that do not (28, 30). In the presence of
preexisting directional biases in the microsatellite mutation
process this age difference could lead to average allele length
differences between species. Alternatively, changes in the point
substitution rate could directly affect microsatellite mutation
rates by increasing or decreasing the rate of introduction of
imperfections in repeat arrays (18, 47). However, there is no
significant difference between the number of nucleotide substi-
tutions in the human and chimpanzee lineages observed in
1.8 Mb of human-chimpanzee—baboon alignments, inferring
lineage-specific substitutions by parsimony and using baboon as
an outgroup (results not shown). It therefore appears that the
observed differences in microsatellite allele lengths are not
connected to changes in point mutation rates since the common
ancestor of humans and chimpanzees.

A remaining possibility is that at least one fundamental change
in a molecular mechanism that is specifically involved in the
generation of microsatellite mutations has occurred on the
lineage leading to humans or chimpanzees (or both). For exam-
ple, this could be manifested as an alteration in the structure of
an enzyme involved in DNA replication that specifically alters
microsatellite mutation rate or the extent of directional biases in
the mutational mechanism. However, any such changes appear
to have affected arrays of different repeat motif sizes with
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Table 2. Average length of human, chimpanzee, and baboon microsatellites in aligned genomic sequence

Human Chimpanzee Baboon
Type of repeat No. of loci Average length, bp No. of loci Average length, bp No. of loci Average length, bp
Mononucleotide 508 14.59 473 14.61 522 15.72
Dinucleotide 219 20.09 213 18.39 224 17.73
Trinucleotide 80 15.75 83 14.71 105 14.54
Tetranucleotide 185 18.51 188 17.94 189 19.41
Pentanucleotide 97 15.46 101 14.55 101 13.81

different severity and bias, as mononucleotide arrays show
significantly different behavior from di- and tetranucleotides.
This observation suggests that the dynamics of the microsatellite
mutation process are heterogeneous, and a change in the
mutation process may have had different effects depending on
repeat motif.

To determine the lineage in which the mutational processes
might have changed, we examined mean allele lengths of mic-
rosatellites in the 1.8-Mb human-chimpanzee—baboon DNA
sequence alignments (Table 2). For dinucleotide repeat arrays,
the only motif type to show significant differences between
humans and chimpanzees, average length in chimpanzees and
baboons is similar, but is about 2 bp longer in humans. This
difference could mean that, if a change in the mutation process
governing dinucleotide repeats has occurred, it is more likely to
have happened along the lineage leading to humans, leading to
an increase in repeat size, rather than a decrease in size along the
chimpanzee lineage.

Ascertainment Bias. The ascertainment bias hypothesis suggests
that, assuming a link between microsatellite length and poly-
morphism, microsatellites chosen because they are highly poly-
morphic in one species are likely to be longer than their
orthologues in closely related species (32). This possibility was
cited to account for previous findings of length differences
between human and chimpanzee microsatellites (31). To illus-
trate the extent of the ascertainment bias we compared all
microsatellites longer than 20 repeat units (=10% of loci) in
humans with their chimpanzee orthologues and then performed
the reciprocal test by selecting chimpanzee loci on the same
criteria (Table 3). Both selections of loci show highly significant
tendencies toward longer alleles in the species in which loci were
selected (P < 0.001 in both cases). Conversely, when loci are
selected on the basis of being less than 20 repeat units, alleles are
in both cases significantly shorter in the species in which loci were
selected.

These results suggest that a strong ascertainment bias is likely
to operate when loci cloned in one species are compared with
their orthologues in a closely related species, and such compar-
isons should be therefore be stringently evaluated. However,
although the earlier observation of human microsatellites being
longer than their chimpanzee orthologues must have been
affected by a strong ascertainment bias (31), our unbiased

analysis confirms that such a difference exists, at least for
dinucleotide repeats.

Effect of Repeat Length on Mutability. The dependency of the
mutation process on repeat length is an important issue in
microsatellite evolution (48). Under the stepwise mutation
model, the mutation rate of a locus is independent of repeat
number (19). However, it is likely that the microsatellite muta-
tion process exhibits some form of length dependency (9, 27, 28),
although it is not known whether mutation rate increases linearly
or exponentially with allele length. To characterize the relation-
ship between mutability and allele length, arrays of repeat motif
size 1-4 bp were binned according to both human and chim-
panzee length. An estimate of mutability per locus per genera-
tion based on the average squared divergence between ortho-
logues was calculated, assuming a 20-year generation time and a
5 million-year time of divergence of the human and chimpanzee
lineages. This measure is affected by both mutation rate and the
variance in step size. A consistent increase in mutability with
allele length is shown for both mono- and dinucleotide loci (Fig.
1 Upper). Furthermore, and importantly, mutability per repeat
unit also steadily increases for these motif sizes (Fig. 1 Lower),
suggesting that the effect of allele length on mutability is greater
than a linear increase. For all motif sizes, repeats in the shortest
length category have the lowest average mutability both per
locus and per repeat unit.

To examine the significance of the increase in mutability with
locus length, we divided the entire data set into loci longer or
shorter than 18 bp (Table 4) on the basis of both human and
chimpanzee length. There is a highly significant increase in
mutability in the longer allele length class for all motif sizes.
Additionally, mutability per repeat unit is also significantly
higher in the longer length class for all motif sizes, indicating that
mutability increases more than linearly with repeat number
between these length categories.

We ran simulations to compare the finding of an increase in
mutability with allele length with the predictions of a null model
of a constant single-step mutation rate across allele lengths. The
purpose of these simulations was to check that, after correction
for undetected contractions, there was no artificial increase in
the mutability estimate with allele length caused by our sampling
process. A high mutation rate (0.05 per generation) and a low
mutation rate (0.0005 per generation) simulation were per-
formed, leading to expected mutability estimates of 100 and 1,

Table 3. lllustration of ascertainment bias with complete set of orthologous human and

chimpanzee microsatellites

No. of x2 difference
Selection repeat units Human = chimp Human > chimp Human < chimp from 1:1 P
By human length <20 1,179 449 523 5.63 <0.025
=20 22 200 94 38.22 <0.001
By chimp length <20 1,179 581 421 25.55 <0.001
=20 22 68 196 62.06 <0.001
Webster et al. PNAS | June 25,2002 | vol.99 | no.13 | 8751
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Fig. 1. Effect of allele length on mutability per generation measured per

locus (Upper) and per repeat unit (Lower) for microsatellites of repeat motif
sizes 1-4 bp. Loci with allele lengths on the boundary between classes were
placed in the higher category.

respectively. The expected mutability parameter from the high
mutation rate simulation is larger than any observed in the data,
whereas the lower parameter is consistent with values observed
at the shorter tri- and tetranucleotide loci. After the correction
for reverse mutations had been performed, none of the muta-
bility values were significantly different from their expected
values (Fig. 2), indicating that it is highly unlikely that observed
increases in mutability with allele length in the empirical data are
an artifact of the method of microsatellite detection and analysis.
Significant differences in the estimate of mutability are also
exhibited between loci with different repeat motif sizes. Seven-
teen of the 24 possible pairwise comparisons of loci of motif sizes
1-4 taken from each of the four length categories shown in Fig.
1 Upper reveal highly significant differences (P < 0.001) in
mutability. In general, the mutability of microsatellites in a given
length class appears to be inversely related to motif size (Fig. 1
Upper), in concordance with the findings of ref. 36. Such
differences in mutability between motif sizes could help to
explain their relative abundance in the human genome (49).
As we have found a tendency toward length differences
between human and chimpanzee orthologues, which are highly
significant in dinucleotide repeats but may also exist in tri- and

Table 4. Estimates of microsatellite mutability
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Fig. 2. Results of simulations of microsatellite evolution in two species with
constant mutation rates independent of allele length. Alleles were sampled
from the final distribution on the basis of length in one species and a
correction for unobserved reverse mutations was performed. Average muta-
bility is plotted relative to its expected value given the simulated mutation
rate. Both high (0.05 per generation) and low (0.0005 per generation) muta-
tion rates were simulated, leading to expected average squared differences of
1 and 100, respectively.

tetranucleotide repeats, our estimates of mutability based on
average squared divergence between orthologues are likely to be
biased. Consistent between-species differences invalidate the
underlying assumptions of the distance measure and inflate the
net magnitude of microsatellite length differences, leading to an
overestimation of mutation rate. However, there are no signif-
icant differences between the respective proportions of loci that
are longer in humans and chimpanzees when dinucleotide
repeats are divided by average allele length into the longer (>18
bp; 113 longer in humans, 69 longer in chimpanzees) and shorter
(18 bp or less; 37 longer in humans, 22 longer in chimpanzees)
categories used to compare mutability. The finding of a signif-
icant increase in mutability with locus length is therefore unlikely
to be affected by the significant length differences between
humans and chimpanzees. A further potential bias could be
caused by longer microsatellites being more highly mutable, and
hence likely to have undergone more drastic changes, involving
accumulation of point mutations and length differences, and
leading to difficulties in the assignment of orthology. This
scenario would result in their exclusion from the data set and an
underestimate of mutability in the longer length categories and
therefore could not account for an increase in mutability with
locus length.

Because of the limited availability of long microsatellites in
random genomic sequences, our analysis is restricted to repeat
lengths shorter than microsatellites typically used as genetic
markers. Data from large-scale human genome mapping and
paternity testing based on many different loci generally suggest
higher mutation rates (10™* to 1072) than our estimates for
microsatellites longer than 18 bp (=10~* for mono- and dinu-

Mutability per

Length class, No. of loci (after Divergent Average mutability repeat unit X
Type of repeat bp correction)* orthologues/no. of loci P per locus X 10—3 P 10-¢ P
Mononucleotide 9>—11: ZZ; 8;3 <0.025 32(3) <0.001 2(5)2 <0.001
Dinucleotide 12—1188 ?gg 8;‘2 <0.001 13;2 <0.001 2?2 <0.001
Trinucleotide 9>—11: 122 8;2 <0.001 (2)22 <0.001 gg; <0.001
Tetranucleotide 1i—1‘;8 ?(1)3 8;; <0.001 ?;Z <0.001 (2)(5): <0.001

*Average number of loci in length category when orthologues are sorted by human and chimpanzee length.
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cleotide and 1073 for tri- and tetranucleotide repeat loci, as-
suming the stepwise mutation model). As loci used in genome
mapping and paternity analysis are often selected on the basis of
polymorphism and are longer on average than the repeats
analyzed here, the discrepancies in mutation rate estimates are
not surprising, given the significant increase in mutability at
longer repeat lengths.

Conclusions

Our demonstration that microsatellite mutability per repeat
unit is significantly higher at longer allele lengths may be
suggestive of the process of microsatellite evolution. Assuming
that microsatellites mutate by replication slippage, this obser-
vation indicates that the mutation mechanism is not solely
dependent on single-step slippage of the nascent strand at the
exact site of nucleotide incorporation, but rather the process of
strand synthesis is additionally destabilized by the presence of
runs of repeat elements surrounding the site of incorporation,
leading to a greater occurrence of mutations in longer alleles or
greater length changes in single events. The strong length
dependence of microsatellite mutability also suggests an expla-
nation for the large ascertainment bias effect (32): the greater
the effect of repeat length on mutability, the greater the bias
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caused by selecting microsatellites on the basis of levels of
polymorphism, which under neutrality will be directly linked to
mutation rate. It has also been shown that estimates of genea-
logical depth based on distance measures are greatly affected by
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The data presented here should therefore be important for
improving such evolutionary distance measures.

Another important conclusion of this study is that the mic-
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cate that distinct mechanisms operate to produce length muta-
tions in loci of different motif sizes, and that one or more changes
in these mechanisms have occurred on the lineages leading to
humans and chimpanzees.
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