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Microsatellites are stretches of repetitive DNA, where individual repeat units comprise one to six bases.
These sequences are often highly polymorphic with respect to repeat number and include trinucleotide
repeats, which are abnormally expanded in a number of diseases. It has been widely assumed that micro-
satellite loci are as likely to gain and lose repeats when they mutate. In this review, we present population
genetic and empirical data arguing that microsatellites, including normal alleles at trinucleotide-repeat
disease loci, are more likely to expand in length when they mutate. In addition, our experiments suggest
that the rates of expansion of such sequences di¡er in related species.
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1. INTRODUCTION

Microsatellites are stretches of repetitive DNA found in
eukaryotic genomes. The repeat units at these loci
comprise one to six bases and repeat number frequently
varies at a given locus. This high polymorphism rate and
the accessibility of these markers to PCR ampli¢cation
has led to microsatellites being used as major tools for
genetic mapping (Weissenbach et al. 1992), studies of
human (Bowcock et al. 1994) and animal diversity
(Bruford & Wayne 1993) and for forensic investigations
(Je¡reys et al. 1992). An understanding of the mutational
and evolutionary processes of such loci can aid data inter-
pretation from many of these applications. In addition,
trinucleotide repeats are microsatellites, and a study of
their mutational features can help to explain the preva-
lences of di¡erent diseases in di¡erent populations and
how these mutations originate.

At the time we initiated the work reviewed in this
paper, most workers considered that microsatellites
mutate symmetrically, with expansion and contraction
mutations occurring at equal frequencies (Di Rienzo et al.
1994; Goldstein et al. 1995a; Kruglyak et al. 1998).
Furthermore, it has been assumed that such loci show
similar rates of evolution in related populations and
species (Goldstein et al. 1995b; Pollock et al. 1998). These
assumptions underlie many of the formulae that have
been used to compute genetic distances (Goldstein et al.
1995a). In this review, we will consider evidence which
challenges these two important assumptions.

2. WILD-TYPE HUNTINGTON'S DISEASE CAG

REPEATS PROVIDE CLUES ABOUT

MICROSATELLITE BEHAVIOUR

Huntington's disease (HD), like most other diseases
caused by abnormal expansions of trinucleotide-repeat
tracts, shows anticipationöthe age at onset in a¡ected
individuals in a family tends to decrease in successive
generations (Duyao et al. 1993). This can be explained by
the correlation between increasing CAG repeat number
on disease chromosomes with earlier age-at-onset of
symptoms and the overall tendency for the CAG repeat
mutation to increase in size in successive generations,
which is particularly marked in male transmissions. The
overall mutational bias in favour of expansions seen in
HD alleles is also a feature of disease alleles at most
trinucleotide-repeat loci (for a review, see Rubinsztein &
Amos 1998).

The mutational processes of mutant trinucleotide-
repeat disease alleles is comparatively easy to assess by
studying disease pedigrees, since disease alleles have high
mutation rates. However, we were interested to study
wild-type alleles to understand the origins of trinucleotide-
repeat mutations. Since these do not mutate frequently,
family studies were impractical. Thus, we used population
genetic approaches.

Huntington's disease varies in prevalence. For example,
it is comparatively common in East Anglia (1/10 000) but
rare in Japan (51/1000 000). The range of normal
alleles is from 8^35 CAG repeats and there are no data
which suggest that these alleles are associated with vari-
able genetic ¢tness. Accordingly, we expected that the
distributions of normal alleles at the HD locus would
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re£ect mutational processes and random genetic drift. We
typed normal HD gene alleles in a panel of human
populations and in non-human primates. The human
allele distributions showed three features.

(i) There was a relationship between the proportion of
long normal alleles in a population and its
frequency of HD. For instance, a signi¢cantly
greater number of long normal alleles were seen in
East Anglian people compared with Japanese. This
relationship was con¢rmed in HD by the Hayden
group and has also been described for myotonic
dystrophy, dentatorubral^pallidoluysian atrophy,
among other trinucleotide-repeat diseases (for a
review, see Rubinsztein & Amos 1998). This suggests
that the majority of new mutations at trinucleotide-
repeat disease loci originate from the upper end of
the normal allele length distribution.

(ii) The allele distributions among all human popula-
tions showed a positive skew in that there was an
excess of alleles with longer repeat lengths than the
modal length (Rubinsztein et al. 1994). Such a posi-
tive skew was one of the ¢rst clues that led us to
consider the possibility that microsatellite mutations
are not symmetrical with respect to length changes.
Indeed, this type of skewed distribution has been
found in the hypermutable minisatellites such as
CEB1, and these have been shown empirically to
have an excess of expansion versus contraction muta-
tions (Je¡reys et al. 1994; Monckton et al. 1994;
Vergnaud et al. 1991).

(iii) The HD CAG repeats in a large panel of non-
human primates appeared to be shorter than those
seen in human populations. Since all primates share
a common ancestor, the most parsimonious explana-
tion for this ¢nding was that the repeats have
expanded in length in the human lineage.

We performed a series of computer simulation experi-
ments, in order to explore possible mechanisms leading to
the positively skewed allele length distributions in all the
populations we studied and to account for the expansion
of allele lengths in the human lineage. Our empirical
data were best explained by a mutational model that
incorporated mutational bias in favour of expansions as a
key component (Rubinsztein et al. 1994). This model
predicts that the HD CAG repeats would continue to
expand over an evolutionary time-scale. If not stopped,
such a process would lead to ever-increasing disease
prevalence, in the absence of selection.

3. MICROSATELLITES SHOW MUTATIONAL BIAS AND

DIFFERENT EXPANSION RATES IN DIFFERENT

LINEAGES

The conclusion that the HD triplet repeats have an
inherent tendency to expand with time, potentially
leading to ever-increasing disease incidence, is disturbing
and has resulted in some controversy. Therefore, we
decided to expand the above approach and consider the
features of microsatellites in general, in order to see
whether the triplet repeats at the HD locus were typical
or exceptional.We examined allele frequency distributions
of more than 300 microsatellite loci in humans and found

that positively skewed length distributions were more
common than all other distributions pooled together (J.
Swinton and B. Amos, unpublished data). Similar ¢ndings
have been reported by Farrall & Weeks (1998).

A panel of 44 polymorphic human microsatellite loci
were studied in humans, chimpanzees, gorillas, orang-
utans, baboons, macaques and marmosets (Rubinsztein et
al. 1995). These included `neutral' dinucleotide- and
trinucleotide-repeat loci and some trinucleotide disease
genes. Allele sizes in 33 of the human loci were signi¢-
cantly larger than those in the chimpanzee homologues;
seven of the loci were signi¢cantly larger in chimpanzees
compared with the humans (33:7 is signi¢cantly di¡erent
from 1:1, p50.0005). Two loci were of similar size in both
species and two did not amplify in chimpanzees. Similar
signi¢cant trends in favour of larger human loci
compared with their homologues in other primates were
seen in gorillas, orang-utans, baboons and macaques. In
marmosets, the number of loci ampli¢ed was too small to
detect a signi¢cant di¡erence. Similar signi¢cant trends
were observed when the loci were con¢ned to those which
were `neutral', by excluding trinucleotide-repeat disease
loci and trinucleotide repeats associated with brain
cDNAs from the microsatellite panel. For example, 21
neutral loci were longer in humans compared with ¢ve
which were longer in chimpanzees (p5 0.005).

The greater length of human microsatellites can be
accounted for by three possibilities. First, selection might
favour longer repeats in humans or shorter repeats in
primates. This explanation seems unlikely, since the
trends were observed with diverse loci and remained even
if the analyses were con¢ned to neutral loci. Also, the
very large number of independently segregating micro-
satellites means that the e¡ect on any one locus must be
small.

Second, if microsatellites are subject to a mutational
bias in favour of expansion, then the greater length of
human microsatellites could arise through a genome-wide
increase in mutation rate in humans or a decrease in
mutation rate in chimpanzees. A mutational bias in
favour of expansions is supported by the following
empirical observations. Weber & Wong (1993) considered
the possibility of mutation bias when they observed an
excess of expansion mutations in microsatellites typed in
CEPH pedigrees. Unfortunately, only 22 out of the 62
mutations observed occurred in genomic DNA from
untransformed cells. This left the possibility that the
trends they observed were due to mutations occurring in
transformed cells. Of the 22 mutations observed in
genomic DNA, they detected 14 gains and eight losses
in allele lengths (p� 0.14, exact binomial probability).
However, we later supplemented Weber & Wong's (1993)
data with microsatellite mutations observed by S. Sawcer
and R. Feakes, who had been performing a linkage study
on multiple sclerosis using genomic DNA from untrans-
formed cells (Amos et al. 1996). This study yielded a
further 15 mutations comprising seven gains, one loss and
seven ambiguous mutations. Combined, the two data sets
show a signi¢cant bias in favour of expansion: 21 gains
and nine losses (p� 0.021, exact binomial probability).

The third possibility involves an observation bias asso-
ciated with the fact that the microsatellites used in the
human^non-human primate comparison were cloned
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from human and were su¤ciently polymorphic to be
useful in linkage studies. Being selected for above average
length, some argued that one would expect such markers
to be longer than their homologues in related species and
hence that the e¡ects that we observed could be due
entirely to an ascertainment bias (Ellegren et al. 1995,
1997).

This possibility was directly addressed by cloning a
series of long polymorphic microsatellites from chimpan-
zees (Cooper et al. 1998). A total of 38 chimpanzee-
derived loci were initially investigated, including 24 TG/
CA repeats which we identi¢ed (maximum 23 repeats,
minimum 12 repeats, mean, 17.3 repeats), one interrupted
locus with 23 repeats and 13 chimpanzee loci described
by Takenaka et al. (1993). Nine loci were excluded from
further analysis as they did not amplify products of the
expected size consistently and one locus did not amplify
human DNA. The remaining 28 chimpanzee-derived loci
were used for chimpanzee^human length comparisons.
These chimpanzee loci had a similar mean repeat
number compared with the human-derived loci, which
were previously compared with their homologues in non-
human primates above (p� 0.13).

Fourteen of these chimpanzee loci were signi¢cantly
shorter than their human homologues, eight were signi¢-
cantly longer in chimpanzees and six loci were similar in
length in the two species. If the 33:7 ratio of human-
derived loci, which were signi¢cantly longer in humans
compared with those longer in chimpanzees, was entirely
due to an ascertainment bias, then one would expect a
similar excess of loci longer in chimpanzees for chim-
panzee-derived loci. However, 14:8 (chimpanzee-derived
loci longer in humans) does not di¡er signi¢cantly from
33:7 (human-derived loci longer in humans) (p� 0.18,
Fisher's exact test); while 14:8 does di¡er signi¢cantly
from 7:33, the ratio expected if the e¡ects we had
observed with the human-derived loci were due entirely
to ascertainment bias (p� 0.0007).
We also considered the possibility that our interpreta-

tion may have been confounded by an ascertainment bias
resulting from the comparison of polymorphic loci in one
species with monomorphic homologues in a related
species. Monomorphic loci will tend to have lower muta-
tion rates compared with polymorphic homologues. Thus,
monomorphic loci will tend to be shorter than their poly-
morphic homologues in related species, if mutations are
biased in favour of expansions. This source of bias was
demonstrated by Crawford et al. (1998), when they
analysed polymorphic cattle-derived microsatellites in
sheep. When the homologues of these loci were poly-
morphic in sheep (308 loci), then 198 (64%) were longer
in sheep. Conversely, if the analyses were con¢ned to the
131 loci monomorphic in sheep, then 109 (83%) were
longer in cattle.

We next con¢ned our analyses to loci which were poly-
morphic in both species, or by further restricting such
loci to dinucleotide repeats. In both scenarios, we
observed similar trends showing no signi¢cant di¡erences
between the ratio of human loci longer than chimpanzee
loci for human-derived versus chimpanzee-derived loci.
In these scenarios we also observed highly signi¢cant
di¡erences between the ratios of human loci longer than
chimpanzee loci for human-derived microsatellites,

compared to the ratio expected from chimpanzee micro-
satellites, if the data from the human-derived loci were
purely due to an ascertainment bias.

These data can be explained by a mutational bias in
favour of expansions and a greater expansion rate in the
human lineage compared with the chimpanzee lineage. A
similar discrepancy in microsatellite allele lengths at
homologous loci in related species was recently reported
in reciprocal comparisons of sheep and cattle microsatel-
lite loci (Crawford et al. 1998). Out of 20 polymorphic
sheep-derived loci that were polymorphic in both, 16
were longer in sheep compared with their cattle homolo-
gues. However, 198 out of the 308 cattle-derived loci,
which were polymorphic in both species, were signi¢-
cantly longer in sheep.
The molecular mechanisms underlying these observa-

tions are unclear, although the following non-mutually
exclusive possibilities may help to explain why micro-
satellites expand faster in humans compared with
chimpanzees.

(i) Human polymerases might be more error-prone
compared with those in non-human primates.

(ii) Greater microsatellite mutation rates in humans
might re£ect the longer lag in humans between the
onset of sexual maturity and reproduction. It
appears that microsatellite mutation rates are higher
in males than in females (Weber & Wong 1993;
Amos et al. 1996; Primmer et al. 1998) probably
re£ecting larger number of cell divisions between
zygote and sperm compared with between zygote
and ovum. Later reproduction implies more cell
divisions and hence, plausibly, greater mutation rates
for microsatellites. Interestingly, HD disease alleles
also show greater mutability in males (Duyao et al.
1993).

(iii) Microsatellite mutations may involve inter-chromo-
somal events. This possibility is supported by data on
the trinucleotide repeat disease Machado Ĵoseph
disease, where the mutation rate of the mutant chro-
mosome depends partly in the haplotype of the
normal chromosome (Takiyama et al. 1997). If inter-
chromosomal processes are involved in the mutations
of normal microsatellites, and if mutations are more
likely in heterozygote individuals (Amos et al. 1996;
Amos & Harwood 1998), then humans may show
increased rates of microsatellite evolution because of
their greater e¡ective population size.

In conclusion, our data suggest that microsatellites
show a mutational bias in favour of expansion mutations,
a process reminiscent of the mutant alleles at most tri-
nucleotide repeat disease loci. The rate of expansion of
microsatellites in related species seems to di¡er, raising
the possibility that these major deviations from molecular
clock predictions may be a genome-wide phenomenon
not speci¢cally con¢ned to microsatellite loci.

This discussion raises a number of speculative ques-
tions. First, are trinucleotide-repeat diseases found in
man and not in other primates because human micro-
satellites appear to be generally longer than those in other
primates? This question is di¤cult to address because the
chance of ever ¢nding a late-onset, rare (51/10 000),
neurodegenerative diseases in non-human primates is
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remote. However, chimpanzees do appear to have shorter
normal alleles than humans for several triplet diseases
(Djian et al. 1996). Also, transgenic mice with expanded
human trinculeotides from diseases genes exhibit
relatively low mutation rates and smaller sized mutations
than would be expected of the same alleles in humans,
suggesting that the mutation process in humans may be
unusual (reviewed in Rubinsztein & Amos 1998).
Second, how important are interchromosomal events in

microsatellite mutations? The molecular mechanisms
underlying microsatellite mutations are still unclear. If
interchromsomal events are con¢rmed, then population
size and structure may a¡ect microsatellite mutations.
This interesting (almost Lamarckian) concept has a
possible precedent, which comes from studies of hybrid
populations. Here, the meeting of dissimilar chromo-
somes usually causes an increase in heterozygosity. In
hybrid zones, rare alleles not present in either population
occur so frequently that they have been named `hybri-
zymes' (Barton et al. 1983; Woodru¡ 1989). Limited DNA
sequence data suggest that these are likely to be new
mutations rather than the result of recombination events
(Ho¡man & Brown 1995). Such a pattern is certainly
consistent with the notion that heterozygosity may act to
modulate mutation rate.

Third, we should ask about the implications of these
processes for human populations. If population mixing
does act to accelerate expansion, we should ¢nd triplet
repeat disease incidence to be highest and perhaps rising
most rapidly in populations where historical events have
brought together peoples with diverse origins. At the
same time, over evolutionary time-scales, it is possible
that we will see the emergence of new diseases associated
with trinucleotide expansions which have yet to reach a
disease threshold.
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