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Microsatellite loci have high mutation rates and
high levels of allelic variation, but the factors
influencing their mutation rate are not well
understood. The proposal that heterozygosity
may increase mutation rates has profound impli-
cations for understanding the evolution of
microsatellite loci, but currently has limited
empirical support. We examined 20 microsatel-
lite mutations identified in an analysis of 12 260
meiotic events across three loci in two popu-
lations of a songbird, the house wren
(Troglodytes aedon). We found that for an allele
of a given length, mutation was significantly
more likely when there was a relatively large
difference in size between the allele and its hom-
ologue (i.e. a large ‘allele span’). Our results
support the proposal of heterozygote instability
at microsatellite loci.
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1. INTRODUCTION
Microsatellites are short tandem repeats (STRs) with
high levels of allelic variation and high mutation
rates. Mutation rates in microsatellites appear to be
influenced by a number of features, including repeat
length and composition, as well as flanking sequences
outside the microsatellite locus [1]. It has been pro-
posed that heterozygosity increases mutation rates at
microsatellite loci [2], a process termed heterozygote
instability at STRs (HISTR). If true, this has several
interesting implications [3]. Because heterozygosity
tends to increase with population size, HISTR

would link microsatellite mutation rates to effective
population size and demographic history, with
mutation rates rising and falling with population size.
Furthermore, HISTR could create feedback loops
between natural selection and mutation rates. For
genetic loci where heterozygosity was tolerated by
natural selection, mutation rates would increase,
while at loci conserved by natural selection, mutation
rates would be reduced. Thus, HISTR provides a
mechanism for creating interactions among mutation,
drift and natural selection, making elucidation of
its significance crucial to an understanding of micro-
satellite evolution.
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Support for HISTR is available from analysis of
population data [3,4], and more directly, from pedi-
gree data. Analysis of more than 200 mutations in
humans indicated that the probability of mutation for
an allele of any length was higher when its homologue
was unusually different in length, i.e. when the intra-
genomic ‘allele span’ was relatively large [4]. However,
while this study controlled for effects of allele length on
mutation rate, it made comparisons among different
loci and thus could not control for other factors
(such as flanking sequences), which could also influ-
ence mutation rates. In two pedigree studies
involving avian microsatellites, mutation rate was unre-
lated to allele span [5,6]. In a third avian study,
mutation rate correlated with allele span at one of
two loci, but it was not possible to disentangle the
effects of allele length and span, which are strongly
correlated [7]. Here we test HISTR in a set of
20 mutations in three microsatellite loci in the
house wren.
2. MATERIAL AND METHODS
Pedigree data were obtained during paternity studies in populations
in Illinois and Wyoming. We typed males, females and nestlings at
three loci (Ltmr6, Mcym4 and TA-C3(B)2) as described in detail
elsewhere [8,9]. Attendant males that mismatched a nestling at two
or more loci were excluded from paternity. Males that mismatched
a nestling at one locus were typed at up to four additional loci—
TA-A5-15, TA-B4-2 [10], Pocc2 [11] and Fhu2 [12]. The prob-
ability that a randomly chosen male would match the nestling at
these additional loci was ,0.001. We assumed attendant females
were mothers of nestlings; in more than 2500 instances, females
always matched nestlings at all loci except the handful of cases
where mutation provided a more parsimonious explanation than
non-maternity. When an attendant, putative parent mismatched a
nestling at one locus, we re-typed at that locus to rule out typing
error. Mismatches that we could not explain by non-paternity,
typing error or the presence of null alleles were assumed to be
mutations. In each case, we assigned the mutation to the parental
allele that required the smallest change to explain the observed
offspring genotype.

If the heterozygote instability hypothesis is correct, then allele
spans associated with mutations should be larger than would be
expected by chance alone when allele length is controlled. Therefore,
we sought to determine if this was the case in our set of mutations.
We determined the allele span and allele length associated with
each meiotic event in our study. Because allele spans vary substan-
tially by locus, we converted raw allele span values to percentile
values so that comparisons among loci would not be disproportio-
nately skewed by the values from a single locus. We then compared
the allele span associated with each mutation with the allele spans
for all meiotic events in our dataset that matched that mutational
event with regard to locus and allele length.

Because allele spans for a given locus and allele length were not
distributed normally, we used bootstrap analysis as follows: for
each mutational event, we randomly selected a meiotic event from
our dataset with the same allele length at the same microsatellite
locus as our mutational event. For example, in one instance a
mutation occurred at the Ltmr6 locus at an allele 191 bp long,
while the length of the homologous allele was 197 bp. Microsatellites
in this study consist of dinucleotide repeats; therefore, a difference of
6 bp ¼ 3 repeat units ¼ an allele span of 3. The percentile value for
an allele span of 3 for a 191 bp allele of Ltmr6 is 77, since 77 per cent
of all meiotic events for alleles of that length had allele spans of less
than 3 (i.e. 0, 1 or 2). The mean allele span for all meiotic events
involving a 191 bp allele of Ltmr6 (n ¼ 988) was 1.58, and the
mean percentile value for these meiotic events was 38.4. In this
instance, our analysis randomly selected, with replacement, a meiotic
event from among all 988 meiotic events in our dataset with a par-
ental allele length of 191 bp at the Ltmr6 locus. Similarly, for each
of the 20 observed mutations, we randomly selected a meiotic
event that matched the locus and allele length (but without regard
to allele span) of the actual meiotic event associated with the
mutation. We reiterated this process 10 000 times and determined
the number of times out of 10 000 that the mean allele span in the
randomly selected meiotic events was equal to or greater than
the mean allele span in the actual observed mutations. In each of
This journal is q 2010 The Royal Society
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Figure 1. Data for each locus were grouped into four quar-

tiles by allele length or allele span. These data were then
combined by quartile to calculate the overall mutation rate
as a function of either allele length or allele span across all
three loci. Dashed line, span; continuous line, length.
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the two cases where it was not possible to determine in which parent
the mutation arose, we used the lesser of the two allele spans for our
observed mutation, making our analysis conservative.
3. RESULTS
There were a total of 20 mutations in 12 260 meiotic
events across three loci (table 1), for an overall
mutation rate of 1.6 � 1023. By locus, rates were
2.1 � 1023 (8 mutations/3878 meiotic events) for
Ltmr6, 2.1 � 1023 (9/4197) for TA-C3(B)2 and
7.2 � 1024 (3/4185) for Mcym4. Mutation rates did
not differ significantly between sexes (11 mutations
in males, seven mutations in females, two undeter-
mined; x2 ¼ 1.1, p . 0.2). Downward mutations
outnumbered upward mutations across all three loci,
and half of all mutations involved an insertion or
deletion of more than one repeat length, including
eight that involved an insertion or deletion of three
or more repeats. Mutation rate tended to increase as
both allele length and span increased (figure 1).

Out of the 10 000 sets of randomly selected meiotic
events that were generated without regard to allele
span, only in 76 was the mean allele span greater
than or equal to the observed mean allele span for
the 20 actual mutations. Therefore, if increased allele
span at a given allele length had no effect on mutation
rate, the probability of obtaining a mean allele span
equal to or greater than the one we observed at our
20 actual mutations was 0.0076 (i.e. p � 0.0076).
4. DISCUSSION
The mutation rate that we detected is an order of
magnitude lower that reported in several avian species
[6,7,13,14], including at one of the same loci (Mcym4;
[7]). However, the rate is similar to that found in
humans [15] and across four loci in one bird species,
the lesser kestrel (Falco naumanni; [5]). Although
microsatellite mutations often involve insertion or del-
etion of one repeat length, larger insertions and
deletions were common in the loci analysed in lesser
kestrels and house wrens. Mutation types are known
Biol. Lett. (2011)
to vary considerably by locus [13], and by species for
a given locus, possibly because multiple mechanisms
cause mutation in microsatellites including replication
slippage, mismatch repair and recombination [16].

Our data support the hypothesis that heterozygosity
can increase the mutation rate at microsatellite loci
(HISTR). In our study, mutation rate increased with
either allele length or allele span. Because allele span
tends to increase with allele length, the effect of the
two measures is difficult to disentangle. However,
our comparisons allowed us to examine allele span
directly while controlling for allele length. Further-
more, unlike the only previous study to demonstrate
HISTR from pedigree data [4], we directly compared
meiotic events at the same loci within the same popu-
lations, so our observations cannot be explained by
other potential factors influencing mutation rate,
such as flanking sequences, that might arise when
comparing among loci. Therefore, the analysis we
describe here indicates an association between
mutation and increased allele span that cannot be
explained by an effect of allele length or flanking
sequences.

The association between mutation and increased
allele span we observed was highly significant when
data from all three loci were combined. The effect
seemed particularly strong for Ltmr6, and we saw a
trend in the appropriate direction for TA-C3(B)2;
however, Mcym4 showed no such trend. Because we
observed only three mutations at this locus, the lack
of a trend may reflect sample size. However, pedigree
analysis in another species also found no association
between mutation rate and allele length or allele span
for Mcym4 [7]. It would not necessarily be surprising
if HISTR varied by locus. The frequency, size and
direction of mutations vary substantially among loci,
and it is possible that mutational mechanisms do as
well, with some favouring HISTR and others not.

Our study does not examine the association between
allele length and mutation, the association of either
allele span or allele length with different types of
mutations, or the possibility of an interaction between
allele length and allele span that affects either mutation
rate or mutation type. Analyses of more extensive data-
sets are likely to be valuable in this regard. However,
our results clearly indicate the potential for a signifi-
cant role for HISTR in microsatellite mutation and
evolution.
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