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Letter

Genome-wide analysis of microsatellite
polymorphism in chicken circumventing

the ascertainment bias

Mikael Brandstrom and Hans Ellegren’

Department of Evolutionary Biology, Evolutionary Biology Centre, Uppsala University, Norbyvégen 18D,

SE-752 36 Uppsala, Sweden

Studies of microsatellites evolution based on marker data almost inherently suffer from an ascertainment bias
because there is selection for the most mutable and polymorphic loci during marker development. To circumvent
this bias we took advantage of whole-genome shotgun sequence data from three unrelated chicken individuals that,
when aligned to the genome reference sequence, give sequence information on two chromosomes from about
one-fourth (375,000) of all microsatellite loci containing di- through pentanucleotide repeat motifs in the chicken
genome. Polymorphism is seen at loci with as few as five repeat units, and the proportion of dimorphic loci then
increases to 50% for sequences with ~10 repeat units, to reach a maximum of 75%-80% for sequences with 15 or
more repeat units. For any given repeat length, polymorphism increases with decreasing GC content of repeat motifs
for dinucleotides, nonhairpin-forming trinucleotides, and tetranucleotides. For trinucleotide repeats which are likely
to form hairpin structures, polymorphism increases with increasing GC content, indicating that the relative stability
of hairpins affects the rate of replication slippage. For any given repeat length, polymorphism is significantly lower
for imperfect compared to perfect repeats and repeat interruptions occur in >15% of loci. However, interruptions
are not randomly distributed within repeat arrays but are preferentially located toward the ends. There is negative
correlation between microsatellite abundance and single nucleotide polymorphism (SNP) density, providing
large-scale genomic support for the hypothesis that equilibrium microsatellite distributions are governed by a
balance between rate of replication slippage and rate of point mutation.

[Supplemental material is available online at www.genome.org.]

Empirical data on microsatellite mutability and polymorphism
almost always come with the limitation of suffering from an
ascertainment bias. For instance, direct observations of de novo
mutation events in pedigrees are essentially confined to loci with
very high mutation rates, which are not necessarily representa-
tive for the majority of microsatellite loci in the genome when it
comes to rate and pattern of evolution (Weber and Wong 1993;
Ellegren 2000; Huang et al. 2002). The same applies to observa-
tions on microsatellite allele frequency distributions at loci geno-
typed in population samples (Estoup et al. 1995). Such data tend
to be biased toward highly polymorphic loci because there is a
selection for polymorphism at various stages of the process of
marker development; short repeat tracts are avoided for marker
design, monomorphic markers or markers with limited polymor-
phism are typically discarded at an early screening stage, and the
most polymorphic loci would find most widespread use in sub-
sequent studies. Using unusually mutable loci will lead to over-
estimates of genetic diversity and will give a biased picture of the
microsatellite mutation process. Another example, and which is
perhaps the most well-known aspect of microsatellite ascertain-
ment bias, is the comparison of repeat lengths of orthologous
loci in two related species. Everything else being equal, this will
tend to give a pattern of longer repeats in the species from which
markers were developed (the focal species), an inevitable conse-
quence of the selection for long and polymorphic loci as de-
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scribed above (Ellegren et al. 1995, 1997, Webster et al. 2002;
Vowles and Amos 2006). Again, this will lead to incorrect inter-
pretations of microsatellite mutation and evolution.
Whole-genome sequence surveys for microsatellite occur-
rence avoid this ascertainment bias. Such analyses give a snap-
shot of the distribution of repeat lengths across the genome,
which can be compared to expectations of theoretical models
(Dieringer and Schlotterer 2003). However, in the absence of
polymorphism data, they do not capture on-going evolutionary
processes. For a few species genome sequencing has been aug-
mented with large-scale initiatives toward obtaining sequence
information from multiple individuals, like re-sequencing of tar-
geted regions in the human HapMap (International HapMap
Consortium 2005) or sparse shotgun sequencing made in differ-
ent dog (Canis familiaris) breeds (Lindblad-Toh et al. 2005). One
of the most extensive efforts of this kind is the light shotgun
sequencing of three different domestic chicken (Gallus gallus do-
mesticus) (International Chicken Polymorphism Map Consor-
tium 2004), made in addition to the assembly of the chicken
genome sequence, which was based on sequencing of a red
jungle fowl (G. g. gallus, the wild ancestor to domestic chicken)
(International Chicken Genome Sequencing Consortium 2004).
This generated sequence data for another chromosome (than the
reference sequence) from the chicken population for about half
the genome, uncovering a total of 2.8 million single nucleotide
polymorphisms (SNPs) (International Chicken Genome Sequenc-
ing Consortium 2004) and more than 270,000 length polymor-
phisms (Brandstrom and Ellegren 2007). Here, we use these data
to obtain an unbiased picture of microsatellite variability in a
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vertebrate genome and to address several general questions per-
tinent to microsatellite evolution. Importantly, due to the more
or less random nature of shotgun sequencing, this approach
gives diversity data for one of the most polymorphic sequence
categories in eukaryotic genomes without being confined by an
ascertainment bias.

Results

The length dependence of microsatellite polymorphism

A survey of the chicken genome assembly identifies 1,615,000
loci with perfect di- through pentanucleotide microsatellites
with a length of three repeat units or longer. Quality filtered data
from 0.25 X shotgun sequencing of three unrelated chicken in-
dividuals, from different breeds, provide information for
~375,000 microsatellite loci (23% of the genomic total). In this
draw of two chromosomes from the chicken population 7300
(1.8%) of the loci are polymorphic.

With two chromosomes sampled, per locus, sequencing
might have revealed either two identical alleles or two different
alleles. Subsequently we combine all loci of any given repeat
length to obtain the proportion of polymorphic loci for that size
class (using the arithmetic mean for loci with two alleles). An
analysis of the relationship between microsatellite length and
degree of polymorphism shows how the proportion of dimorphic
loci increases with repeat length (Fig. 1). Although rare, intraspe-
cific length variation does occur at repeats with as few as five
repeat units. Fifty percent of all loci are dimorphic for sequences
with ~10 repeat units, and polymorphism then increases asymp-
totically to reach a plateau of 75%-80% of loci being polymor-
phic for repeat tracts with >15-20 repeat units. Logistic regres-
sion models of the dependence of microsatellite length on poly-
morphism level show a more uniform relationship for di-, tri-,
tetra-, and pentanucleotide repeats when considering the effect
of the number of repeat units than when considering the length
of the repeat tract in base pairs (Supplemental Fig. 1). Yet, there
is significant variation among di-, tri-, tetra-, and pentanucleo-
tide repeats in the length dependence given by the number of
repeat units on polymorphism level (logistic regression,
P < 107 15). Table 1 summarizes the proportion of loci found to be
polymorphic for different repeat length classes. A larger fraction
of tetra- and, in particular, pentanucleotide repeats are variable,
compared to di- and trinucleotide repeats. A breakdown on in-
dividual repeat motifs is presented in Supplemental Table 1.
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Figure 1. Proportion of dimorphic loci in relation to repeat length for
all microsatellites. Whiskers indicate the 95% confidence interval. Be-
cause of small sample size, results from the 15-20 and 20-35 repeat unit
intervals have been pooled.

Table 1. Proportion of loci polymorphic in a draw of two alleles
for chicken microsatellites of different repeat unit classes

Proportion polymorphic in a draw

Repeat unit length of two chromosomes

Dinucleotide 0.013
Trinucleotide 0.007
Tetranucleotide 0.032

Pentanucleotide 0.061
Di- through pentanucleotides 0.018

Microsatellite polymorphism and repeat motifs

A closer examination of polymorphism levels for different repeat
motifs reveals distinct differences among motifs (for details, see
Supplemental Figs. 2, 3). For dinucleotide repeats and at any
given repeat length (Fig. 2A), (AT),, shows higher variability than
(AC),, and (AG),,, and this is the case throughout the whole spec-
trum of repeat lengths. As this could potentially be related to base
composition (GC-poor motifs being less variable), we analyzed
polymorphism levels of different tri- and tetranucleotide repeat
motifs with respect to their GC content. Figure 2C shows a very
clear pattern for tetranucleotide repeats, with the highest poly-
morphism seen at motifs with 0% GC and the lowest at 100%
GC. This mimics the trend for dinucleotide repeats. However, for
trinucleotide repeats the opposite relationship is observed: For
any given repeat length, motifs with 100% GC show the highest
polymorphism and those with 0% the lowest (Fig. 2B). While
unusual secondary structures may be attained by several types of
microsatellites, some trinucleotide repeats may be more prone to
form stabilizing hairpin structures during strand dissociation
than other repeat classes, increasing the rate of replication slip-
page (Mitas 1997). To test if this could potentially explain the
deviating pattern for trinucleotide repeats, we divided them in
motifs that have two adjacent self-complementary nucleotides
(like ACT and AGC) and that would have a tendency for hairpin
formation, and those that have not (like AAC and AGG). Repeats
with less hairpin-forming potential show the pattern observed
for other repeat classes with the highest variability for GC-poor
motifs and lowest for GC-rich motifs (Supplemental Fig. 4). In
contrast, motifs which are more likely to form hairpin structure
are less variable when GC-poor and more variable when GC-rich.

The reduction of microsatellite polymorphism from repeat
interruptions

It has been recognized that sequence variation within repeat
tracts can generate microsatellite alleles identical in size but dif-
ferent in sequence (Estoup et al. 1995; Garza and Freimer 1996).
We were able to quantify the genome-wide occurrence of this
form of microsatellite heterogeneity by observing that 6% of all
loci show one perfect and one imperfect (interrupting nucleo-
tide) allelic repeat array. For microsatellites longer than 15 repeat
units, this proportion is as high as 16%. Interruptions within
perfect repeat arrays reduce the likelihood for a microsatellite
locus being polymorphic. By including the presence of imperfec-
tions in one of the two sequenced alleles as an independent vari-
able in logistic regressions of polymorphism on length, we found
that, for any given length, imperfect microsatellites are signifi-
cantly less variable compared to perfect repeat loci (P < 10715,
Supplemental Fig. 5).

Interestingly, the position in repeat sequences at which in-
terruptions occur is clearly nonrandom. For all dinucleotide re-

882 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 10, 2026 . Published by Cold Spring Harbor Laboratory Press

Microsatellite analysis without ascertainment bias

Proportion polymorphic
0.4

0.0

0 5 10 15 20
Repeat length (units)

Proportion polymorphic
04

0 5 10 15 20
Repeat length (units)

Proportion polymorphic

0.0

T T T T W & T 0
0 5 10 156 20 25 30 35
Repeat length (units)

Figure 2. Fitted logistic regression models of proportion polymorphic
microsatellites as a function of microsatellite length for dinucleotide re-
peats (A), trinucleotide repeats (B), and tetranucleotide repeats (C). (A)
(solid line) (AT),; (dashed line) (AC),, and (AG),. (B) (Solid line) Motifs
with 0% GC; (dashed line) 33% GC; (dotted line) 67% GC; (dotted-
dashed line) 100% GC. (C) (Solid line) 0% GC motifs; (short dashed line)
25% GC; (dotted line) 50%; (dotted-dashed line) 75%; (long dashed
line) 100% GC.

peat lengths from three to 12 units, which is the size interval we
have sufficient data on interruptions for, there is a highly signif-
icant tendency for interruptions to be biased toward the end of
repeat regions (Table 2). The very first position is particularly
prone to point mutation throughout all repeat lengths. A similar
trend is found for trinucleotide repeats (Supplemental Table 2).

Microsatellite abundance

Using the same search criteria as applied to chicken for deter-
mining the genomic occurrence of microsatellites, we also sur-
veyed the human, mouse, opossum, and zebrafish genomes for
microsatellite abundance. Microsatellites account for a smaller
proportion of the chicken genome than they do for other verte-
brate genomes (Supplemental Table 3). The microsatellite fre-
quency is 30%-80% higher in mammals than in chicken and,
given the larger genome size of the three investigated mammals,
the total number of microsatellites in these species is thus three
to five times higher than in chicken.

There is a well-known negative relationship between micro-
satellite density and microsatellite length (Toth et al. 2000; Di-
eringer and Schlotterer 2003), which is also seen in the chicken

genome as well as in human, mouse, opossum, and zebra fish
(Fig. 3). However, the character of this relationship varies be-
tween species and repeat types. For di- and trinucleotide repeats,
microsatellite density in chicken is lower than in the other ver-
tebrates over the whole range of repeat lengths analyzed. On the
other hand, long tetra- and, in particular, pentanucleotide re-
peats tend to be more common in chicken relative to the other
species. Coupled with the positive correlation between length
and polymorphism, this is consistent with the observation of a
higher proportion of chicken tetra- and pentanucleotide repeats
being polymorphic, compared to di- and trinucleotide repeats
(Table 1).

Using the same shotgun sequence data from the three chick-
ens we analyzed the relationship between the density of SNPs
and microsatellite abundance. There is a negative correlation be-
tween SNP density and microsatellite abundance (P < 10~ 1°; Fig.
4). There is a significant heterogeneity in microsatellite density
both within and among chromosomes when analyzed in
nonoverlapping 1 Mb windows (ANOVA, P < 10~ '9). For ex-
ample, the Z chromosome tends to have more frequent, and
longer, tetra- and pentanucleotide repeats compared to the au-
tosomes (data not shown). This is also reflected in that, overall,
microsatellites on the Z chromosome are significantly longer
than loci on the autosomes (t-test, P < 10~ ). Base composition is
an important factor explaining microsatellite density, although
the effect varies among motifs. There is a negative correlation
between GC content and the density of AT-rich motifs, while the
opposite is seen for GC-rich motifs (Supplemental Fig. 6).

Discussion

It has been clearly shown that microsatellites used as genetic
markers differ in several respects to a genomic sample of micro-
satellite loci, including in length, structure, and base composi-
tion (Pardi et al. 2005). The most important aspect of this study
is therefore that it seeks to circumvent the general problem of
ascertainment bias in the analysis of microsatellite polymor-
phism, something that has been an issue in basically all previous
studies of microsatellite evolution and mutation using popula-
tion data.

We found significant heterogeneity in polymorphism levels
among microsatellites of different repeat motifs and this was evi-

Table 2. Position of interruptions in dinucleotide repeats

Position of interruption

Repeat (by repeat unit)
length
(units) 1 2 3 4 5 6 P

3 5882 2326 <107 '®

4 2664 2139 3.6 x 107
5 416 340 174 <107 '®

6 129 90 76 4.7 X 107*
7 68 30 32 17 1.7 x10°8
8 35 21 19 4 20x10°°
9 29 12 8 5 0 3.2x10°°?
10 17 6 3 1 2 6.3 x10°°
11 16 3 2 2 0 1 1.8 x10°8
12 8 7 1 2 2 1 0.015

Position is counted in repeat units starting from the end of the repeat
closest to the interruption. The homogeneity of the distribution of inter-
ruptions among positions for each repeat length was tested using a x?
test (P-value is given).
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variability. In contrast, for trinucleotide
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genetic diversity was highest for GC-rich
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D repeats. This leads to a model in which
polymorphism in di- and tetranucleo-
tide repeats, as well as in nonhairpin-
forming trinucleotide repeats, is gov-
erned primarily by the instability of the
double helix over the repeat tract as de-
termined by base composition. For hair-
pin-forming trinucleotide repeats, the
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Figure 3. Genomic occurrence of di- through pentanucleotide microsatellites in five vertebrates in
relation to repeat length. (A) Dinucleotides; (B) trinucleotides; (C) tetranucleotides; (D) pentanucleo-

tides.

dent even after controlling for variation in repeat length. For
both di- and tetranucleotide repeats there were very clear trends
in the direction of polymorphism increasing with decreasing GC
content. The most straightforward and intuitive explanation for
this is that the weaker hydrogen bonds between the two strands
of AT-rich repeats result in more frequent strand dissociation
and, subsequently, replication slippage-induced length muta-
tion. Moreover, since AT-rich repeats are preferentially located in
AT-rich genomic regions, the effect might be augmented by in-
creased instability in immediately flanking regions. This is con-
sistent with in vitro experiments with synthetic oligonucleotide
which revealed a negative correlation between GC content and
slippage rate (Schlotterer and Tautz 1992).

A different relationship between GC content and polymor-
phism level was seen for trinucleotide repeats. This class of tan-
dem repeats is well-known for their unusual helical properties in
the formation of DNA structures (for review, see Pearson and
Sinden 1998). One important observation from biophysical work
is that trinucleotide repeats are more flexible and curved mol-
ecules compared to other repeats (Bacolla et al. 1997; Chastain
and Sinden 1998). Most notably, many of them attain hairpin
structures in the leading daughter strand synthesized during
DNA replication. In addition, other structures such as hairpins
on both strands, cruciforms, triplexes, and quadruplexes are
known to occur (Pearson and Sinden 1998). Hairpin structures
stabilize slipped strand intermediates and thereby increase the
rate of slippage-generated length mutations (Gellibolian et al.
1997); this is thought to be an important mechanism behind
neurodegenerative diseases caused by trinucleotide expansion.

As not all trinucleotide repeat motifs are likely to form hair-
pin structures, we separately analyzed motifs with two adjacent
self-complementary nucleotides (potential hairpin formation)
and motifs without; this classification broadly corresponds to

10 20 30 40 50 60 70
Repeat length (units)

model suggests that it is the stability of
within-strand secondary structures, as
determined by GC content, that plays an
overall role in governing polymorphism
levels.

It has been suggested that species-
specific rates of point mutation deter-
mine the genomic equilibrium length
distribution of microsatellites (Bell and
Jurka 1997; Kruglyak et al. 1998, 2000). According to this model,
microsatellite growth is promoted by replication slippage while
point mutations act in the opposite direction, introducing inter-
ruptions within repeat arrays that hinder further expansion by
lowering the slippage rate (see below). There is significant varia-
tion in point mutation rates also within genomes (Ellegren et al.
2003), including in chicken (Webster et al. 2006), and this could
potentially affect the length of individual microsatellite loci. Spe-
cifically, it predicts that, in regions with high point mutation
rates, the frequent occurrence of microsatellite imperfections
from point mutation will impede the evolution of long repeat
arrays, essentially making microsatellites rarer. Preliminary sup-
port for this hypothesis was provided by Santibafiez-Koref et al.
(2001) who, for a set of rodent microsatellite markers, found a
negative correlation between flanking sequence divergence and
repeat lengths at (CA),, loci. Nucleotide diversity is at least in part
determined by variation in the underlying mutation rate, and
SNP density can thus be used as a measure of the local rate of
point mutation. The negative correlation seen between SNP den-

Danio rerio

SNP density (per bp)
0.006

0.002

0.0010

0.0014
Microsatellite abundance (per bp)

0.0018

Figure 4. The relationship between SNP density and microsatetellite
abundance in nonoverlapping 1 Mb windows (R* = —0.35, P=10""°).
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sity and microsatellite abundance in chicken, therefore, provides
genome-wide support that the local rate of point mutation is a
general governor of microsatellite evolution at the level of indi-
vidual loci.

Our study confirms the well-known relationship between
microsatellite length and polymorphism (Weber 1990). In addi-
tion, it is able to determine the character of this relationship over
the full spectrum of repeat lengths. Comparisons of orthologous
regions in human and chimpanzee genomes have revealed that,
over evolutionary time scale, mutations leading to interspecific
length variation do occur even for short repeats, albeit at a low
rate (Webster et al. 2002). We show that intraspecific length
polymorphism is present at chicken microsatellite loci with as
few as five repeat units. Assuming that replication slippage is the
main mechanism of microsatellite mutation, length mutation
thus occurs at a sufficiently high rate in genomic regions with
only a limited number of repeat units, to generate polymorphism
in a population sample (cf. Zhu et al. 2000; Nishizawa and Nish-
izawa 2002). This is in line with recent work on short insertions
and deletions (indels) in the chicken genome showing that tan-
dem duplication are highly overrepresented at indel sites (Brand-
strtom and Ellegren 2007).

Selkoe and Toonen (2006) concluded that detectable micro-
satellite homoplasy, the presence of two or more alleles identical
by state but not by descent (i.e., when an interrupted allele has
the same length as a perfect repeat array), appears “to affect only
a fraction of genotypes at a fraction of loci.” However, our data
indicates that interruptions in microsatellite sequences are more
common than previously thought, making this statement inva-
lid. Sixteen percent of microsatellites with >15 repeat units
showed one allele with a perfect and one with an imperfect re-
peat array. Given the multiallelic nature of long microsatellite
loci, it seems evident that an even larger proportion of loci, per-
haps the majority, would have shown interrupted alleles had
more than two chromosomes been sequenced per locus. This is
not unexpected since nucleotide diversity in the chicken genome
is high. For example, Sundstrom et al. (2004) found one segre-
gating site every 39 bp of autosomal sequence in a population
sample of 25 chickens. A species with lower levels of single
nucleotide polymorphisms should be expected to have less mic-
rosatellite interruptions.

Clearly, for any given total length of a microsatellite locus,
interruptions have the consequence of lowering variability, most
likely due to the stabilizing effects of unique sequence with-
in tandem array that prevent replication slippage (Petes et al.
1997; Rolfsmeier and Lahue 2000; Sibly et al. 2003). This may
contribute to the variance in genetic diversity often seen among
microsatellites of similar length (cf. Fig. 1). Homoplasy can af-
fect population genetic analyses like inflating estimates of gene
flow and genetic differentiation (Adams et al. 2004; Curtu et al.
2004).

Brohede and Ellegren (1999) analyzed a number of sheep
and ovine microsatellite orthologs and found a tendency for
point mutations to be enriched in microsatellite ends and in the
immediate microsatellite flanking regions. A larger data set of
human-chimpanzee orthologs was analyzed for flanking se-
quence divergence by Vowles and Amos (2006), who also found
a higher substitution rate in the flanking positions closest to
repeat regions. In our genome-wide set of chicken microsatellites
there is a very clear trend of interruptions being more common
in the very end of repeat regions. There are several possible ex-
planations to this observation. Obviously, the point mutation

rate may be higher in these regions, for example, because of
structural alterations when DNA goes from unique to repetitive
sequence or because of a propensity for loop formation during
strand slippage in end regions coupled with a relative mutational
fragility of looped regions. Another possibility is that point mu-
tations occur more randomly within repeat arrays but somehow
“migrate” toward the ends during subsequent slippage mutations
or gene conversion-like processes.

The correlation between microsatellite length and variabil-
ity has implications for the relative polymorphism content of
different classes of repeats in the chicken genome. This can be
concluded from the observations of a comparatively high pro-
portion of tetra- and pentanucleotide repeats being represented
by long arrays and the higher proportion of polymorphic loci
among tetra- and pentanucleotide than di- and trinucleotide re-
peats. Long and highly polymorphic tetra- and pentanucleotide
repeats have been found in several different bird species (e.g.,
Primmer et al. 1998). Genomic surveys show that the length
distributions of tetra- and pentanucleotides differ between birds
and mammals, birds having much longer repeats. Such differ-
ence in length distributions adds a further dimension on micro-
satellite heterogeneity to previous observations of differences in
the relative occurrence of repeat motifs in eukaryotic genomes
(Toth et al. 2000; International Human Genome Sequencing
Consortium 2001; Katti et al. 2001; Morgante et al. 2002; Dier-
inger and Schlétterer 2003). Elucidating the mechanisms behind
such differences shall be an important topic for further research.
As shown here and elsewhere (Dieringer and Schlotterer 2003),
base composition correlates with the relative abundance of dif-
ferent repeat motifs within genomes and may therefore also be a
factor explaining differences among genomes. However, overall,
microsatellite abundance is lower in birds than in mammals (cf.
Primmer et al. 1997), which is also the case when it comes to
interspersed repeats (International Chicken Genome Sequencing
Consortium 2004). Compared to the common ancestor of amni-
otes (Shedlock et al. 2007), there thus seems to have been a gen-
eral loss of repeat sequences in the lineage, leading to the mini-
malist avian genome.

Conclusions

This genome-wide study in chicken has attempted to provide an
unbiased picture of microsatellite evolution by circumventing
the ascertainment bias associated with inferring evolutionary
processes in microsatellite sequences using data from genetic
markers. We confirmed the well-known relationship between mi-
crosatellite length and polymorphism level and were able to
quantify this relationship from lengths of just a few repeat units
up to several tens. We show for the first time how polymorphism
is dependent on base composition, with the degree of diversity
being positively correlated with GC for di- and tetranucleotide
repeats but negatively correlated for trinucleotide repeats. We
show that repeat interruptions (imperfect repeats) occur at a sig-
nificant fraction of all loci, more often than previously thought,
and that such interruptions reduce polymorphism levels. Related
to the latter, we provide genome-wide evidence that a high lo-
cal rate of point mutation lowers microsatellite abundance, sup-
porting the hypothesis that the occurrence of microsatellite at
equilibrium is a balance between point mutation and replica-
tion slippage rates. Altogether, the approach of using genomic
sequence data from multiple individuals for inferring micro-
satellite evolution offers a new and important means for an in-
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creased understanding of the dynamics of this abundant class of
repeat sequences.

Methods

Sequence data

We downloaded version 2.1 (galGal3) of the chicken genome
assembly as well as the complete genomes of human (Hg18),
mouse (Mm8), opossum (MonDom4), and zebra fish (DanRer4)
from the University of California at Santa Cruz genome browser
(http://genome.ucsc.edu). In conjunction to the sequencing of
the chicken (red jungle fowl) genome, one individual of each of
three domestic chicken breeds (Layer, Broiler, Silke) has also been
sequenced to a low coverage, with approximately one million
reads per breed (International Chicken Polymorphism Map Con-
sortium 2004). Alignments of these reads to version 2.1 of the
chicken genome assembly were kindly provided by G.K.-S. Wong
(Beijing Institute of Genomics of the Chinese Academy of Sci-
ences). To extract high-quality alignments we used an approach
similar to Mills et al. (2006), filtering the alignments to only
contain the longest region with a sequence quality of >Q25 over
at least 100 bp. The alignments were also filtered for overlaps
within each breed, to ensure that only two chromosomes were
compared in each pairwise (breed to reference sequence) com-
parison. After quality filtering the coverage was roughly 10%
from each of the three breeds.

Microsatellite detection

We used a modified version of the program sputnik (C. Abajian,
unpubl.; Morgante et al. 2002) to search whole genome sequence
data for microsatellites. For all species we used the same settings
to extract all perfect microsatellites 6 bp or longer, where the
repeat unit was 5 bp or shorter (equivalent to the flags -R 0 -v 1
-u 5 -s 4 -L 4 -1 0). The output from sputnik was then filtered to
only include microsatellites of three repeat units or longer of di-
through pentanucleotide repeats. The inclusion of simple repeats
containing as few as three repeat units was motivated by the fact
that tandem repeat length mutations do occur in tandem repeats
of such short lengths (Zhu et al. 2000; Brandstrém and Ellegren
2007). Mononucleotide repeats were excluded from this analysis
as they tend to be more sensitive to sequencing errors (Interna-
tional Chicken Polymorphism Map Consortium 2004). All mic-
rosatellites were grouped into their canonical motifs by sputnik.
Note that (GC),, does not exist in the chicken genome in suffi-
cient numbers to allow a meaningful comparison to other di-
nucleotide motifs.

Polymorphism data

We extracted polymorphism data for microsatellites, defined us-
ing the sputnik searches described above, with the same param-
eters, from the alignments of chicken breed sequences to the
genome reference sequence. In order to find cases of one perfect
and one imperfect repeat both sequences of the alignment were
searched for microsatellites. Alignment gaps in microsatellite re-
gions were interpreted as length polymorphisms and we also re-
corded all other forms of sequence differences between the two
alleles within microsatellite regions. Cases of compound micro-
satellites (i.e., when one microsatellite is followed directly by
another microsatellite motif) were discarded (17,672 loci). Data
on single nucleotide polymorphisms (SNPs) have previously
been extracted from the same alignments (Brandstréom and El-
legren 2007) and were used herein for comparative purposes.
When assessing the relationship between microsatellite length

and proportion of dimorphic loci, or genomic parameters, we
used the arithmetic mean of the length of the two alleles seen at
dimorphic repeat loci.

Throughout the paper we refer to variability in pooled
samples of loci as the proportion of loci dimorphic or polymor-
phic. In essence, this is the mean heterozygosity although we
have the somewhat unusual situation of only having two chro-
mosomes sampled per locus. For each locus, the observed het-
erozygosity is either O (two identical alleles sequenced) or 1 (two
different alleles). While variance will obviously be larger with
data from just a few chromosomes sampled per locus, mean het-
erozygosity is not affected by the number of chromosomes
sampled per locus.

Statistical models

All statistical tests and models were done using the R statistics
environment (R Development Core Team 2007). Models with
microsatellite density and proportion polymorphic microsatel-
lites were fitted using ordinary linear models. Models of micro-
satellite mutability were fitted using logistic regression. The bi-
nary value of whether a microsatellite had a length polymor-
phism or not was used as response variable. Logistic regression
models were evaluated based on their Akaike Information Crite-
rion (AIC) to find the best fitting models (Venables and Ripley
2002).
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