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Abstract

Rapid advances in DNA sequencing and genotyping technologies are beginning to reveal the scope and pattern of human
genomic variation. Although single nucleotide polymorphisms (SNPs) have been intensively studied, the extent and form
of variation at other types of molecular variants remain poorly understood. Polymorphism at the most variable loci in the
human genome, microsatellites, has rarely been examined on a genomic scale without the ascertainment biases that
attend typical genotyping studies. We conducted a genomic survey of variation at microsatellites with at least three perfect
repeats by comparing two complete genome sequences, the Human Genome Reference sequence and the sequence of
J. Craig Venter. The genomic proportion of polymorphic loci was 2.7%, much higher than the rate of SNP variation, with
marked heterogeneity among classes of loci. The proportion of variable loci increased substantially with repeat number.
Repeat lengths differed in levels of variation, with longer repeat lengths generally showing higher polymorphism at the
same repeat number. Microsatellite variation was weakly correlated with regional SNP number, indicating modest effects
of shared genealogical history. Reductions in variation were detected at microsatellites located in introns, in untranslated
regions, in coding exons, and just upstream of transcription start sites, suggesting the presence of selective constraints. Our
results provide new insights into microsatellite mutational processes and yield a preview of patterns of variation that will
be obtained in genomic surveys of larger numbers of individuals.
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Introduction
Advances in genotyping and sequencing technologies have
made feasible the measurement of human genetic variation
on the genomic scale. Genomic variation is now routinely
surveyed in large numbers of humans to reveal the relat-
edness among individuals and populations, historical mi-
gration routes, population expansions and declines,
genetic determinants of phenotypic variation, and targets
of natural selection. These inferences have been primarily
based on single nucleotide polymorphisms (SNPs), the
most common type of genetic variant in the human ge-
nome. Although large-scale copy number variants have
seen increased attention in recent years (Conrad et al.
2006; Fiegler et al. 2006; Hinds et al. 2006; Locke et al.
2006; Redon et al. 2006; Perry 2008; Perry et al. 2008), un-
derstanding of the magnitude and form of alternative
modes of DNA variation continues to lag far behind knowl-
edge of SNP variation.

Microsatellites, or short tandem repeats, are among the
most variable loci in the human genome. In human pop-
ulation genetics, microsatellites have been especially useful
for characterizing genetic variation, providing detailed por-
traits of population structure and demographic history
(Bowcock et al. 1994; Jorde et al. 1995, 1997; Kimmel
et al. 1998; Rosenberg et al. 2002, 2005, 2006; Manica
et al. 2005; Wang et al. 2007; Friedlaender et al. 2008;
Tishkoff et al. 2009). Patterns of microsatellite polymor-
phism are intimately tied to the mutational process. The
high levels of variation are attributable to rapid mutation,
occurring at rates (10�3–10�5 per generation) (Weber and

Wong 1993; Ellegren 2000) that are orders of magnitude
higher than those at single nucleotides (10�8–10�9)
(Nachman and Crowell 2000). Microsatellite mutation oc-
curs primarily by replication slippage (Levinson and
Gutman 1987; Ellegren 2000) and can return allele sizes
to states already present in the population, complicating
historical interpretations (Estoup et al. 2002). The most
popular framework for interpreting microsatellite variation
is the stepwise mutation model in which each new muta-
tion causes the addition or subtraction of one repeat with
equal probability (Ohta and Kimura 1973; Kimmel and
Chakraborty 1996). Although aspects of human microsatel-
lite variation appear to be adequately described by this
model (Shriver et al. 1993; Valdes et al. 1993; Weber and
Wong 1993; Kayser et al. 2000), additional complexities
to the mutational process have been revealed, including
multi-step mutations (Di Rienzo et al. 1994, 1998; Ellegren
2000; Huang et al. 2002), higher mutation rates at longer
microsatellites (Weber and Wong 1993; Brinkmann et al.
1998; Webster et al. 2002; Whittaker et al. 2003; Ellegren
2004; Sainudiin et al. 2004; Legendre et al. 2007; Kelkar
et al. 2008), biases toward expansion and contraction
(Amos et al. 1996; Xu et al. 2000; Ellegren 2004), and effects
of repeat sequence and length on mutation (Weber and
Wong 1993; Chakraborty et al. 1997; Kelkar et al. 2008).

Conclusions about the microsatellite mutation process
in humans have been primarily based on three approaches:
analysis of pedigrees, comparison with chimpanzee ge-
nome sequences, and survey of polymorphism in popula-
tions. Each strategy has advantages and disadvantages.
Studies of human pedigrees allow direct observation of
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mutations but usually tabulate a small number of muta-
tional events due to limitations in the number of genera-
tions surveyed. Although comparisons between human
and chimpanzee sequences yield a genomic view of factors
affecting microsatellite evolution, they are complicated by
the accumulation of multiple mutations per locus (homo-
plasy) due to the combination of long divergence time and
high mutation rate. Polymorphism surveys, which provide
useful descriptions of variation within and among human
populations, have been focused thus far on relatively small
numbers of loci that were previously ascertained to be
highly variable (but see Brandström et al. 2008). Recently,
Molla et al. (2009) circumvented this ascertainment bias,
comparing trinucleotide microsatellites found in genic re-
gions (exons and introns) of the human reference genome
sequence to those in the Venter sequence, the Watson se-
quence, and the chimpanzee reference sequence. Molla
et al. (2009) found a positive relationship between variation
(polymorphism within humans and divergence with chim-
panzee) and repeat number, suggesting that longer loci
mutate faster. Additionally, a comparison between poly-
morphism and divergence revealed no strong evidence
for natural selection affecting trinucleotide variation in
exons. Importantly, patterns of variation at the majority
of microsatellites in the human genome (which fall outside
of genes) have yet to be analyzed.

Here, we take advantage of two high-quality genome se-
quences to examine human microsatellite variation at loci
throughout the genome. Our results provide a new portrait
of human microsatellite polymorphism and encourage the
inclusion of these loci in population genetic research on the
genomic scale.

Materials and Methods
We focused on two well-annotated genome sequences that
were completed using Sanger sequencing. Although addi-
tional human genome sequences have been reported (Bentley
et al. 2008; Ley et al. 2008; Wang et al. 2008; Wheeler et al.
2008; Ahn et al. 2009), they were derived from next generation
technologies for which determination of microsatellite se-
quences will often be unreliable. The human genome refer-
ence sequence (v. 36.1) was downloaded from the UCSC
genome browser (http://genome.ucsc.edu). The genome se-
quence of J. Craig Venter was downloaded from NCBI (http:
//www.ncbi.nlm.nih.gov/sites/entrez?db5Nucleotide&cmd5
Search&term5CM000462:CM000485[PACC]). The reference
sequence is a well-annotated consensus of sequences from
multiple individuals. The Venter sequence is a diploid consen-
sus of a man of English descent (Levy et al. 2007). We treated
these two sequences as random draws from a population.

Microsatellites were identified by applying Tandem Re-
peats Finder (Benson 1999) using the following parameters:
match 5 2, mismatch 5 7, indel 5 7, minimum alignment
score 5 12, and maximum period size 5 500. The program
was applied separately to each autosome in each sequence.
We focused on autosomal loci to avoid complications of
comparing loci with different inheritances and effective

population sizes. Only perfect matches were retained. Mi-
crosatellites in the two sequences were first aligned accord-
ing to sequence position. To confirm homology, 250 bp of
flanking sequence on each side of each microsatellite was
compared using JAligner (http://jaligner.sourceforge.net).
Only microsatellites with at least 95% flanking sequence
identity on one side were retained. Identical microsatellite
sequences situated within 200 bp on the same chromosome
were removed to reduce the possibility of including tan-
demly duplicated loci. Genomic locations of microsatellites
were classified as intergenic, intronic, UTR, or coding exonic
by comparing the positions with the human reference gene
list downloaded from the UCSC Genome Browser. The
number of SNP differences between the reference sequence
and the Venter sequence were counted in 5, 10, 20, and
50 kb windows using the list provided (Levy et al. 2007).

All statistical analyses were conducted in R (R Core
Development Team 2009). Each microsatellite could only
take on a heterozygosity value of 0 or 1 (with n5 2 sequen-
ces); as a result, we used the proportion of polymorphic loci
within a particular category as the primary measure of var-
iation. Ninety-five percent confidence intervals for propor-
tions of polymorphic loci were estimated by bootstrapping
across loci with 1,000 replicates. We considered the abso-
lute difference in repeat number among polymorphic loci
as a second measure of variation. Multiple logistic regres-
sions with the proportion of polymorphic loci as the depen-
dent variable were fit using the R glm function, specifying
a binomial error structure with the family 5 binomial
option. Multiple linear regressions with the absolute differ-
ence in copy number as the dependent variable were fit
using the R lm function.

To examine whether the set of genes that contained var-
iable microsatellites were enriched for particular biological
functions, we conducted a gene ontology analysis. We used
the Functional Annotation Tool in the DAVID Bioinfor-
matics package (http://david.abcc.ncifcrf.gov/summary.
jsp), treating the list of genes containing variable microsa-
tellites as the ‘‘sample gene list’’ and the list of genes
containing invariant microsatellites as the ‘‘background
gene list.’’ Separate analyses were performed for microsa-
tellites in coding regions and microsatellites within 1 kb
upstream of transcription start sites. We used P 5 0.01
as the significance cutoff.

Results
We identified 2,862,022 perfect microsatellites with at least
three repeats that could be reliably compared between the
NCBI Reference sequence and the Venter sequence. A total
of 78,429 (2.7%) of these microsatellites were different in
the two sequences. We compared subsets of loci to identify
factors underlying this polymorphism.

The Effects of Repeat Number on Microsatellite
Variation
The proportion of variable loci exhibited a striking positive
dependence on repeat number (the Venter sequence was
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used as the standard in this and subsequent comparisons
with repeat number; fig. 1). Short microsatellites, which
were the most common, showed low levels of polymor-
phism. For example, more than half of all loci surveyed
had three repeats, and less than 0.2% of these loci were
variable (a fact that severely reduced the overall genomic
proportion of polymorphic loci [2.7%]). Long microsatel-
lites were less common and highly variable. For example,
877 out of 1,050 (83.5%) loci with 25 repeats were polymor-
phic. Visual inspection of figure 1 suggested that most of
the change in polymorphism with repeat number was con-
centrated in the range between 5 (where polymorphism
began to increase rapidly) and 12 (where the rate of in-
crease began to decline) repeats. Similar dependences on
repeat number were observed when microsatellites with
different repeat lengths (dinucleotides through hexanu-
cleotides) were analyzed separately (supplementary tables
1–5, Supplementary Material online).

The Effects of Repeat Length and Sequence on
Microsatellite Variation
We compared the proportion of variable loci at microsa-
tellites with different repeat lengths (dinucleotides through
hexanucleotides). The most variable motifs were tetranu-
cleotides (4.5% variable) and the least variable motifs were
trinucleotides (0.8%). Dinucleotides and pentanucleotides
exhibited very similar levels of polymorphism (both 3.7%);
hexanucleotides showed a slight reduction (2.5%). The
large numbers of loci in each category led to tight boot-
strap confidence intervals on proportions of variable mi-
crosatellites, which only overlapped for dinucleotides
and pentanucleotides.

We investigated several potential sources of the reduced
diversity at trinucleotides. First, this reduction was not

caused simply by the relatively higher incidence of these
loci in coding exons (0.8% of trinucleotides in intergenic
regions were variable). Second, we asked whether misanno-
tation of coding trinucleotides as intergenic was responsi-
ble for reduced diversity by analyzing the coding potential
of all intergenic trinucleotides using HMMgene (v. 1.1;
http://www.cbs.dtu.dk/services/HMMgene/). Although
coding potential was detected for 1.3% (7,967 out of
586,129) of intergenic trinucleotides, there was no differ-
ence in diversity between loci with and without coding po-
tential (P 5 0.40; Fisher’s exact test [FET]), suggesting that
unannotated coding regions were not responsible for the
reduced variation at trinucleotides. Finally, because repeat
number was an important determinant of polymorphism
levels, we asked how this variable affected differences in
variation among loci with different repeat lengths. Trinu-
cleotides were more variable than dinucleotides and less
variable than longer repeats at most repeat numbers
(fig. 1). At the repeat number of three, however, trinucleo-
tides were less variable than dinucleotides, and loci with
repeat number of three comprised a much greater fraction
of the total trinucleotides (89%) than the total dinucleo-
tides (36%). Collectively, these results indicate higher poly-
morphism rates for longer repeat lengths at the same
repeat number.

We also investigated the effects of repeat sequence
characteristics on microsatellite variation. Sequence motifs
exhibited a range of polymorphism levels (supplementary
table 6, Supplementary Material online). Restricting con-
sideration to those sequence classes with at least 25 instan-
ces in the genome, the most variable motifs for each repeat
length were AC (8.5% polymorphic), AAC (3.2%), TCTA
(23.3%), CTATT (26.9%), and TATCTA (32.1%). The least
variable sequences for dinucleotides and trinucleotides
were CT (1.1%) and CCA (0.1%), whereas many tetranu-
cleotide, pentanucleotide, and hexanucleotide sequences
showed no variation (partly because they were less com-
mon in the genome). Variable loci tended to have repeats
with lower GC content (mean GC 5 0.312) than did
invariant loci (mean GC 5 0.363; Mann–Whitney U;
P , 10�15). This relationship was particularly strong for
trinucleotides (mean GC at variable loci 5 0.207; mean
GC at invariant loci 5 0.397), although a different relation-
ship was observed for the subset of trinucleotides found
in coding exons (mean GC at variable loci 5 0.734;
mean GC at invariant loci 5 0.583; Mann–Whitney U;
P , 10�6).

The Effects of Genomic Location on Microsatellite
Variation
To understand selective constraints that might shape mi-
crosatellite variation, we estimated proportions of poly-
morphic loci separately for intergenic regions, introns,
regions just upstream of the transcription start site, 5#
and 3# UTRs, and coding exons (fig. 2 and table 1). Micro-
satellites in introns were slightly but significantly less vari-
able than those in intergenic regions (FET; P , 10�15).
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FIG. 1. Genomic proportions of variable loci by repeat number and
repeat length. Error bars represent 95% confidence intervals
estimated by bootstrapping. The repeat number in the Venter
sequence is used as the reference. Only repeat numbers with at least
50 loci (repeat range 3–32) are shown. Complete details and sample
sizes appear in supplementary tables 1–6, Supplementary Material
online.
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Microsatellites in UTRs showed 40% less variation than
those in intergenic regions (FET; P , 10�15). Variation
at microsatellites in coding exons was substantially reduced
relative to intergenic microsatellites (FET; P, 10�15), with
93% less polymorphism. Microsatellites located within 5 kb
upstream of transcription start sites showed similar levels
of variation to other intergenic microsatellites (FET; P 5

0.31), but microsatellites located within 1 kb showed a sig-
nificant reduction in variation (FET; P 5 0.01). Among the
group of microsatellites located within 1 kb upstream of
transcription start sites, variable microsatellites were signif-
icantly farther away from transcription start sites than were
invariant microsatellites (Mann–Whitney U; P5 0.005; me-
dianvariable 5 522 bp; medianinvariant 5 469 bp).

To determine whether genes containing variable mi-
crosatellites were differentially associated with particular
functional classes, we conducted a gene ontology analysis.
In coding regions, variable microsatellites were biased to-
ward genes involved in transcription and development
(table 2), matching the results from recent genomic ex-
aminations of coding trinucleotides (Molla et al. 2009;
Kozlowski et al. 2010). Alternatively, genes with variable
microsatellites located within 1 kb upstream of transcrip-
tion start sites were enriched for functions related to sig-
nal transduction, with an emphasis on G-protein coupled
receptors (table 3).

We also compared repeat number differences among ge-
nomic locations. Variable microsatellites in intergenic re-
gions and introns differed by similar numbers of repeats
(Mann–Whitney U; P. 0.05). Alternatively, repeat number
differences at variable microsatellites in UTRs and coding
exons were significantly smaller than in intergenic regions
(Mann–Whitney U; P 5 0.019 and P 5 0.0005,
respectively). These patterns suggest that several types
of microsatellites in genes experience selective constraints.

We asked whether flanking base composition was asso-
ciated with microsatellite variation. GC content was slightly

but significantly lower near variable loci. The four scales we
tested showed a weakening relationship with increasing
window size: 5 kb (Mann–Whitney U; P , 10�15), 10 kb
(P , 10�14), 20 kb (P , 10�7), and 50 kb (P , 10�4).
In all cases, the magnitude of the difference was very small
(e.g., 5 kb windows: median GC near variable loci 5 0.397
and median GC near invariant loci 5 0.399). The difference
in repeat number among variable loci was also higher in
regions with lower GC content (Spearman’s correlation;
P, 10�3 on all scales), although the effect was again mod-
est (r 5 �0.015 on all scales).

The Genomic Distribution of Repeat Number
Differences
The distribution of repeat number differences at variable
loci is shown in figure 3. The absolute difference in repeat
number had a median of 1.0, a mean of 2.5, and a standard
deviation of 2.8. The majority (53%) of variable loci differed
by one repeat, 19% differed by two copies, and 9% differed
by three copies, with larger differences occurring progres-
sively less frequently.

Separate analyses by repeat length revealed stronger
biases toward repeat number differences of one for trinu-
cleotides (69%), tetranucleotides (66%), pentanucleotides
(63%), and hexanucleotides (78%). Dinucleotides showed
the lowest percentage of loci differing by one repeat
(47%). The relatively large number of dinucleotides reduced
the genomic fraction of loci differing by one repeat. In ad-
dition to varying more frequently, longer loci showed larger
differences in repeat number (Spearman’s q 5 0.44;
P , 10�15).

The Relationship between Microsatellite Variation
and SNP Variation
We compared the absolute difference in microsatellite re-
peat number with the number of SNPs between the two
consensus sequences (Levy et al. 2007) in windows of 5, 10,
20, and 50 kb centered on each microsatellite. Microsatel-
lite variation was positively correlated with the number of
SNPs, with window size having little effect on correlation
strength (5 kb: Spearman’s q5 0.06; 10 kb: q5 0.05; 20 kb:
q 5 0.05; 50 kb: q 5 0.04; P , 10�15 in all tests). Separate
analyses by repeat length yielded correlations with similar
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FIG. 2. Genomic proportions of variable loci by location. Error bars
represent 95% confidence intervals estimated by bootstrapping. ‘‘5#
upstream’’ 5 loci within 1 kb upstream of transcription start sites.

Table 1. Genomic Proportions of Variable Loci by Location.

Location
Number
of Loci

Proportion
Variable

Proportion
Variable
Bootstrap
Lower 95%
Confidence

Limit

Proportion
Variable
Bootstrap
Upper 95%
Confidence

Limit

Intergenic 1,673,380 0.0284 0.0282 0.0287
Intronic 1,054,152 0.0268 0.0265 0.0271
Within 1 kb

upstream of
transcription
start site

17,118 0.0253 0.0227 0.0277

UTR 27,286 0.0170 0.0153 0.0185
Coding exonic 31,764 0.0020 0.0016 0.0026
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magnitudes for dinucleotides through hexanucleotides.
Additionally, more SNPs were found near variable micro-
satellites (mean 5 3.8 in 5 kb window) than near mono-
morphic microsatellites (mean 5 2.5 in 5 kb window; P ,
10�15; Mann–Whitney U). This effect was again observed
across the four window sizes.

We compared correlations between squared repeat
number difference and SNP number with analytical predic-
tions for the case of two sequences (Payseur and Cutter
2006). Assuming an effective population size of 104, no re-
combination, a per-generation SNP mutation rate of 10�8,
and a per-generation microsatellite mutation rate of 10�4

(yielding a microsatellite population mutation rate of 4),
the predicted Pearson’s correlation for a 5 kb region was
0.019. The observed correlation was 0.037. This similarity
between predictions and observations was seen across
a range of parameter values (data not shown) and con-
firmed the theoretical expectation of weak correlations

for loci with contrasting mutation rates and mechanisms
(Payseur and Cutter 2006).

Multivariate Analyses of Microsatellite Variation
We asked whether the factors considered above were still
associated with differences in microsatellite variation after
adjusting for the effects of other variables in two sets of
analyses. First, we used the fraction of polymorphic loci
as the measure of variation in a multiple logistic regression.
Second, we used the logarithm of the absolute difference
in repeat number at polymorphic loci in a multiple linear
regression.

Multiple logistic regression demonstrated significant ef-
fects of all variables tested—repeat number (P , 10�263),
repeat length (P, 10�56 for all lengths), repeat GC content
(P , 10�263), flanking GC content (P , 10�28), SNP num-
ber (P , 10�263), and genomic location (P , 10�10 for all
locations)—on the proportion of polymorphic loci. All

Table 2. Gene Ontology Analysis Comparing Variable and Invariant Microsatellites in Coding Exons.

Gene Ontology Categorya

Number of
Genes with
Variable

Microsatellites
in Category

Number of
Genes with
Variable

Microsatellites
in at Least
One Other
Category

Number of
Genes with
Invariant

Microsatellites
in Category

Number of
Genes with
Invariant

Microsatellites
in at Least
One Other
Category

Fold
Enrichment
among
Variable

Microsatellites P Value

Triplet repeat expansion 3 50 16 9,890 37.09 0.0028
DNA-directed RNA polymerase complex (GO:0000428) 3 44 17 9,118 36.57 0.0028
DNA-directed RNA polymerase activity (GO:0003899) 3 49 24 9,323 23.78 0.0067
Nucleotidyltransferase activity (GO:0016779) 4 49 75 9,323 10.15 0.0067
Compositionally biased region: Poly-Gly 6 42 155 7,461 6.88 0.0015
Compositionally biased region: Poly-Ser 7 42 230 7,461 5.41 0.0015
Compositionally biased region: Poly-Ala 6 42 209 7,461 5.10 0.0054
Compositionally biased region: Poly-Glu 6 42 220 7,461 4.84 0.0067
Cellular developmental process (GO:0048869) 14 45 1256 8,567 2.12 0.0085
Transcription (GO:0006350) 18 45 1713 8,567 2.00 0.0033
Developmental process (GO:0032502) 20 45 2207 8,567 1.73 0.0088
Gene expression (GO:0010467) 20 45 2212 8,567 1.72 0.0090
Binding (GO:0005488) 47 49 7656 9,323 1.17 0.0050

a Only one representative of redundant functional categories that included exactly the same genes is listed. Only categories with P , 0.01 are shown. Total number of
queried genes with annotation was 61; total number of background genes with annotation was 11,500.

Table 3. Gene Ontology Analysis Comparing Variable and Invariant Microsatellites in Regions within 1 kb Upstream of Transcription Start
Sites.

Gene Ontology Categorya

Number of
Genes with
Variable

Microsatellites
in Category

Number of
Genes with
Variable

Microsatellites
in at Least
One Other
Category

Number of
Genes with
Invariant

Microsatellites
in Category

Number of
Genes with
Invariant

Microsatellites
in at Least
One Other
Category

Fold
Enrichment
Among
Variable

Microsatellites P Value

IPR000276: Rhodopsin-like GPCR superfamily 22 222 391 7,601 1.93 0.0047
g-protein-coupled receptor 25 232 443 7,810 1.90 0.0029
GO:0001584 – rhodopsin-like receptor activity 23 220 431 7,344 1.78 0.0092
GO:0004888 – transmembrane receptor activity 36 220 705 7,344 1.70 0.0017
Receptor 40 232 839 7,810 1.60 0.0027
GO:0004872 – receptor activity 48 220 1,013 7,344 1.58 0.0011
GO:0004871 – signal transducer activity 58 220 1,246 7,344 1.55 0.0004

a Only one representative of redundant functional categories that included exactly the same genes is listed. Only categories with P , 0.01 are shown. Total number of
queried genes with annotation was 407; the number of background genes with annotation was 9,186.
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effects were in the directions observed in bivariate analyses,
except flanking GC content, which increased with the pro-
portion of variable loci in multivariate analyses.

Multiple linear regression revealed significant effects of
repeat number (P, 10�263), repeat length (P, 10�3 for all
lengths), repeat GC content (P, 10�263), flanking GC con-
tent (P , 10�4), and SNP number (P , 10�190), but not
genomic location (P . 0.10 for all locations) on the abso-
lute difference in repeat number. Again, effects were in the
directions observed in bivariate analyses, with the excep-
tion of flanking GC content, which increased with the dif-
ference in repeat number in multivariate analyses. The
adjusted R2 was 0.212, leaving unexplained the majority
of variation in repeat number difference.

Discussion

Genomic Patterns of Microsatellite Variation and
Implications for Mutational Mechanisms
The microsatellites commonly used in human population
genetics represent a useful but small subset of the total
genomic complement of loci. As a result, levels of variation
at randomly chosen microsatellites—as well as differences
among classes of these loci—have remained poorly under-
stood. Our study begins to fill this void. Overall, the pat-
terns we observed both bolster previous conclusions and
add new information about microsatellite mutational
mechanisms.

About 2.7% of the perfect microsatellites we surveyed
were polymorphic, a value 45 times as large as the amount
of SNP variation (0.06%) in this data set (Levy et al. 2007).
Nevertheless, this level of polymorphism is much lower
than heterozygosity at microsatellites typically analyzed
in human population genetics, which often exceeds 70%
(Jorde et al. 1997; Payseur et al. 2002; Rosenberg et al.
2002; Tishkoff et al. 2009). Although panels of widely used

microsatellites are routinely chosen for their high hetero-
zygosities (Ghebranious et al. 2003), we included all perfect
repeats with repeat numbers of at least three (without re-
gard to variation) in our analyses. Additionally, our ge-
nome-wide survey only used two sequences in contrast
to the larger population samples usually employed in mi-
crosatellite polymorphism studies. Both these factors con-
tribute to the discrepancy in levels of variation. The finding
that the human genome harbors a large class of shorter
microsatellites that shows no polymorphism in a compar-
ison between two randomly chosen sequences is an impor-
tant contribution of our study.

Statements about average microsatellite polymorphism
mask remarkable heterogeneity in the levels of variation
among loci. We uncovered differences between categories
of microsatellites that agree with previous findings from
population genetic, molecular evolution, and pedigree
studies in humans. The strongest effect we observed—
increasing polymorphism with higher repeat number—
suggests that rates of mutation are elevated by the addition
of repeats. Higher mutation rates at longer microsatellites
have been observed in human pedigrees (Weber and Wong
1993; Amos et al. 1996; Brinkmann et al. 1998; Whittaker
et al. 2003; Ellegren 2004) and inferred from comparisons
between humans and chimpanzees (Amos and Rubinstzein
1996; Webster et al. 2002; Sainudiin et al. 2004; Legendre
et al. 2007; Kelkar et al. 2008) as well as human population
genetic studies (Molla et al. 2009; Pemberton et al. 2009).
We estimate that polymorphism begins to increase rapidly
at approximately five repeats, close to the threshold value
predicted from genomic distributions of microsatellite
lengths (Lai and Sun 2003). The overall relationship be-
tween microsatellite variation and repeat number in hu-
mans bears a striking resemblance (in both shape and
actual frequencies) to that observed in a similar study in
which genomic shotgun sequences from three chickens
were compared (Brandström and Ellegren 2008). This sim-
ilarity suggests that a common mutational mechanism
underlies length-dependent mutation in two distantly re-
lated vertebrates. The most likely explanation for this set of
observations is that microsatellites with higher repeat
numbers undergo increased rates of replication slippage
(Levinson and Gutman 1987; Ellegren 2004; Pearson
et al. 2005). Our results support the claim that different
categories of microsatellites can be used for different pur-
poses in human population genetics (Jorde et al. 1997;
Brinkmann et al. 1998). An abundance of new mutations
at longer microsatellites might provide access to evolution-
ary events in the near past (e.g., bottlenecks associated with
recent colonizations), whereas allele frequency differences
at shorter loci could be more reliable guides to earlier hu-
man population history (e.g., separation of major popula-
tion groups). These results also motivate further research
connecting microsatellite length distributions to their
physical properties (Bacolla et al. 2008).

Our results reveal that in addition to repeat number,
microsatellite repeat length affects polymorphism levels.
The ranking of overall proportions of polymorphic loci

Repeat Number Difference
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FIG. 3. Differences in repeat number among variable loci. Repeat
number differences are shown as absolute values. Although small
numbers of loci showed larger repeat number differences, the upper
limit on the x axis is fixed at 20 to improve the clarity of
presentation.
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by repeat length in humans was similar to the pattern in
chickens (Brandström and Ellegren 2008), with trinucleoti-
des exhibiting the strongest decrease in relative levels of
variation. The overall reduction in variation at trinucleoti-
des appears to have been caused by a disproportionately
large number of trinucleotides in the smallest repeat num-
ber category (three), a group which was also less variable
among trinucleotides. The overall positive relationship be-
tween repeat length and diversity we observed suggests
that loci with longer repeats mutate more rapidly. Using
parent-offspring comparisons at 28 microsatellites in CEPH
families, Weber and Wong (1993) estimated higher muta-
tion rates for tetranucleotides than dinucleotides. Di
Rienzo et al. (1998) also found that tetranucleotides were
more mutable than dinucleotides and trinucleotides in
patients with sporadic colon cancers. However, population
genetic and comparative genomic studies in humans have
described an inverse relationship between diversity or di-
vergence and repeat length (Chakraborty et al. 1997; Kelkar
et al. 2008; Pemberton et al. 2009). It is difficult to reconcile
this pattern with our results, but several factors may
contribute to the discrepancy. Because Chakraborty
et al. (1997) and Pemberton et al. (2009) focused on micro-
satellites that were intentionally chosen for high heterozy-
gosity, uneven ascertainment biases among loci with
different repeat lengths could have generated the observed
patterns. For example, the dinucleotides, trinucleotides,
and tetranucleotides analyzed by Pemberton et al.
(2009) had different repeat number distributions; loci with
shorter repeat lengths had higher average repeat numbers.
Hence, the inverse relationship between diversity and
repeat length observed by Pemberton et al. (2009) might
be explained by the strong positive association between
polymorphism and repeat number rather than reflecting
inherent differences between repeat lengths. In contrast,
we selected loci without regard to variation, minimizing
the contribution of these ascertainment biases. Previous
studies also included loci with imperfect repeats,
whereas we focused exclusively on perfect repeats.
Differences in mutation dynamics between imperfect
and perfect repeats could generate disparities between
studies.

We found that sequences of variable microsatellites
were lower in GC content than sequences of invariant mi-
crosatellites. This result conflicts with Pemberton et al.
(2009), who discovered a positive correlation between
GC content and heterozygosity among tetranucleotides
(restricting our comparisons to tetranucleotides does
not change our result). However, variable tetranucleotides
show lower GC content in chickens (Brandström and
Ellegren 2008), whereas human–chimp repeat size differen-
ces at tetranucleotides are uncorrelated with GC content
(Kelkar et al. 2008). Differences in study design likely con-
tributed to these discordant patterns (Pemberton et al.
2009). Pemberton et al. (2009) sampled more than 1,000
individuals at several hundred loci, whereas Brandström
and Ellegren (2008), Kelkar et al. (2008), and our study
surveyed only a few individuals at many more loci.

Several caveats accompany our conclusions about mi-
crosatellite mutational processes and patterns of polymor-
phism. First, we have focused on microsatellites with
perfect repeats. Consideration of imperfect repeats would
introduce additional heterogeneity in patterns of mutation
and polymorphism. Second, our results do not address
some aspects of the mutational process, including the ex-
istence of biases toward expansions or contractions
(Cooper et al. 1999; Xu et al. 2000; Ellegren 2004). Third,
our approach assumes that the two sequences we have
compared are accurate. Although errors accompany all ge-
nome sequence comparisons, highly repetitive regions pose
special challenges in sequencing and assembly. Some loci
that show very large differences in repeat number between
the two sequences (fig. 3) might reflect errors in one or
both genome sequences. The median difference in repeat
number was not statistically different from 0 (P. 0.05; Wil-
coxon signed rank test), suggesting that error differences
between the two sequences did not impart strong direc-
tional biases on the results. Additionally, our analyses fo-
cused on the consensus sequences available for the
Venter and reference genomes. We underestimated micro-
satellite diversity by ignoring within-individual variation.

Finally, in contrast to pedigree studies in which muta-
tions can be observed as they arise, population studies
of unrelated individuals cannot easily separate the contri-
butions of mutational and genealogical processes to levels
of polymorphism. Nevertheless, our results suggest large
interlocus heterogeneity in the effects of mutation that
should be considered when interpreting genomic patterns
of microsatellite variation.

Selective Constraints on Microsatellite Variation
Microsatellites in introns, UTRs, and coding exons showed
reduced variation relative to those in intergenic regions. If
we assume that microsatellites are randomly distributed
with regard to genomic location and intergenic loci provide
a neutral benchmark, we can roughly estimate levels of se-
lective constraint by comparing the proportion of poly-
morphic loci in each class to that for intergenic loci.
These comparisons reveal constraint levels (relative reduc-
tions in polymorphism) of 5.6% in introns, 34.5% in UTRs,
and 90.8% in coding exons. However, these estimates ig-
nore the possibility that microsatellites with different char-
acteristics are nonrandomly located in these regions. To
inspect selective constraints on a more homogeneous class
of loci, we focused on trinucleotides with at least 10 re-
peats. Among this subset, 65.3% (1,376 out of 2,107) of in-
tergenic loci, 60.9% (852 out of 1,400) of intronic loci, 45.8%
(11 out of 24) of UTR loci, and 40.7% (11 out of 27) of loci in
coding exons were variable. In this case, constraints are es-
timated to be 6.7% in introns, 29.9% in UTRs, and 37.7% in
coding exons.

Our estimates of selective constraint are rough but
they serve to illustrate two points. First, selection against
microsatellite mutations in human populations may be
strong, especially in genic regions. Second, inferences about
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selection on microsatellites are likely to be sensitive to as-
sumptions about the mutation process. Fortunately, geno-
mic data can now be used to compare microsatellites with
similar mutational properties by selecting loci with similar
sequences and modal lengths.

In contrast to our results, Molla et al. (2009) reported
little evidence for selection on trinucleotides in genic re-
gions. Two differences between our studies likely contrib-
ute to this disparity. Whereas Molla et al. (2009) used
intronic loci as neutral benchmarks, we used intergenic mi-
crosatellites. We noticed a reduction in variation in introns
relative to intergenic regions, suggesting that intergenic mi-
crosatellites might provide better neutral standards. We fo-
cused solely on polymorphism, whereas Molla et al. (2009)
compared polymorphism with divergence. Incorporating
divergence into the analysis should help to account for var-
iation in the neutral mutation rate (our inference of selec-
tive constraints assumes similar mutation rates across
genomic regions), but the properties of the modified
McDonald–Kreitman test used by Molla et al. (2009) have
yet to be explored in the context of microsatellites.

Molla et al. (2009) noted a similar fraction of variable loci
in exons and introns for longer microsatellites, but a reduc-
tion in the fraction of variable loci in exons for shorter mi-
crosatellites. This interesting pattern suggests that diversity
at coding microsatellites reflects a balance between muta-
tion and selection. Selection removes diversity at both
short and long microsatellites, but this reduction only per-
sists at short loci, which experience low mutation rates.
Conversely, rapid mutation at longer microsatellites erases
the signature of selection. We used our data to ask whether
a similar interplay between mutation and selection was ev-
ident for microsatellites in UTRs, another category of loci
that seems to be selectively constrained. The ratio of poly-
morphism for microsatellites with fewer than ten repeats
located in UTRs versus intergenic regions was 0.62 (0.008/
0.013). The comparable ratio for microsatellites with ten or
more repeats was 0.95 (0.61/0.64). This simple test agrees
with the results of Molla et al. (2009) for coding exons and
suggests that high rates of mutation at longer microsatel-
lites can obscure the signal of selective constraints. These
considerations emphasize the need for new models and
tests of neutrality for microsatellites that account for mu-
tational processes to accompany the existing battery of
methods available for SNPs (Nielsen 2005).

The inference that microsatellite mutations can affect
fitness is supported by comparative genomic and func-
tional studies in humans and other species (Li et al.
2004). Microsatellites in open reading frames are biased to-
ward trinucleotides and hexanucleotides (a pattern also
observed in our results), presumably because mutations
at other types of loci will often induce frameshifts (Metzgar
et al. 2000; Borstnik and Pumpernik 2002). Coding micro-
satellites can also cause slippage of the transcriptional
machinery (Fabre et al. 2002), leading to dysfunctional mes-
senger RNAs that are degraded by the nonsense-mediated
RNA decay pathway (Conti and Izaurralde 2005). Coding
regions harbor fewer highly variable mononucleotide runs

than expected under neutrality, indicating the action of pu-
rifying selection (Loire et al. 2009). Finally, the expansion of
amino acid runs that can accompany microsatellite muta-
tion can cause disease, including neurodegenerative disor-
ders (Everett and Wood 2004). Selective constraints on
microsatellites outside exons have been more difficult to
gauge, but several lines of evidence suggest that they exist.
Microsatellites in 5’ and 3’ UTRs have been shown to reg-
ulate gene expression (Kashi et al. 1997; Li et al. 2004) and
contribute to disease (Kenneson et al. 2001). Promoter
elements that contribute to variation in gene expression
in humans are enriched for microsatellites (Rockman
and Wray 2002). Our finding of reduced variation at micro-
satellites within 1 kb of transcription start sites, relative to
other intergenic loci, also supports the existence of selec-
tive constraints on regulatory sequences.

Integrating Genomic Variation at Loci with
Different Mutational Mechanisms
The rapid accumulation of resequencing and genotyping
data is beginning to allow a meaningful comparison be-
tween the two largest pools of variation in the human ge-
nome, SNPs and microsatellites. We discovered that
variable microsatellites tend to be located in regions with
more SNPs (Brandström et al. 2008), confirming that
shared genealogical history confers correlated levels of var-
iation (Payseur and Cutter 2006). However, the correlations
between microsatellite and SNP diversity were weak, mir-
roring patterns seen for population structure measured in
larger samples of humans (Payseur and Jing 2009). Collec-
tively, these results indicate that differences in the muta-
tional process between microsatellites and SNPs effectively
uncouple their diversity patterns, even when they share
identical genealogical histories.

According to our survey, a typical 100 kb stretch in the
genome contains a few microsatellites that differ between
two randomly chosen human sequences, and this calcula-
tion ignores the large number of imperfect repeats that ex-
ist as well as microsatellites we were unable to confidently
align. The genomic density of polymorphic microsatellites
will be even higher in larger population samples. Although
human genomes contain many more SNPs than microsa-
tellites, the increased rate of polymorphism makes micro-
satellites a powerful resource for population genetics.
Because microsatellites often harbor a large number of
alleles, these loci should be especially useful in large-scale
efforts to catalog rare variants in the human genome
(including the 1000 Genomes Project; http://www.
1000genomes.org).

Microsatellite variation also can be compared and com-
bined with SNP variation to reconstruct human evolution-
ary history on different timescales (deKnijff 2000; Mountain
et al. 2002; Payseur and Cutter 2006). The development of
analytical tools for integrating patterns of polymorphism at
loci with contrasting mutation rates and mechanisms will
be required for building a synthetic view of human genomic
variation in its many forms.
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Supplementary Material
Supplementary tables 1–6 are available at Molecular Biol-
ogy and Evolution online (http://www.mbe.oxfordjournals.
org/).
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