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Patterns of population structure provide insights into evolutionary processes and help identify groups of individuals for
genotype–phenotype association studies. With increasing availability of polymorphic molecular markers across genomes,
the examination of population structure using large numbers of unlinked loci has become a common practice in
evolutionary biology and human genetics. The two classes of molecular variation most widely used for this purpose,
short tandem repeat polymorphisms (STRPs) and single-nucleotide polymorphisms (SNPs), differ in mutational
properties expected to affect population structure. To measure the relative ability of these loci to describe population
structure, we compared diversity at neighboring STRPs and SNPs from 720 genomic regions in the four populations that
comprise the Human HapMap. Comparing loci from the same genomic regions allowed us to focus on the contribution of
mutational differences (rather than variation in genealogical history) to disparities in population structure between STRPs
and SNPs. Relative to average values for SNPs from the same regions, STRPs had lower Fst, but higher Gst# and In
values. STRP–SNP correlations in population structure across genomic regions were statistically significant but weak in
magnitude. Separate analyses by repeat type showed that these correlations were driven primarily by tetranucleotide and
trinucleotide STRPs; measures of population structure at dinucleotides and SNPs were not significantly correlated.
Pairwise comparisons among populations revealed effects of divergence time on differences in population structure
between STRPs and SNPs. Collectively, these results confirm that individual STRPs can provide more information about
population structure than individual SNPs, but suggest that the difference in structure at STRPs and SNPs depends on
local genealogical history. Our study motivates theoretical comparisons of population structure at loci with different
mutational properties.

Introduction

Most species show evidence of genetic differentiation
among populations. Measurement of this population struc-
ture leads to inferences about evolutionary processes, in-
cluding the dynamics of migration and the timing of
population divergence (Charlesworth et al. 2003; Hey
and Machado 2003). Quantification of population structure
is also required for the identification of randomly mating
sets of individuals that can be used to find genetic variants
that affect phenotypes in genomewide association studies
(Hirschhorn and Daly 2005).

Surveying DNA polymorphism at multiple unlinked
loci is a powerful approach to measuring population struc-
ture. Humans provide a useful case study because world-
wide patterns of population structure have been
intensively examined using large numbers of molecular
markers throughout the genome. Although the number of
genomic regions that have been fully resequenced in com-
mon panels of individuals is growing steadily (Livingston
et al. 2004; Bustamante et al. 2005; Wall et al. 2008), most
analyses of human population structure involving hundreds
or more loci have focused on short tandem repeat polymor-
phisms (STRPs, or microsatellites; Rosenberg et al. 2002,
2005, 2006; Adeyemo et al. 2005; Manica et al. 2005;
Wang et al. 2007, 2008; Friedlaender et al. 2008). Recent
advances in genotyping technology and the increasing pop-
ularity of genomewide association studies have stimulated
the measurement of population structure at very large num-
bers of single-nucleotide polymorphisms (SNPs) as well
(International Human HapMap Consortium 2005, 2007;
Conrad, Jakobsson, et al. 2006; Lao et al. 2006; Seldin

et al. 2006; Steffens et al. 2006; Jakobsson et al. 2008;
Kimura et al. 2008; Li et al. 2008; Olshen et al. 2008; Tian
et al. 2008).

The availability of genomewide STRP and SNP data
in large samples from human populations raises the ques-
tion of how patterns of population structure at these two
marker classes should compare. Two disparities in the mu-
tational process can create differences between STRP and
SNP population structure, even when genealogical histories
are identical. First, STRPs typically mutate by addition or
subtraction of repeats (via replication slippage; Levinson
and Gutman 1987; Ellegren 2000), whereas SNPs usually
mutate through changes in single base-pair identities. Sec-
ond, new STRP alleles arise much faster (10�3–10�5 per
locus; Weber and Wong 1993; Ellegren 2000) than new
SNPs (10�8–10�9 per site; Nachman and Crowell 2000).
By rapidly adding or subtracting repeats, the STRP mutation
process can generate alleles that already exist in the popula-
tion, resulting in chromosomes that are identical-by-state but
not identical-by-descent. Such recurrent mutation, which oc-
curs rarely at SNPs, can lead to underestimation of popu-
lation structure. This effect is expected to be most severe
when between-population coalescence times are long (rel-
ative to within-population times) or mutation rates are high
(Rousset 1996; Hedrick 1999; Estoup et al. 2002). Never-
theless, the higher mutation rate of STRPs leads to more
variation overall, so that individual STRPs can offer greater
statistical power to detect population structure than SNPs
under some circumstances (Rosenberg, Li, et al. 2003).

Rosenberg, Li, et al. (2003) discovered that STRPs
(using data from the globally distributed human genome
diversity panel) were more sensitive to population structure
than SNPs (using data from African Americans, European
Americans, and East Asians) when structure was quantified
by an information-theoretic measure. Liu et al. (2005)
also showed that (on average) STRPs were better able to
discriminate between human populations than SNPs.
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Although these studies examined large numbers of loci in
many individuals, further comparisons of STRPs and SNPs
in the context of population structure are needed. Recent
analyses of dense SNP genotypes from the human genome
diversity panel (consisting of individuals who had already
been surveyed at hundreds of STRPs) indicated that the
fraction of diversity attributable to various hierarchical
components of population structure (within populations,
between populations within geographic regions, and be-
tween geographic regions) differs between STRPs and
SNPs (Jakobsson et al. 2008; Li et al. 2008), motivating
further comparisons on a locus-by-locus basis. Further-
more, direct comparisons between population structure at
STRPs and SNPs from the same genomic regions have
yet to be conducted on a genomewide scale, making it dif-
ficult to separate mutational and genealogical variation as
causes of observed differences between marker classes.
Here, we integrate STRP and SNP genotypes in the Human
HapMap to examine the relationship between population
structure at STRPs and nearby SNPs in a common set of
individuals drawn from four populations. Our findings re-
veal effects of the mutational process on measures of human
population structure and inform marker choice in genomic
studies of evolutionary history.

Methods
Data

HapMap individuals were genotyped for STRPs from
Marshfield 5 cM genomic linkage screening sets (http://
research.marshfieldclinic.org/genetics/home/index.asp) by
Dr. James Weber (Payseur et al. 2008). These STRPs were
chosen to be uniformly spaced, highly informative, and easy
to type accurately (Ghebranious et al. 2003). Genotyping
was performed by the Mammalian Genotyping Service as
previously described (Weber and Broman 2001).

We determined the genomic positions of 720 autosomal
STRPs from the screening sets by comparing the consensus
sequence to the human genome sequence using BLAT
(hg17; Build 35) at the UCSC web site (www.genome.
ucsc.edu). Of these 720 STRPs, 51 were dinucleotide re-
peats, 148 were trinucleotide repeats, 511 were tetranucleo-
tide repeats, and 10 were pentanucleotide repeats. Genotypes
for all SNPs found within 10 kb of each STRP were down-
loaded from the HapMap web site (public release 21). This
window size was chosen based on patterns of SNP–SNP and
STRP–SNP linkage disequilibrium in these samples (Inter-
national Human HapMap Consortium 2005, 2007; Payseur
et al. 2008).

Analyses

Analyses were restricted to unrelated individuals: 59
parents from CEU (individuals of northern and western
European ancestry living in Utah from the Centre d’Etude
du Polymorphisme Humain [CEPH] collection) trios, 60
parents from YRI (individuals from the Yoruba in Ibadan,
Nigeria) trios, 45 CHB (Han Chinese individuals living
in Beijing, China), and 45 JPT (Japanese individuals living
in Tokyo, Japan). Only SNPs that were polymorphic in at

least one population (CEU, YRI, CHB, or JPT) were
analyzed.

To measure population structure, we calculated Fst

(Wright 1951), Gst# (Hedrick 2005), and In (Rosenberg,
Li, et al. 2003) at each STRP and SNP, treating CEU,
YRI, CHB, and JPT as four separate populations. Fst

was calculated using the unbiased estimator of Weir and
Cockerham (1984). Gst# (Hedrick 2005) adjusts for the ef-
fect of levels of variation on population structure by com-
paring the observed Gst (a multi-allelic analogue of Fst; Nei
1973) to the maximum possible Gst, conditional on the ob-
served within-population heterozygosity. Values of Gst#
should be more comparable than Fst values among STRPs
and SNPs (Hedrick 2005). Possible values of Fst and Gst#
range from 0 to 1. We also calculated the informativeness
for assignment (In) according to Rosenberg, Li, et al.
(2003). In is an information-theoretic measure that estimates
the amount of information that a marker provides about in-
dividual ancestry by gauging the potential for assignment of
each allele to a particular population. In takes on values be-
tween 0 (when all alleles have equal frequencies in all pop-
ulations) and the natural logarithm of the number of
populations (when the number of alleles is equal to or
greater than the number of populations and no allele is
found in more than one population). This measure is espe-
cially useful for multi-allelic markers, including STRPs.

Population structure measures for SNPs within a win-
dow were summarized using the arithmetic average or the
median. Statistical significance of population structure at
each STRP was estimated by comparing the observed value
to a distribution of 10,000 values obtained from randomiz-
ing the population membership of STRP alleles. In a sepa-
rate set of analyses, we calculated the same population
structure measures for each pair of populations. We com-
pared STRP and SNP measures across windows using
matched-pairs Wilcoxon signed-rank tests and Spearman’s
rank correlation tests.

Results

To compare population structure at STRPs and SNPs,
we analyzed 720 autosomal STRPs in individuals from the
four human HapMap populations, genotyped by Dr. James
Weber (Payseur et al. 2008; genotypes available at http://
payseur.genetics.wisc.edu/strpData). These populations
were previously genotyped at more than 4 million SNPs
(International Human HapMap Consortium 2005, 2007).
Levels of population structure for each STRP were com-
pared with arithmetic average values across all SNPs within
10 kb from the same region. The average number of SNPs
in each 20 kb window (10 kb on either side of each STRP)
was 26 (range: 2–86). There was strong statistical evidence
for population differentiation at STRPs: 639, 635, and 680
(of 720) loci showed significant structure (at the P , 0.05
threshold) in permutation tests using Fst, Gst#, and In meas-
ures, respectively. Evidence for population structure at mil-
lions of SNPs in these samples has been described
previously (Weir et al. 2005; Gao and Starmer 2007).

Summary statistics taken across the 720 regions are
displayed in table 1. STRPs had lower Fst values than SNPs
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from the same genomic windows (P , 10�15; paired
Wilcoxon signed-rank test; fig. 1). High within-population
heterozygosity (such as that observed at STRPs) is expected
to deflate Fst (Charlesworth 1998; Hedrick 1999). Consis-
tent with this prediction, Fst was negatively correlated with
the within-population component of heterozygosity among
STRPs (Spearman’s q 5 �0.24; P , 10�10). To address
this issue, we also calculated Gst# and In, which were both
positively correlated with heterozygosity among STRPs
(Gst#: q 5 0.15; P , 10�4; In: q 5 0.17; P , 10�5).
Gst# was higher at STRPs than at SNPs (P, 10�15; paired
Wilcoxon signed-rank test; fig. 2). The disparity in evi-
dence for population structure was further pronounced
when In was used (P, 10�15; paired Wilcoxon signed-rank
test; fig. 3), with STRPs showing higher values.

Because repeat type affects STRP mutation rate and
polymorphism level (Chakraborty et al. 1997; Rosenberg,
Li, et al. 2003; Zhivotovsky et al. 2003), repeat types can
differ in patterns of population structure (Ruiz-Linares
1999; Rosenberg, Pritchard, et al. 2003). We compared
the three repeat classes with large numbers of loci in our
data: dinucleotides (n 5 51), trinucleotides (n 5 148),
and tetranucleotides (n 5 511). Consistent with previous
results (Ruiz-Linares 1999; Rosenberg, Pritchard, et al.
2003), shorter repeat types showed stronger evidence for
population structure (table 2).

The correlation between levels of population structure
at neighboring STRPs and SNPs is expected to exceed the
correlation among loci from different parts of the genome
because linked loci share genealogical histories. This predic-

tion was supported by positive correlations between
STRP and SNP population structure across genomic regions
(table 3). Although these correlations were statistically sig-
nificant, their magnitudes were weak (table 3; fig. 4). The
strength of STRP–SNP correlations differed among repeat
types, with trinucleotides showing the highest values, tetra-
nucleotides showing the next highest values, and dinucleo-
tides showing no significant correlations. To determine
whether the relatively low correlations among dinucleotides
were caused by the reduced number of surveyed markers in
this repeat class, we calculated correlations on 1,000 ran-
domly sampled sets of 51 loci (the number of dinucleotide
loci) from each of the other repeat classes. Average correla-
tions in these reduced data sets were very similar to the values
observed in table 3 (and remained statistically significant),
suggesting that differences among repeat types were not at-
tributable to variation in the number of loci.

Collectively, the four HapMap populations represent
a range of divergence times, providing an opportunity to
examine the effects of timescale on relative levels of differ-
entiation at STRPs and SNPs. We repeated the above anal-
yses for all (six) pairs of populations. The magnitudes of
genomic correlations between-population structure values
at SNPs and STRPs in the pairwise comparisons were sim-
ilar to those in the original, four-population analyses
(fig. 5). The two population comparisons with intermediate

Table 1
Population Structure at STRPs and SNPs in Four
Populations

STRP SNP

Mean Median SD* Mean Median SD

Fst 0.05 0.04 0.04 0.11 0.10 0.06
Gst# 0.19 0.17 0.11 0.14 0.13 0.07
In 0.13 0.12 0.07 0.05 0.04 0.02

* Standard deviation (SD) across loci.

SNP values were calculated using the arithmetic mean across all SNPs in

a window as individual data points.
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FIG. 1.—Histograms of Fst at STRPs and SNPs from the same
genomic regions.
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FIG. 2.—Histograms of Gst# at STRPs and SNPs from the same
genomic regions.
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FIG. 3.—Histograms of In at STRPs and SNPs from the same
genomic regions.
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levels of divergence (CEU–CHB and CEU–JPT) showed
slightly higher correlations, raising three possible explana-
tions. First, the CHB–JPT correlations might be reduced by
statistical uncertainty in population structure estimates as-
sociated with small divergence between these populations
(although analyzing only loci with nonzero values yielded
similar correlations), thereby obscuring a decrease in the
correlations with divergence time across the broader set
of populations. Second, STRP and SNP variation might re-
cord genealogical history more similarly on intermediate
timescales (divergence between Europe and Asia) than
on older (divergence between Africa and non-Africa)
and more recent (divergence between China and Japan)
timescales. Finally, the genomic correlations between
STRP and SNP population structure might be fairly insen-
sitive to timescale. Distinguishing between these explana-
tions will require comparisons among larger numbers of
populations with variable divergence times.

Other results more clearly illustrated the differential
effects of timescale on STRPs and SNPs. For example,
we measured the STRP In/SNP In ratio in each genomic re-
gion and calculated the average of this ratio across regions
for each pair of populations. The values were 10.6 (CHB–
JPT), 4.3 (CHB–CEU), 4.4 (JPT–CEU), 3.0 (YRI–CEU),
3.0 (YRI–CHB), and 3.0 (YRI–JPT). Although several
comparisons were not independent, these ratios suggest that
the higher informativeness of STRPs compared with SNPs
is most pronounced on recent timescales.

Discussion

The measurement of population structure using molec-
ular markers has become a common practice in evolution-

ary biology and human genetics. Our genomic comparisons
revealed substantial differences in levels of structure at
linked STRPs and SNPs in human populations. By compar-
ing loci from the same genomic regions, we could attribute
these differences to variation in the mutational process
rather than variation in local genealogical history.

Several mutational factors contribute to differences
in population structure at the two marker classes. The step-
wise mutation process thought to characterize STRPs pro-
duces alleles that are identical by state but not identical by
descent. Fst and related estimators (including Gst#), which
assume that each new mutation is unique, do not account
for such recurrent mutation and are expected to be deflated
by it. The underestimation of population structure will be
most severe when mutation rates are high (indeed, high
mutation rate affects homoplasy more strongly than does
the stepwise mutation process; Rousset 1996). High levels
of polymorphism suggest rapid mutation rates at the
STRPs used in our study. In contrast, identical SNP alleles
from different populations rarely result from multiple mu-
tations, indicating that SNP Fst estimates should be closer
to their parametric values. Our observation that STRP Fst

is lower than SNP Fst supports this prediction. These re-
sults also agree with recent analyses of genomewide poly-
morphism in humans from 51 globally distributed
populations (Jakobsson et al. 2008; Li et al. 2008). When
these investigators used molecular analyses of variance to
partition heterozygosity (in a manner analogous to Fst), the
between-geographic-region component (the component
most similar to the populations in our study) was higher
for SNPs than for STRPs. Because of its emphasis on al-
lele identity, Gst# should also be differentially affected by
recurrent mutation at STRPs.

A second reason to expect differences in Fst between
STRPs and SNPs is the dependence of the multi-allele ver-
sion of this statistic on within-population heterozygosity.
When mutation rates are high, values of within-population
and total heterozgyosity can approach one, constraining the
maximum possible value of Fst to be small, even when pop-
ulations share no alleles (Wright 1978; Charlesworth 1998;
Hedrick 1999, 2005). The observations of lower Fst but
higher Gst# at STRPs (relative to SNPs) are consistent with
this effect. Recent theoretical work has also shown that the
effects of mutation on Fst can depend on the initial hetero-
zygosity of the ancestral population (Ryman and Leimar
2008). Here, we focused on measures of population struc-
ture that could be calculated for both STRPs and SNPs, but
additional metrics that are less dependent on the mutation
rate or directly account for the stepwise mutation process
might be better options for STRPs (Goldstein et al.

Table 2
Comparison of Population Structure among STRP Repeat Types in Four Populations

Dinucleotide (n 5 51) Trinucleotide (n 5 148) Tetranucleotide (n 5 511)

Mean SD % Sig Loci* Mean SD % Sig Loci Mean SD % Sig Loci

Fst 0.07 0.04 100 0.07 0.05 99 0.04 0.04 85
Gst# 0.30 0.09 100 0.25 0.11 99 0.16 0.10 84
In 0.23 0.07 100 0.17 0.07 100 0.11 0.06 92

* Percentage of loci with P , 0.05 in permutation tests.

Table 3
Spearman’s Rank Correlations between-Population Struc-
ture at Neighboring STRPs and SNPs

STRP Set Measure Correlation P value

All Fst 0.18 ,10�6

Gst# 0.19 ,10�6

In 0.18 ,10�5

Dinucleotide (n 5 51) Fst 0.24 0.09
Gst# 0.10 0.49
In �0.02 0.89

Trinucleotide (n 5 148) Fst 0.40 ,10�6

Gst# 0.39 ,10�5

In 0.33 ,10�4

Tetranucleotide (n 5 511) Fst 0.19 ,10�4

Gst# 0.19 ,10�4

In 0.20 ,10�5
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1995; Slatkin 1995; see Balloux and Lugon-Moulin 2002
for a discussion of this issue).

Regardless of these biases, the higher level of variation
at STRPs relative to SNPs can provide increased power to
detect population structure (Rosenberg, Li, et al. 2003). We
observed much higher values of In at STRPs than at neigh-
boring SNPs. Because In summarizes information more ef-
ficiently than Fst (Rosenberg, Li, et al. 2003), we conclude
that STRPs are more sensitive indicators of population
structure than SNPs in the HapMap populations. Neverthe-
less, our results highlight the challenges associated with
comparing population structure at loci with disparate mu-
tational properties and suggest that the measure of structure
should be considered carefully.

Differences in population structure between STRPs
and SNPs can also be affected by marker ascertainment
biases. SNPs genotyped in the HapMap project were mostly
discovered in small samples and are biased toward common
variants as a result (International Human HapMap Consor-
tium 2005; Clark et al. 2005). Although HapMap Phase 2
has added many rare SNPs (International Human HapMap
Consortium 2007), the remaining bias toward common al-
leles could cause population structure to be underestimated
because common alleles are more likely to be shared among
populations (Clark et al. 2005). The STRPs in our study
were originally selected based on their high heterozygosity
(Ghebranious et al. 2003), a practice that could also affect
population structure estimates (but see Romero et al. 2008).
Future contrasts between SNPs and STRPs would benefit
from population surveys of markers chosen to minimize
these biases. It would also be useful to compare population
structure at STRPs and SNPs in a wider range of popula-
tions (Romero et al. 2008) because the HapMap popula-
tions were intentionally chosen to maximize genetic
differences.

In addition to providing direct comparisons among
levels of population structure at STRPs and SNPs, our study
is the first to quantify correlations in population structure
among neighboring STRPs and SNPs on a genomewide
scale. We detected significant correlations, indicating ef-
fects of shared genealogical history, but the magnitudes
of the correlations were low. This finding has implications
for genomewide studies of population structure. Although
STRPs and SNPs show significant average differences
across genomic regions, these marker classes appear to
track population structure differentially across the genome.
Two factors probably contribute to this pattern. First, jointly
analyzing subsets of STRPs that show differing correlations
with SNPs (e.g., dinucleotides and trinucleotides) could
weaken overall correlations. These differences in correla-
tion patterns could be caused by variation in mutation rate
among repeat types. Disparities in mutation rate among
STRPs with the same repeat type, which have been inferred
from patterns of polymorphism (Xu et al. 2005), could also
weaken genomewide correlations.

A second factor contributing to the low correlation in
population structure is local genealogical history. Variation
in the depth and shape of genealogies among genomic re-
gions can affect the contrast between population structure
measures at STRPs and SNPs. As a result, we should expect
inferences about the dynamics of processes that affect

FIG. 4.—Scatterplots depicting relationships between STRP and SNP
population structure. (A) Fst, (B) Gst#, and (C) In.
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population structure, such as population splitting times and
migration rates, to differ among STRPs and SNPs. Because
selective sweeps are detected through their distortion of lo-
cal genealogies (which gives rise to patterns of variation
that are unusual for the genome), our results also suggest
contrasting properties for STRPs and SNPs in the context
of genomewide scans for adaptive evolution that rely on
patterns of population structure (Akey et al. 2002; Kayser
et al. 2003; Storz et al. 2004; Beaumont 2005). The physical
size of the genomic window we used (10 kb on either side of
each STRP) might have grouped STRPs with some SNPs
that have a different genealogical history, which could lead
to the underestimation of correlations in population struc-
ture. The extent of this effect depends on the amount of re-
combination during the genealogical history of the HapMap
individuals, which varies among genomic regions and pop-
ulations (International Human HapMap Consortium 2005,
2007). The weakness of correlations between STRPs and
SNPs seem to extend to within-population variation as well.
The correlations in population structure documented here
are analogous to patterns of within-population linkage dis-
equilibrium in the same samples, where neighboring STRPs
and SNPs show strong statistical evidence for associations
but the magnitude of these associations is small (Payseur
et al. 2008). Payseur and Cutter (2006) predicted low cor-
relations between STRP and SNP diversities from coales-
cent simulations, and Väli et al. (2008) found no
relationship between STRP and SNP heterozygosities
(measured on the level of the individual) in populations
of coyotes and wolves.

The relative ability of different classes of molecular
markers to describe population structure depends on the
timescale of the contributing evolutionary processes. The
mutational stability of SNPs makes them well suited to de-
tect population divergence or migration events that oc-
curred long ago, whereas the rapid mutation rate of
STRPs better reveals recent events (Mountain et al.
2002; Payseur and Cutter 2006). This difference is exem-
plified by the increase in relative informativeness of STRPs
with decreasing population divergence time observed in our

study. Because repeat types mutate at different rates (Weber
and Wong 1993; Chakraborty et al. 1997), disparities in
population structure between repeat types also suggest het-
erogeneity in the effects of timescale among groups of
STRPs. In particular, the lack of significant correlation be-
tween dinucleotide and SNP population structures might be
caused by especially large differences in mutation rate. The
average variance in repeat number in our data was higher at
dinucleotides (22.3) than at trinucleotides (8.8) and tetranu-
cleotides (7.0). Because variance in repeat number in-
creases linearly with mutation rate, this observation
suggests that the dinucleotides surveyed here might mutate
approximately three times as rapidly as the other STRPs.

Recent increases in SNP genotyping and resequencing
capacity now allow high-density surveys of SNPs in large
numbers of individuals. There are two reasons to expect
these advances to shift genomewide examinations of pop-
ulation structure toward SNPs. First, although individual
STRPs are more informative than individual SNPs about
population structure, genomes contain many more SNPs
than STRPs. Very large numbers of SNPs are likely to col-
lectively identify population structure that would be missed
by a smaller number of STRPs (Rosenberg, Li, et al. 2003;
Liu et al. 2005). Second, when SNPs found near one an-
other in the genome are analyzed, multi-SNP combinations
can provide additional insight into population structure
(Conrad, Jakobsson, et al. 2006; Jakobsson et al. 2008).
Multi-SNP haplotypes share a desirable property with
STRPs—higher information content—without suffering
from the challenges of recurrent mutation. Interestingly,
haplotype and STRP heterozygosities (averaged across
the genome) are strongly correlated among human popula-
tions (Conrad, Jakobsson, et al. 2006), suggesting that the
multi-allelic nature of these markers confers similar varia-
tion properties.

Nevertheless, STRPs continue to offer potential ad-
vantages over SNPs for the measurement of population
structure. First, STRPs might be more powerful than SNPs
in small or recently diverged populations. For example,
closely related populations could harbor enough new
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FIG. 5.—Spearman’s rank correlations between STRP and SNP population structure measures across genomic regions for pairs of populations.
Population pairs are ordered from most recent to most ancient divergence time.
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variants at STRPs to detect structure, even if the number of
new SNPs is too small (although very large numbers of
SNPs seem able to detect fine-scale population structure;
Novembre et al. 2008). Second, the effects of recombina-
tion rate can be safely ignored when using unlinked STRPs,
whereas the inference of structure from multi-SNP haplo-
types (whether phased or unphased) requires consideration
of this additional, unknown variable. The ability of haplo-
types to detect population structure depends on the relation-
ship between the population mutation rate (h; which
determines the number of SNPs) and the population recom-
bination rate (q; which determines how many SNPs have
the same genealogical history and can be combined). In ge-
nomic regions that feature high h/q, multi-SNP haplotypes
are likely to outperform STRPs. Alternatively, STRPs
could offer higher power to detect structure in genomic re-
gions with low h/q. Finally, the possibility of measuring
population structure at large numbers of unlinked SNPs
is still primarily limited to genetic model organisms (or
their close relatives). The common practice of identifying
a handful of highly variable STRPs and using these to
describe population structure continues to be useful for
nonmodel species.

Our investigation raises several questions that de-
serve theoretical attention. First, under which circumstan-
ces would the addition of STRPs to genomewide SNP
surveys improve the characterization of population struc-
ture? Analytical approaches that combine linked variants
at STRPs and SNPs have been shown to provide improved
estimates of population divergence times (Ramakrishnan
and Mountain 2004) and migration dynamics (Hey et al.
2004) relative to inferences based on either marker class
in isolation. Similar investigations of the joint properties
of unlinked STRPs and SNPs would be worthwhile. Sec-
ond, what is the best way to compare patterns of population
structure at loci with widely differing amounts of variation?
Likelihood and Bayesian approaches that account for dif-
ferences in variation and avoid the drastic data reduction
inherent in popular summary statistics would be helpful.
Finally, what are the mutational and demographic condi-
tions that favor the use of one marker class over the other?
Further investigations of the effects of departures from the
stepwise mutation model on population structure at STRPs
would be particularly useful (Estoup et al. 2002).

As the capacity to survey genomewide variation accel-
erates, opportunities to integrate different classes of varia-
tion to infer population history will increase. Genomic
patterns of polymorphism at SNPs and STRPs can also
be combined with variation at short indels (Weber et al.
2002) and large copy number variants (Conrad, Andrews,
et al. 2006; Hinds et al. 2006; Locke et al. 2006) as infor-
mation about the mutational properties of these loci becomes
available. Harnessing the full power of molecular diversity
for understanding population history will require consider-
ation of the complete spectrum of genomic variation.

Supplementary Material

The STRP genotypes are available at http://payseur.
genetics.wisc.edu/strpData.
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