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Sequence differences at orthologous microsatellites
inflate estimates of human-chimpanzee
differentiation
Michelle Kwong and Trevor J Pemberton*
Abstract

Background: Microsatellites—contiguous arrays of 2–6 base-pair motifs—have formed the cornerstone of population-
genetic studies for over two decades. Their genotype data typically takes the form of PCR fragment lengths obtained
using locus-specific primer pairs to amplify the genomic region encompassing the microsatellite. Recently, we reported
a dataset of 5,795 human and 84 chimpanzee individuals with genotypes at 246 human-derived autosomal
microsatellites as a resource to facilitate interspecies comparisons. A major assumption underlying this dataset is that
PCR amplicons at orthologous microsatellites are commensurable between species.

Results: We find this assumption to be frequently incorrect owing to discordance in microsatellite organization and
variability, as well as nontrivial length imbalances caused by small species-specific indels in microsatellite flanking
sequences. Converting PCR fragment lengths into the repeat numbers they represent at 138 microsatellites whose
organization and variability was found to be highly similar in both species, we show that interspecies incommensurability
among PCR amplicons can inflate FST and DPS estimates by up to 10.6%. Separate investigations of determinants of
microsatellite variability in humans and chimpanzees uncover similar patterns with mean and maximum numbers of
repeats, as well as numbers and ranges of distinct alleles, all important factors in predicting heterozygosity. In contrast,
across microsatellites, numbers of repeats were significantly smaller in chimpanzees than in humans, while numbers and
ranges of distinct alleles were instead larger.

Conclusions: Our findings have fundamental implications for interspecies comparisons using microsatellites and offer
new opportunities for more accurate comparisons of patterns of human and chimpanzee genetic variation in numerous
areas of application.
Background
Understanding human evolutionary history in the con-
text of the colonization of the major continental re-
gions by anatomically modern humans (AMH) over the
past ~60-125,000 years [1-3] has been a major focus of
human population genetics since Charles Darwin and
Thomas Huxley first proposed a single African origin for
AMH and a shared ancestry between humans and chimpan-
zees [4,5]. Molecular studies over the past several decades
have subsequently confirmed recent common ancestry be-
tween humans and the great apes [6-9] with common chim-
panzees (Pan troglodytes) and bonobos (Pan paniscus) our
closest living relatives. In addition, studies of neutral genetic
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variation in the mitochondrial genome [10-14] and on the
Y-chromosome [15-17] have provided strong support for
a common African origin of AMH [18]. Furthermore, ana-
lyses of autosomal genetic variation in the form of microsa-
tellites [19,20] uncovered patterns consistent with a serial
migration of AMH outward from Central Africa [21-24] as
well as a time to the most recent common ancestor between
humans and chimpanzees of 5.8-9.8 million years ago [25].
Microsatellites consist of short arrays of tandemly

reoccurring repeats (STR) of a 2–6 bp motif that vary in
length between individuals and that generally have many
distinct alleles within a population. Abundant in diverse
genomes [26-30], they are among the fastest-evolving
DNA sequences with relatively high mutation rates of at
least 10−4–10−3 events per microsatellite per gamete per
generation in humans [25,31-37] and other mammals
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[38-40]. Microsatellites mutate via a slipped-strand mis-
pairing process during DNA replication [41-45] and
broadly follow a stepwise mutation model [46], with ~68%
of mutations at microsatellites with a dinucleotide repeat
unit and >96% of mutations at microsatellites with a tetra-
nucleotide repeat unit involving a change of a single repeat
[25,35]. It is their high level of mutability compared to
other genomic regions [31,47-50] and stepwise relation-
ship between alleles that afford multiallelic microsatellites
their generally higher informativeness in genetic studies
than less variable markers such as biallelic single nucleo-
tide polymorphisms (SNPs) [51-54].
Since the landmark paper by Bowcock et al. [55]

demonstrated the utility of microsatellites for the investiga-
tion of human evolutionary genetics, they have been used
extensively to investigate genetic variation patterns among
worldwide human populations. Subsequent population-
genetic studies have frequently utilized standardized
genome-wide panels originally designed for linkage analysis
[56] that comprise hundreds of microsatellites genotyped in
hundreds to thousands of individuals [19,20,57-64]. In
addition, an investigation into genetic variation patterns
among chimpanzees utilized genotype data at putative
orthologs of 310 human-derived microsatellites that over-
lapped those used in human studies [65]. Recently, we re-
ported the largest microsatellite dataset of its kind to date
that subsumed these human and chimpanzee datasets and
comprised 246 autosomal microsatellites common to all
studies with genotypes in 5,795 individuals from 267 hu-
man populations and in 84 individuals from six chimpanzee
groups [66]. While our dataset provides a valuable resource
for use in future population-genetic studies, such as those
requiring a non-human out-group [67,68], a major under-
lying assumption is that human and chimpanzee genotypes
at orthologous microsatellites are commensurable.
Microsatellite genotype data typically takes the form of

polymerase chain reaction (PCR) fragment lengths ob-
tained using locus-specific DNA primer pairs to amplify
the specific genomic region encompassing a particular
microsatellite in a collection of individuals. The rationale
being that changes in PCR fragment length reflect
changes in repeat numbers at STR regions embedded
between the primer pair. Thus, differences in PCR
fragment length are commonly used as a proxy for
differences in repeat number. However, there are a
number of caveats to this approach. Firstly, primer pairs
are placed to optimize their PCR amplification efficiency
rather than to satisfy specific distance criteria from the
embedded STR regions. The distances of a primer pair
from the embedded STR regions therefore vary markedly
across microsatellites, and consequently PCR fragment
lengths are incommensurable across microsatellites and
do not allow absolute repeat numbers to be readily de-
termined. Secondly, changes in PCR fragment length
resulting from insertion/deletion (indel) events outside
of the embedded STR regions cannot be distinguished
from changes in repeat number in the STR regions
[69-71]. This is particularly acute in interspecies com-
parisons that utilize a common set of primer pairs to
genotype all species as non-STR sequences flanked by a
primer pair may not be invariant across species [69-73].
Here, we identify the genomic targets of the primer pairs

used to amplify the 246 human-derived autosomal micro-
satellites included in the combined human-chimpanzee
dataset [66] in the chimpanzee reference sequence, and
compare these chimpanzee sequences with their corre-
sponding human sequences [74]. We investigate the ex-
tent of sequence differences at human and chimpanzee
orthologs and their impact on human-chimpanzee com-
parisons based on two commonly used population-genetic
statistics. Calibrating PCR fragment lengths against the
human and chimpanzee reference sequences, we infer
repeat number in individual genotypes and use the result-
ing dataset to perform the first direct comparison of
microsatellite variability and its determinants at ortholo-
gous microsatellites in humans and chimpanzees with
genotype data for many individuals.

Results and discussion
Identification and analysis of chimpanzee microsatellite
sequences
For all 246 autosomal microsatellites present in the
human-chimpanzee dataset, putative PCR amplification
targets were identified in release panTro4 of the UCSC
chimpanzee reference genome sequence [75] using an in
silico PCR (ePCR) approach [74] applied to DNA primer
pairs obtained from the publicly available primer sequence
files provided by the Mammalian Genotyping Service [76].
Despite the high level of sequence homology observed be-
tween the chimpanzee and human genomes [77], it was
unlikely that the genomic targets of all human-derived
primers would be perfectly conserved in the chimpanzee
genome. Consequently, BLASTN “hits” for each primer
were permitted to differ from its sequence by at most 10
nucleotides in alignment length and by at most 10% in
sequence identity. Using these primer alignment criteria,
putative autosomal target regions were identified for 245
of the 246 microsatellites (“ePCR fragments” henceforth).
A single target region on chromosome Xq was identified
by the primer pair of the remaining microsatellite
(D1S3720); however, only 23 of the 48 male chimpanzees
in the dataset had homozygous genotypes—contrary to
what would be expected for an X-chromosomal marker—
and it was consequently excluded from further analysis.
To maximize the likelihood that the ePCR fragment

identified for each microsatellite underlay the chimpanzee
genotype data, its length was compared to the range of ob-
served PCR fragment lengths. If an ePCR fragment’s
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length differed markedly from its corresponding range of
PCR fragment lengths, there was a higher likelihood that
the genomic region amplified by the primer pair had been
incorrectly identified. Under the assumption that the geno-
type data captured the majority of length variability at each
microsatellite, 14 microsatellites whose ePCR fragment
length was more than 6 bp outside of their PCR fragment
length range were excluded from further analysis (Figure 1).
Six bp was a natural threshold: while there were a number
of microsatellites with ePCR fragment lengths between 1
and 6 bp outside of the PCR fragment length range, all
ePCR fragment lengths at these 14 microsatellites were at
least 27 bp outside of this range. Of the 12 microsatellites
whose DNA primer pair identified multiple ePCR frag-
ments that met our primer alignment criteria, four were
retained for further analysis. The primer pair for two of the
four “multiple hit” microsatellites (D2S2972 and D4S2623)
each identified two overlapping ePCR fragments that
shared the same reverse primer position but had different
forward primer positions. Both microsatellites were
retained, with their target region defined as the smaller of
the ePCR fragments under the assumption that it would be
more efficiently amplified via PCR. Two further multiple
hit microsatellites (D19S589 and D22S532) were retained
because only one of their ePCR fragments met our length
criteria; all of their other ePCR fragments had lengths at
least 32 bp outside of their PCR fragment length range.
The repeat structure of the 221 microsatellites that met

our criteria for retention was investigated, and STR re-
gions—defined as runs of four ormore contiguous repeats of
a motif 2–6 nucleotides in length [78,79]—were identified
within their ePCR fragments (Additional file 1: Table S1).
Four microsatellites (D10S1425, D13S779, D17S1294, and
D20S164) had no STR regions identified within their ePCR
fragment, while the remaining 217 had one (132), two
(66), three (16), or four (3) STR regions comprised of di-,
tri-, tetra-, or penta-nucleotide repeat units (Additional
file 2: Figure S1).

Comparison of fragment lengths at putative orthologs
Under the null hypothesis of non-directional evolution,
where in the absence of directional selection a microsat-
ellite expands as often as it contracts within an infinite
population, PCR fragment length distributions of ortho-
logous microsatellites would be expected to be similar
[80]. In this view, though microsatellites for which the
chimpanzee and human PCR fragment length ranges do
not overlap might reflect neutral genetic drift, they
might also represent either PCR amplification of a non-
orthologous region in the chimpanzee genome or differ-
ent evolutionary constraints on the chimpanzee and
human orthologs. In addition, under the assumption that
the chimpanzee and human reference sequences are rep-
resentative of a randomly sampled individual in the
genotype dataset, ePCR fragment lengths would be ex-
pected to lie within the union of the chimpanzee and
human PCR fragment length ranges. ePCR fragments
that lie outside of their respective unified range had a
lower likelihood of representing the genomic region
amplified in the genotype data. Thus, at 220 of the 221
microsatellites whose chimpanzee ePCR fragments met
our criteria for retention, the similarity of their chimpan-
zee and human PCR fragment length ranges in the geno-
type dataset was evaluated together with the location of
their chimpanzee and previously reported human [74]
ePCR fragment lengths within these ranges (Figure 2).
One microsatellite (D1S1612) was excluded from further
analysis as no human ePCR fragment was available.
Consistent with the null evolutionary hypothesis,

chimpanzee and human PCR fragment length ranges
overlapped for 216 of the 220 microsatellites. Four
microsatellites (GATA51D11, D10S1425, D11S1999, and
D13S779) whose chimpanzee and human ranges did not
overlap were excluded from further analysis. Although
their chimpanzee and human sequences were highly
similar (data not shown), their chimpanzee range was
shifted toward smaller lengths compared with their hu-
man range and their heterozygosities (He) among chim-
panzees (He < 0.155) was markedly lower than among
humans (He > 0.626). Considered together, these obser-
vations suggested that these four microsatellites may be
regressing in the chimpanzee genome. Compatible with
this hypothesis, no STR regions were identified within
the chimpanzee ePCR fragment of two of the four
microsatellites (D10S1425 and D13S779).
At 92 of the 216 microsatellites with overlapping ranges,

the chimpanzee range was subsumed by the human range,
while the human range was subsumed by the chimpanzee
range at only 14, likely reflecting the smaller number of
chimpanzees (84) compared with humans (5795) in the
dataset. Just a single microsatellite (D8S1108) had the exact
same range in humans and in chimpanzees. The remaining
109 microsatellites had partially overlapping chimpanzee
and human ranges, with the chimpanzee range shifted to-
ward smaller lengths compared with the human range at
84, consistent with the observation that the majority of
human-derived microsatellites are longer than their
chimpanzee orthologs [81-85].
At the 216 microsatellites with overlapping chimpan-

zee and human ranges, chimpanzee and human ePCR
fragment lengths were jointly investigated with respect
to their unified chimpanzee-human range. Four microsa-
tellites (D1S1609, D4S3243, D10S1225, and CATA002)
whose chimpanzee ePCR fragment length fell outside of
their unified range and range overlap scores (ROS) [74]
of 0.286, 0.250, 0, and 0, respectively, were below
0.289—the lowest ROS among those microsatellites
whose chimpanzee and human ePCR fragment lengths



Figure 1 Summary of the identification and sequence analysis of the chimpanzee microsatellite DNA sequences. The blue bar indicates
the PCR fragment length range in the chimpanzee genotype data, for which g and G are the smallest and largest PCR fragment lengths,
respectively; the red bar represents the PCR fragment length range when extended by 6 bp on each side. The ePCR fragment length in the UCSC
chimpanzee reference sequence is denoted by x. The quantities pf,l, qf,l and qf,i refer to the length, BLASTN alignment length, and BLASTN
sequence identity of the forward primer, while pr,l, qr,l and qr,i refer to the exact same quantities for the reverse primer. A, B, C, D refer to the
repeat units of the different STR regions in a microsatellite sequence, with a, b, c, and d being the number of times they are repeated,
respectively. N indicates a nucleotide not within an STR region, with n being the number of nucleotides separating two consecutive STR regions.
For microsatellites with three and four STR regions, n1, n2, and n3 represent the numbers of nucleotides separating the first and second, the
second and third, and the third and fourth STR regions, respectively. Key: ∧, and; ∨, or.
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Figure 2 Summary of interspecies comparisons of fragment lengths at putative orthologous microsatellites. Blue bars indicate the PCR
fragment length range in the chimpanzee genotype data, for which c and C are the smallest and largest PCR fragment lengths, respectively. Red
bars indicate the PCR fragment length range in the human genotype data, for which h and H are the smallest and largest PCR fragment lengths,
respectively. The ePCR fragment lengths in the chimpanzee and human reference sequences are denoted by xc and xh, respectively. Key: ∧, and;
∨, or; ROS, range overlap score.
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lay within the intersection of the chimpanzee and hu-
man ranges—were excluded from further analysis.

Comparison of STR structure at putative orthologs
Microsatellite variability is known to be influenced by
the number of distinct STR regions [47,74,86-89] as well
as by their repeat unit size [25,50,74,90-93] and motif
[74,94-96]. Thus, microsatellites whose chimpanzee and
human amplicons contain discordant numbers of STR
regions, or STR regions composed of different repeat
unit sizes or motifs, might introduce interspecies incom-
mensurability among genotypes. Therefore, at each of the
212 microsatellites whose ePCR fragment lengths and PCR
fragment length ranges met our criteria for retention, the
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level of conservation of STR regions embedded within
their chimpanzee and human ePCR fragments was
evaluated.
Of the 212 microsatellites compared, 143 had the same

STR structure in both their chimpanzee and human ePCR
fragments (Figure 2). Of the four microsatellites with no
STR regions identified within their chimpanzee ePCR frag-
ment, only one (D20S164) was included in the comparison
and alignment of its chimpanzee and human ePCR frag-
ments supported the presence of a single orthologous STR
region comprised of only three repeats in the chimpanzee
fragment and eleven repeats in the human fragment. Three
microsatellites (D3S2427, D7S3056, and D17S1294) whose
chimpanzee and human ePCR fragment sequences differed
markedly (data not shown), potentially reflecting PCR
amplification of a non-orthologous region in the chimpan-
zee genome or misidentification of the genomic region via
ePCR, were excluded from further analysis.
Of the 65 microsatellites with different numbers of STR

regions embedded in their chimpanzee and human ePCR
fragments, 22 were the result of a point or indel mutation
disrupting an otherwise orthologous STR region in either
the chimpanzee (16) or human (6) ePCR fragment. Dis-
cordance at a further 36 microsatellites were the result of
otherwise orthologous STR regions being comprised of
only two or three repeats in either the chimpanzee (8 and
7, respectively) or human (8 and 9, respectively) ePCR frag-
ment or both (4 and 0, respectively). Of these 65 microsa-
tellites, 38 were retained for further analysis: the 16 and 22
microsatellites for which one ePCR fragment contained an
otherwise orthologous STR region that was either
Figure 3 Interspecies comparison of heterozygosities at orthologous
microsatellites in chimpanzees and humans are shown for (A) 143 microsa
same STR structure, and (B) 39 microsatellites where one or more STR regi
only three repeats or disrupted by a mutation overlaid on the 92% utilizati
color indicate the number of STR regions in the chimpanzee and human e
line, and black and grey dotted lines depict ±1 SD and ±2 SD departures f
comprised of only three repeats or disrupted by a muta-
tion, respectively. The 20 microsatellites for which one
ePCR fragment contained an otherwise orthologous STR
region comprised of only two repeats, and seven microsa-
tellites (D2S1360, D6S1277, D7S3070, TCTA017,
D18S1357, D19S589, and NA.D22S.1) that had one or
more discordant STR regions in their chimpanzee and hu-
man ePCR fragments, were excluded from further analysis.
Intriguingly, at three of these seven microsatellites, a differ-
ent motif had expanded in chimpanzees and humans to
form an otherwise identically positioned STR region. At
two of these microsatellites, the motifs differed by just a
single position—CTGT/CTGC (D7S3070) and CTA/ATA
(D18S1357)—suggesting that an ancient point mutation in
either the chimpanzee or human lineage might underlie
this difference; at the remaining microsatellite (D2S1360)
the motifs differed more markedly (TACC/TGTC).

Comparison of ortholog heterozygosities
Investigation of He in the human-chimpanzee dataset for
the 182 microsatellites that had either the same STR struc-
ture in both the chimpanzee and human ePCR fragments
(143) or had an otherwise orthologous STR region com-
prised of only three repeats (17) or disrupted by a mutation
(22) in one ePCR fragment found that the majority of
orthologs generally had similar He in chimpanzees and
humans (Figure 3). Among the 143 microsatellites for
which the human and chimpanzee ePCR fragments had
the same STR structure (Figure 3A), 104 had He in
chimpanzees and humans that were significantly positively
correlated (Spearman ρ = 0.269, P = 0.005) and lay within 1
microsatellites. Scatterplots comparing He at orthologous
tellites where the human and chimpanzee ePCR fragments had the
ons in the human or chimpanzee ePCR fragment were comprised of
on distributions for the microsatellites in A. Each symbol’s line and fill
PCR fragments, respectively, in B. Black dashed lines depict the identity
rom the identity line, respectively.
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SD—calculated across all 182 microsatellites—of the
identity line. The positive correlation remained significant
when restricted to the 58 microsatellites with one
tetranucleotide STR region (ρ = 0.372, P = 0.004), but not
when restricted to the 19 microsatellites with one trinucleo-
tide STR region (ρ = 0.214, P = 0.363) or to the 8 tetranu-
cleotide and 14 mixed-repeat-unit-size microsatellites with
two STR regions (ρ = 0.476 with P = 0.363 and ρ = 0.174
with P = 0.548, respectively) despite their He in chimpan-
zees and humans not being significantly different (average
relative difference [ARD] = 1.001 with standard deviation
[SD] = 0.104 and P = 0.985, ARD= 1.008 with SD = 0.081
and P = 0.641, and ARD= 0.971 with SD = 0.120 and P =
0.502, respectively; Wilcoxon signed-rank test). The gener-
ally similar He in chimpanzees and humans is at odds with
effective population size (Ne) estimates, where the larger Ne

of chimpanzees [97,98] compared with humans [99,100]
would be expected to confer higher He [101]. However, it is
compatible with a scenario in which the effects of Ne are
largely abrogated by reduced mutability at human-derived
microsatellites in chimpanzees compared with humans due
to their generally shorter lengths [41,81-85,96,102-104].
Interestingly, 21 microsatellites had markedly lower

He—more than 2 SD below the identity line—in chim-
panzees than in humans (ARD = 0.328 with SD = 0.130,
P = 1.91 × 10−6; “outlier microsatellites” henceforth).
Focusing on the 7 tri- and 10 tetra-nucleotide single
STR outlier microsatellites, their chimpanzee He were
significantly lower than those of the 24 tri- and 68
tetra-nucleotide single STR non-outlier microsatellites,
respectively, while their human He were not signifi-
cantly different (Table 1). Comparison of the distribu-
tions of repeat numbers at outlier and non-outlier
microsatellites found that the outliers had significantly
lower mean, maximum, and minimum numbers of
Table 1 Comparison of heterozygosity and measures of varia
microsatellites

Variable Chimpanzee

Tri

RDM P RD

Heterozygosity (He) 0.258 7.97 × 10−5 0.3

Number of distinct alleles 0.532 2.47 × 10−4 0.7

Variance in the number of repeats 0.293 0.001 0.8

Range of the number of repeats 0.556 0.001 0.8

Skewness in the number of repeats 4.549 0.012 3.3

Mean PCR fragment length 0.898 0.365 0.8

Mean number of repeats 0.637 2.28 × 10−5 0.5

Maximum number of repeats 0.654 1.78 × 10−4 0.7

Minimum number of repeats 0.823 0.038 0.6

Wilcoxon rank sum tests are shown for comparisons of continuous microsatellite se
microsatellites and the 24 and 68 single STR tri- and tetra-nucleotide non-outlier m
mean of the variable among the outlier microsatellites by the mean of the variable
repeats than the non-outliers in chimpanzees but not in
humans (Table 1). Further, the distributions of repeat
numbers at the outlier microsatellites were significantly
more positively skewed than those at the non-outlier
microsatellites in chimpanzees but not in humans
(Table 1). These findings accord with those of prior
studies that identified positive correlations between
mean and maximum numbers of repeats and He [74,94]
as well as observed mutations at microsatellites with
smaller numbers of repeats to be biased toward expan-
sion [34,105] and to increase in frequency as a function
of repeat number [64,65] owing to peculiarities in DNA
replication mismatch repair processes.
At the 39 microsatellites for which the human and

chimpanzee ePCR fragments had discordant STR struc-
tures owing to an STR region being either comprised of
just three repeats (17) or disrupted by a mutation (22) in
one ePCR fragment, He were found to be highly similar
to those of the 143 microsatellites whose human and
chimpanzee ePCR fragments had the same STR struc-
ture (Figure 3B). He for the 17 microsatellites with an
STR region comprised of only three repeats in either
their chimpanzee (8) or human (9) ePCR fragment did
not differ significantly between species (ARD = 0.962
with SD = 0.193; P = 0.378, Wilcoxon signed-rank test).
Considering just the 10 microsatellites with two tetranu-
cleotide STR regions among these 17—the only group
with a sample size greater than three—their He did not
differ significantly from the 10 microsatellites with two
tetranucleotide STR regions comprised of four or more
repeats in chimpanzees (relative difference in means
[RDM] = 0.943; P = 0.256, Wilcoxon rank sum test) or in
humans (RDM= 0.957, P = 0.315). These findings sup-
port the retention of these 17 microsatellites for future
analyses. While potentially discordant with prior
tion across individuals at outlier and non-outlier

Human

Tetra Tri Tetra

M P RDM P RDM P

95 3.88 × 10−7 1.010 0.595 0.986 0.469

95 0.150 0.999 0.444 1.046 0.299

68 0.122 1.298 0.104 1.314 0.958

65 0.722 1.050 0.274 1.050 0.279

49 0.004 0.650 0.627 1.331 0.606

56 0.167 0.932 0.532 0.953 0.737

58 1.06 × 10−6 0.882 0.094 0.937 0.223

55 7.50 × 10−4 0.940 0.274 0.953 0.596

28 7.35 × 10−4 0.838 0.029 0.859 0.087

quence properties between the 7 tri- and 10 tetra-nucleotide single STR outlier
icrosatellites. Relative difference in means (RDM) was calculated by dividing the
among the non-outlier microsatellites. P < 0.05 are shown in bold.
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observations that indicated four or more repeats were
required for microsatellite mutability [78,79], the three
repeats present in the reference sequence might reflect
truncations during reference sequence assembly or an
unusually low number of repeats in the individual(s)
used to generate this sequence.
He for the 22 microsatellites with an otherwise ortho-

logous STR region disrupted by a mutation in either the
chimpanzee (16) or human (6) ePCR fragment did not
differ significantly between species (ARD = 0.925 with
SD = 0.253; P = 0.235, Wilcoxon signed-rank test). Con-
sidering the nine tetranucleotide microsatellites with two
STR regions in chimpanzees but one STR region in
humans, their He in chimpanzees were not significantly
different from those of the 68 and 10 tetranucleotide
microsatellites with one (RDM= 1.042; P = 0.236,
Wilcoxon rank sum test) or two (RDM = 1.012, P =
0.534) STR regions, respectively, that had the same STR
structure in both species. Additionally, the four tetranu-
cleotide microsatellites with three STRs in chimpanzees
but two STR regions in humans had He in chimpanzees
that were not appreciably different from the 10 microsa-
tellites with two tetranucleotide STR regions (RDM =
0.952, P = 0.635). Our findings with interrupted and un-
interrupted arrays of tetranucleotide repeats therefore
disagree with those of prior studies that found uninter-
rupted arrays of di- and tri-nucleotide repeats to be
more polymorphic than those with interruptions both in
genomic DNA [47,86,88] and plasmid construct [87,89]
environments. This discordance might reflect different
tolerances to disruption by mutations of STR regions
comprised of tetranucleotide repeats compared with di-
and tri-nucleotide repeats. However, we could not dis-
count the possibility that some of the observed
Figure 4 Interspecies comparison of non-STR ePCR fragment length d
outside of STR regions that are present in either the human or chimpanzee
microsatellite NA.D12S.2 the distribution of alleles in humans (blue) and in
repeat numbers. The blue and red vertical lines indicate the mean length i
mutations might be rare variants captured in the reference
sequence but largely absent in the general population.

Impact of fragment length imbalances on estimates of
genetic differentiation
During the alignment of chimpanzee and human se-
quences, it became apparent that nontrivial ePCR frag-
ment length differences that are not the result of
embedded STR regions existed, in accord with earlier
studies of much smaller sets of microsatellites [71,72].
To investigate this further, at the 182 microsatellites that
had either the same STR structure in both the chimpan-
zee and human ePCR fragments when considering STR
regions with three or more repeats (160) or had an
otherwise orthologous STR region disrupted by a
mutation in one ePCR fragment (22), the chimpanzee
and human ePCR fragment sequences were manually
aligned and the number of nucleotides present in only
one ePCR fragment was tabulated (Additional file 3:
Table S2).
Non-STR length differences at some microsatellites were

appreciable (Figure 4A), contributing up to an additional 28
nucleotides to the chimpanzee ePCR fragment and 32 nu-
cleotides to the human ePCR fragment. The magnitude of
non-STR length differences was observed to decrease as a
function of average STR length across individuals for
microsatellites with one or two STR regions (r= −0.163
with P = 0.044 and r = −0.586 with P = 1.81 × 10−5, respect-
ively), consistent with the inverse relationship reported be-
tween flanking sequence divergence and STR length at
orthologous mammalian microsatellites [106]. Such large
differences create incommensurability between chimpanzee
and human PCR fragment lengths, as chimpanzee and hu-
man PCR fragments of the same length may reflect
ifferences. (A) A scatterplot comparing the number of nucleotides
ePCR fragment but not both. Symbols and colors follow Figure 3. For
chimpanzees (red) are shown for (B) PCR fragment lengths and (C)
n humans and chimpanzees, respectively.



Figure 5 Comparison of pairwise FST calculated on the basis of
PCR fragment lengths and repeat numbers. A heatmap of
pairwise FST values among the 243 non-admixed human and five
chimpanzee populations with a sample size of at least five individuals
in the human-chimpanzee dataset (upper triangle) and the proportion
change in FST when values are calculated using repeat numbers
instead of PCR fragment lengths (lower triangle). Chimpanzee
populations are located on the top-left of the plot (black bars), with
the human populations ordered from top to bottom and from left to
right by geographic affiliation, as indicated by colored bars (orange,
Africa; yellow, the Middle East; blue, Europe; red, Central/South Asia;
pink, East Asia; green, Oceania; purple, the Americas), and within
regions from top to bottom and from left to right by increasing
geographic distance from Addis Ababa.
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different numbers of repeats. For example, the distributions
of human and chimpanzee PCR fragment lengths at micro-
satellite NA.D12S.2 were discordant (Figure 4B), with the
chimpanzee distribution shifted toward smaller lengths than
the human distribution. However, when the distributions of
the repeat numbers those PCR fragment lengths represent
were compared the human and chimpanzee distributions
were instead highly similar (Figure 4C). Conversely, at micro-
satellite D6S2410, while the distributions of human and
chimpanzee PCR fragment lengths were similar (Additional
file 4: Figure S2A), the distributions of repeat numbers were
instead largely discrete (Additional file 4: Figure S2B). Thus,
the use of PCR fragment lengths in lieu of the repeat
numbers they represent at orthologous chimpanzee and
human microsatellites had the potential to detrimentally
bias interspecies comparisons.
To evaluate the extent to which chimpanzee and human

PCR fragment length incommensurability might impact in-
terspecies comparisons, pairwise estimates of the fixation
index (FST) and allele-sharing distance (DPS)—one minus
the proportion of shared alleles—calculated on the basis of
PCR fragment lengths and repeat numbers were compared.
For these analyses, only the 138 microsatellites whose
chimpanzee and human ePCR fragments had the same
STR structure comprised of repeat units of a single size
were retained. The 22 microsatellites for which an other-
wise orthologous STR region was disrupted by a mutation
in one ePCR fragment, as well as the 22 microsatellites
containing two, three, or four STR regions comprised of
repeat units of different sizes, were excluded because of
the resulting difficulty in assigning repeat number. Under
the assumption that within-species variability in PCR frag-
ment lengths in the human-chimpanzee dataset are wholly
due to changes in repeat number in embedded STR re-
gions, PCR fragment length genotypes were converted
into the repeat numbers they represent via calibration
against their chimpanzee and human ePCR fragments
(Additional file 5).
Next, separately for PCR fragment lengths and repeat

numbers, pairwise FST was calculated among the 243 non-
admixed human and five chimpanzee populations in the
dataset with a sample size of at least five individuals
(Figure 5). While FST values calculated on the basis of PCR
fragment lengths and repeat numbers were highly corre-
lated (R2 = 0.999), interspecies FST values calculated on the
basis of repeat numbers were significantly lower than those
calculated on the basis of PCR fragment lengths (P < 10−16,
Wilcoxon signed rank test). Across all interspecies compar-
isons, a maximal FST reduction of 8.90% was observed
(mean = 4.03%, SD = 1.74%) with the magnitude of the
reduction generally increasing with the distance of the hu-
man population from Addis Ababa, Ethiopia, a reasonable
proxy for the origin of the out-of-Africa migration of
AMH (ρ = 0.454, P = 2.94 × 10−8). If FST values calculated
on the basis of repeat numbers at these 138 microsatellites
were instead compared with those calculated on the basis
of PCR fragment lengths at all 246 microsatellites in the
human-chimpanzee dataset analogous reductions were ob-
served (max = 10.6%, mean = 4.82%, SD = 2.13%). Similar
patterns were observed when pairwise DPS values were
compared (Additional file 6: Figure S3).
These results are compatible with a scenario in which

non-STR length differences lead to the misalignment of
orthologous human and chimpanzee alleles when they are
represented by PCR fragment lengths, distorting numbers
of shared and private alleles in interspecies comparisons.
This distortion is magnified by natural increases in num-
bers of private alleles as a function of the human popula-
tion’s distance from Africa [107,108], owing to the
concomitant reduction in genetic diversity [20,22,66,109] as
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well as increases in population isolation [110] and human-
chimpanzee dissimilarity (Figure 5 and Additional file 6:
Figure S3). In this view, the cumulative effects of distortions
across microsatellites inflated levels of human-chimpanzee
genetic differentiation compared with those obtained with
repeat numbers, with comparisons for human populations
more distant from Africa affected to a greater extent owing
to their naturally higher numbers of private alleles.

Interspecies differences in microsatellite properties and
their effects on heterozygosity
Our human-chimpanzee dataset comprised of 138 micro-
satellites with the same STR structure in humans and
chimpanzees and genotypes represented as repeat num-
bers (Additional file 5) afforded us the first opportunity to
directly compare and contrast determinants of variability
at orthologous microsatellites in humans and chimpanzees
with genotype data on many individuals. In these compari-
sons, the 138 microsatellites were grouped by the number
of distinct STR regions embedded in their sequence and
by their repeat unit size. For each of the 138 microsatel-
lites, the values of investigated measures can be found in
Table S3 (Additional file 7), and a summary of the mean,
minimum, and maximum values across microsatellites in
each group appears in Table S4 (Additional file 8).

Interspecies differences in microsatellite properties
In agreement with an earlier study of 19 orthologous di-
nucleotide microsatellites in chimpanzees and humans
[82], chimpanzee microsatellites were found to generally
have significantly larger numbers of distinct alleles than
their human orthologs (Table 2). Consistent with this ob-
servation, chimpanzee microsatellites were also observed
to generally have significantly larger ranges of repeat num-
bers than their human orthologs (Table 2). These findings
Table 2 Comparison of measures of variation across individua

Variable 1 STR r

Tri

n = 31

ARD (SD) P

Number of distinct alleles 0.949 (0.366) 0.264

Variance in the number of repeats 1.025 (1.030) 0.120

Range of the number of repeats 0.915 (0.336) 0.157

Mean PCR fragment length 0.962 (0.045) 3.18 × 10−5

Mean number of repeats 0.793 (0.220) 1.05 × 10−5

Maximum number of repeats 0.830 (0.178) 2.99 × 10−6

Minimum number of repeats 0.794 (0.210) 5.08 × 10−5

Wilcoxon signed-rank tests are shown for comparisons of measures of variation acr
Microsatellites were grouped by their number of separate STR regions and repeat u
dinucleotide STR region, two trinucleotide STR regions, or three or four tetranucleo
Average relative difference (ARD) was calculated by taking the average across micro
The standard deviation (SD) in relative difference across microsatellites is provided
accord with the substantially higher levels of genetic diver-
sity observed among chimpanzees than among humans
[111-113], reflecting the larger effective population size of
chimpanzees [97,98] compared with humans [99,100].
Despite the higher numbers of distinct alleles present in
chimpanzees, variance in repeat number was generally
similar in chimpanzees and humans (Table 2). This would
suggest that the majority of chimpanzee-specific alleles lie
in the tails of the repeat number distribution, in agree-
ment with observed levels of human-chimpanzee differen-
tiation (Figure 5 and Additional file 6: Figure S3) as well
as the reported relationship between inter-population
levels of genetic differentiation and the location of private
alleles within their allele size distributions [108].
Mean PCR fragment lengths in chimpanzees were sig-

nificantly shorter than those in humans (Table 2). These
findings were not wholly a consequence of non-STR
length differences between chimpanzee and human PCR
amplicons (P > 0.212, Wilcoxon signed-rank test), sug-
gesting that chimpanzee microsatellites contain fewer re-
peats than their human orthologs on average. Indeed,
comparison of repeat number distributions at ortholo-
gous microsatellites found that chimpanzees generally
had significantly lower mean, maximum, and minimum
numbers of repeats than humans (Table 2). Across the
138 microsatellites in our dataset, the human ortholog
was on average 2.04 repeats longer than the chimpanzee
ortholog, similar to the value of 1.97 reported for 47 di-
nucleotide microsatellites genotyped in six chimpanzees
and six humans [82], but slightly smaller than the value
of 2.31 determined via comparative genomics [84]. Thus,
our findings further support the view that human-
derived microsatellites generally have greater repeat
numbers than their chimpanzee orthologs [81-84], po-
tentially reflecting interspecies variability in directional
ls at orthologous microsatellites

egion 2 STR regions

Tetra Tetra

n = 79 n = 21

ARD (SD) P ARD (SD) P

1.257 (0.448) 3.73 × 10−6 1.508 (0.477) 1.97 × 10−4

1.813 (1.623) 8.08 × 10−4 2.413 (2.401) 0.065

1.167 (0.336) 5.65 × 10−5 1.302 (0.354) 0.011

0.965 (0.056) 7.12 × 10−7 0.951 (0.064) 0.003

0.875 (0.230) 4.07 × 10−7 0.861 (0.189) 0.001

0.967 (0.197) 0.022 0.959 (0.170) 0.495

0.887 (0.639) 6.44 × 10−7 0.734 (0.263) 5.25 × 10−5

oss individuals calculated separately among chimpanzees and humans.
nit size. No comparisons were performed for microsatellites with one
tide STR regions because of small sample sizes (1, 1, 4, and 1, respectively).
satellites of the division of the value in chimpanzees by the value in humans.
in parentheses. P < 0.05 are shown in bold.
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biases in the mutation process [84], the biological and
evolutionary bases of which remain enigmatic.

Effect of microsatellite properties on heterozygosity
In agreement with our earlier study [74], the number of
distinct alleles, the range of repeat numbers, and the vari-
ance in repeat number were generally positively correlated
with He in both chimpanzees and humans (Table 3). Simi-
larly, in accord with prior studies in humans [32,74] and
Drosophila melanogaster [86,94], the mean and maximum
numbers of repeats were also generally positively correlated
with He in both chimpanzees and humans (Table 3).
However, consistent with previous studies [74,114], the
minimum number of repeats and mean PCR fragment
length were generally not significantly correlated with He

in either chimpanzees or humans (Table 3). While some of
these observations might arise from a general correlation
among the various measures (Additional file 9: Table S5),
how can their patterns be explained in terms of their rela-
tionship to the microsatellite replication slippage mutation
mechanism [41-45]?
Replication slippage occurs because of homology among

microsatellite repeats, providing the opportunity for the
two DNA strands to realign incorrectly after polymerase
dissociation and strand separation, introducing a loop in
one strand and leading to microsatellite expansion or con-
traction after the resumption of replication [43,45,115].
The direct relationships observed between the mean and
Table 3 Relationship of microsatellite heterozygosity with me

Variable 1 S

Tri

n = 31

Chimpanzee Human

Number of distinct alleles ρ 0.643 0.207

P 9.51 × 10−5 0.263

Variance in the number of repeats ρ 0.594 0.240

P 4.26 × 10−4 0.194

Range of the number of repeats ρ 0.433 0.152

P 0.015 0.411

Mean PCR fragment length ρ 0.093 0.044

P 0.617 0.814

Mean number of repeats ρ 0.529 0.388

P 0.002 0.032

Maximum number of repeats ρ 0.405 0.216

P 0.024 0.243

Minimum number of repeats ρ 0.068 0.136

P 0.717 0.464

Spearman’s rank correlation coefficients (ρ) are shown for comparisons of microsate
among chimpanzees and humans. Microsatellites were grouped by their number of
for microsatellites with one dinucleotide STR region, two trinucleotide STR regions,
(1, 1, 4, and 1, respectively). Correlations with P < 0.05 are shown in bold.
maximum numbers of repeats and He are consistent with
a scenario in which the probability of slipped-strand mis-
pairing during DNA replication increases as a function of
repeat number, with a concomitant increase in the prob-
ability of microsatellite mutation [35,41,93,104,116,117].
The absence of a similar relationship between He and the
minimum number of repeats is compatible with the idea
that the minimum number of repeats, while an important
predictor of the lower bound of microsatellite mutability
[78,79], is not informative about overall levels of mutabil-
ity. The direct relationships observed between He and the
number of distinct alleles, the range of repeat numbers,
and the variance in repeat number accord with the in-
creased probability of observing heterozygous genotypes
as a function of the number of available alleles and the
concomitant increases in their range and variance. Finally,
as a consequence of PCR primer pairs being positioned to
optimize their amplification efficiency rather than to sat-
isfy specific distance criteria from the embedded STR re-
gions, the absence of a relationship between mean PCR
fragment length and He accords with the view that PCR
fragment lengths are not comparable in a meaningful way
across microsatellites.

Conclusions
By identifying and comparing the genomic sequence and
repeat structure of orthologous human and chimpanzee
PCR amplicons that underlie the genotypes in the largest
asures of variation across individuals

TR region 2 STR regions

Tetra Tetra

n = 79 n = 21

Chimpanzee Human Chimpanzee Human

0.292 0.657 0.301 0.694

0.009 4.97 × 10−11 0.184 6.89 × 10−4

0.336 0.730 0.596 0.851

0.002 <10−16 0.004 <10−16

0.166 0.602 0.440 0.784

0.144 4.35 × 10−9 0.046 3.62 × 10−5

0.230 0.084 0.096 −0.134

0.042 0.461 0.676 0.562

0.461 0.184 0.522 0.526

1.88 × 10−5 0.105 0.015 0.016

0.391 0.386 0.632 0.635

3.68 × 10−4 4.82 × 10−4 0.002 0.002

0.326 0.046 0.122 −0.156

0.003 0.686 0.598 0.498

llite He with measures of variation across individuals calculated separately
separate STR regions and repeat unit size. No comparisons were performed
or three or four tetranucleotide STR regions because of small sample sizes
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human-chimpanzee microsatellite dataset of its kind to
date, our study provides new insights into the parallel evo-
lution of orthologous microsatellites used in population-
genetic studies for over a decade. Our results demonstrate
that human-chimpanzee differences within the flanking se-
quences of embedded STR regions are frequent and can
introduce non-trivial length imbalances into their PCR
amplicons. The latter observation is important as it creates
incommensurability among chimpanzee and human PCR
fragment length genotypes, which we show can inflate the
commonly used FST and DPS population-genetic statistics
by up to ~10.6%. Our results therefore suggest that the
findings of prior interspecies comparisons based upon PCR
fragment length genotypes derived from a common set of
DNA primer pairs (e.g. [25,81,82,118-120]) should be inter-
preted with caution, as the extent to which non-STR length
differences contributed to their observed patterns remains
unknown. Furthermore, they indicate that future interspe-
cies studies utilizing microsatellites should implement the
approach we describe here, based either on available
reference genome sequences or microsatellite-specific
sequencing in a small number of individuals, to avoid
potential pitfalls stemming from PCR fragment length
incommensurability among species.
To overcome sequence-derived incommensurability

among human and chimpanzee genotypes in the human-
chimpanzee dataset, we use the human and chimpanzee
reference sequences for 138 microsatellites whose STR
structure we found to be identical in both species to con-
vert their PCR fragment length genotypes into the repeat
numbers they represent (Additional file 5). This resource
offers new opportunities for more accurate comparisons of
patterns of human and chimpanzee genetic variation in
numerous areas of application than were possible with
earlier datasets. While future studies jointly investigating
millions of orthologous human and chimpanzee SNPs
should have greater power to resolve fine-scale interspecies
relationships than our dataset of 138 microsatellites, fre-
quent homoplasy at orthologous positions in the human
and chimpanzee genomes [121] poses a significant chal-
lenge in developing the necessary resources for such un-
dertakings. Moreover, the findings of recent studies would
suggest the joint investigation of future SNP datasets to-
gether with our dataset of 138 “gold standard” microsatel-
lites may afford future studies a more complete view of
intergroup relationships than can be obtained from
analyses of either marker type alone [54,122,123].
Finally, our study provides the first direct comparison

of determinants of variability at orthologous microsatel-
lites in humans and chimpanzees, jointly considering se-
quence properties together with measures of genetic
diversity among human and chimpanzee populations.
Although it is important to note that we have not
sequenced these human-derived microsatellites in each
individual, and have instead assumed that PCR fragment
length differences are wholly due to changes in their
embedded STR regions, we have no reason to suspect
that these issues might have systematically affected the
particular comparisons we have performed.

Methods
Genotype data
The analyzed dataset consisted of the MS5879 subset of
the Pemberton et al. [66] human-chimpanzee dataset that
contains genotypes at 246 autosomal microsatellites in
5,795 individuals from 267 human populations and 84 in-
dividuals from six chimpanzee groups. These genotype
data consist of PCR fragment lengths at each microsatellite
in each individual. Geographic region assignments and
geographic distances from Addis Ababa for the human
populations follow Pemberton et al. [66].

DNA primer pairs
The 246 microsatellites were comprised of 223 from
Marshfield Screening Set no. 13 and 23 from Marshfield
Screening Sets no. 52 [65]. Primer pairs for all 246
microsatellites were obtained from the publicly available
primer sequence files provided by the Mammalian
Genotyping Service [76] (Marshfield Clinic, Marshfield,
WI) for the Screening Set from which their genotypes
were obtained with one exception. Both the forward and
reverse primers provided for microsatellite D2S1394
(GATA69E12) in Screening Set no. 13 were identical ex-
cept for the addition of a single A nucleotide to the 5’
end of the reverse primer, and their sequence matched
that of the reverse primer reported in Pemberton et al.
[74] obtained from Screening Set no. 10. As this discrep-
ancy likely reflects an error in the primer sequence file
provided for Screening Set no. 13, the primer pair for
D2S1394 was instead taken from Screening Set no. 10.
The primer pairs used in this study can be found in
Table S1 (Additional file 1).

Identification of chimpanzee genomic targets
The ePCR analysis pipeline was adapted from Pemberton
et al. [74]. First, the sequence of each forward primer and
each reverse primer was separately used as the query in
BLASTN searches of release panTro4 of the UCSC chim-
panzee reference sequence using the standalone blastall
application (v.2.2.26) [124] with the repetitive sequence fil-
ter turned off and the expected value set to 1000. For those
primers listed in the Marshfield Screening Set as having
been modified with a 7 bp pig-tail [125] or with a single
extra adenine base—identified by a one letter suffix, P or
M, respectively, in the Marshfield marker name—we in-
cluded the non-genomic sequence in the BLASTN search
but not in the assessment of alignment length.
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Next, to identify the most probable PCR amplicon for
each microsatellite, the length of the ePCR fragments
demarcated by all possible pairs of forward and reverse
primer “hits” from the same chromosome was calculated
as the distance between the terminal 5′ nucleotide of the
forward primer “hit” and the terminal 5′ nucleotide of the
reverse primer “hit.” These ePCR fragment lengths were
then compared against the corresponding PCR fragment
length range among the 84 chimpanzees in the genotype
dataset. If the forward or reverse primer used to genotype
a microsatellite had been modified with a 7 bp pig-tail or
with a single extra adenine base, the size of the ePCR frag-
ment demarcated by the primer pair was adjusted by the
addition of 7 bp or 1 bp, respectively, prior to comparison
with the range. In addition, when the chimpanzee and
human datasets were merged, all chimpanzee genotypes at
select microsatellites were adjusted by the same amount to
account for primer differences among the constituent data-
sets [66]. At such microsatellites, these adjustments were
reversed prior to comparison.
For a microsatellite to be flagged as “found,” the length

of the ePCR fragment demarcated by the forward primer
“hit” and the reverse primer “hit” was required to lie
either: (i) within the PCR fragment length range among
the 84 chimpanzees in the genotype dataset, or (ii) at
most 6 bp outside the PCR fragment length range to
account for the possibility that the samples used to
define the range might not capture the full range of
chimpanzee diversity, causing the ePCR fragment length
to fall just outside the range. If the length of the demar-
cated ePCR fragment met one of the two criteria, its
sequence was extracted from the reference sequence
using the fastacmd application (v.2.2.26).

Analysis of chimpanzee microsatellite sequences
Based upon the observation that for STR regions with a
repeat unit of 2–6 nucleotides four or more contiguous
repeats are required for polymorphism [78,79], only STR
regions that met this criteria were considered; a micro-
satellite can contain one or more STR regions embedded
between the primer pair used to amplify it. All contigu-
ous repeats of the same motif were considered part of
an STR region, and a single interruption of one base pair
or greater in a run of contiguous repeats as a break in
the repeat structure with contiguous runs on either side
of the interruption treated as separate STR regions pro-
vided each was comprised of at least four repeats. For
each microsatellite, all STR regions were identified in its
ePCR fragment sequence and the total number of re-
peats was tabulated. If more than one STR region was
detected, whether or not the STR regions shared a com-
mon repeat motif was determined. As multiple STR re-
gions may have arisen through interruptions in a single
ancestral STR region, the boundaries of the STR regions
were shifted such that they shared a common repeat
motif, where possible, provided the number of repeats
remained the same. Mosaic plot [126,127] representa-
tions of contingency tables of microsatellite categories
were created using mosaic from the vcd package [128] in
the R statistical software program (v.3.0.0) [129].
Comparison of human and chimpanzee microsatellite
sequences
Human ePCR fragments were obtained from Pemberton
et al. [74]. For each microsatellite, PCR fragment length
ranges among the 84 chimpanzees and among the
5,795 humans in the genotype dataset were jointly com-
pared with their corresponding ePCR fragment lengths,
correcting for the microsatellite-specific PCR fragment
length adjustments performed by Pemberton et al. [66].
The chimpanzee and human ePCR fragments were con-
sidered orthologs if they met one of three criteria: (i)
Both chimpanzee and human ePCR fragment lengths
lay within the intersection of the chimpanzee and hu-
man PCR fragment length ranges computed from the
genotype dataset; (ii) Either the chimpanzee or human
ePCR fragment length lay outside of their correspond-
ing range but was within the union of the chimpanzee
and human ranges; (iii) If the chimpanzee or human
ePCR fragment length lay outside of the union of the
chimpanzee and human ranges, then the ROS of the
chimpanzee and human ranges was calculated as previ-
ously described [74]. A situation that met criterion (iii)
might arise if the samples used to define the chimpan-
zee and human ranges do not fully capture the range of
diversity at the microsatellite. If a microsatellite had
ROS ≥0.289, then the chimpanzee and human ePCR
fragments were considered orthologs provided the
offending ePCR fragment was not more than 6 bp
outside of the unified range.
To evaluate levels of conservation among embedded

STR regions and their flanking sequences, the chimpanzee
and human ePCR fragment sequences were manually
aligned for each microsatellite, allowing for occasional
point mutations and small indels. Only repeat units with
identical motifs were permitted to align within an STR
region; the rest of the sequence was considered non-
polymorphic flanking sequence under the assumption that
it was unlikely to participate in the microsatellite mutation
process. For simplicity, all indels were treated as insertions
in the respective ePCR fragment.
Conversion of PCR fragment lengths into repeat numbers
Under the assumption that differences in PCR fragment
length are exclusively the result of differences in repeat
number at embedded STR regions, PCR fragment
lengths in individual human and chimpanzee genotypes
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were calibrated against their respective reference se-
quence to infer repeat number in the genotype dataset
as previously described [74]. At some microsatellites, all
repeat number genotypes were non-integer and had a
common decimal fraction (e.g. for a tetranucleotide re-
peat unit all genotypes had a decimal fraction of 0.75),
potentially reflecting small inaccuracies in the reference
sequences or genotype calls. In these cases, all genotypes
were rounded to the nearest integer value. Repeat num-
ber genotypes at microsatellites where multiple decimal
fractions were observed were not adjusted.

Calculation of population-genetic statistics
Separately for each microsatellite, levels of variability
among the 84 chimpanzee individuals and among the
5,435 human individuals in the MS5519 subset [66] of
the genotype dataset were evaluated with He calculated
using a sample size-corrected estimator [130], consider-
ing in the calculation only those individuals with non-
missing genotypes. Levels of differentiation among the
243 non-admixed human and five chimpanzee popula-
tions with a sample size of at least five individuals in
the MS5519 subset were evaluated using the FST and
DPS estimators. Separately for genotypes represented as
PCR fragment lengths and as repeat numbers, FST and
DPS estimates were computed between all possible
population pairs using Arlequin (v.3.5.1.3) [131] and
microsat [132], respectively.

Analysis of microsatellite diversity data
Statistical analyses were performed in R. In the scatterplot
comparing He in humans and chimpanzees, kernelUD
from the adehabitatHR package [133] was used to esti-
mate the “utilization distribution” of the scatterplot by
microsatellites from each group; the contour containing
92% of the distribution, smoothed using the least-
square cross-validation option, was subsequently
plotted. The number of distinct alleles and mean PCR
fragment length across individuals were calculated from
the PCR fragment length dataset. The mean, minimum,
maximum, variance, and range in number of repeats
across individuals were calculated from the repeat number
dataset. The skewness (γ1) of the distribution of repeat
numbers was calculated using the repeat number dataset
and the skewness function (moment method) in the fBasics
package. As the number of humans in the dataset (5435)
was markedly higher than the number of chimpanzees
(84), a resampling approach was employed when calculat-
ing each quantity in the human data. The mean of each
variable was calculated across 1,000 sets of 84 individuals
drawn randomly (without replacement) from the 5,435
human individuals in the dataset, and these means were
then used in all correlations and comparisons; among
chimpanzees, quantities were estimated using all 84
individuals. Pearson’s product moment correlation coeffi-
cient r and Spearman’s rank correlation coefficient ρ were
calculated using cor.test, and Wilcoxon signed-rank and
rank-sum tests using wilcox.test; both functions are from
the stats package. In interspecies comparisons, the ARD
of a variable was calculated by taking the average across
microsatellites of the division of the value in chimpanzees
by the value in humans. For within-species comparisons
between different microsatellite groups, the RDM of a
variable was calculated by dividing its mean among micro-
satellites in one group by its mean among microsatellites
in the other group.

Availability of supporting data
The datasets supporting the results of this article are
included within the article and its additional files.

Additional files

Additional file 1: Table S1. The primer sequences, extracted reference
sequence, and the repeat structure identified within that sequence
(demarcated by square brackets in the reference sequence), for each of
the 221 microsatellites with probable autosomal genomic targets
identified in the chimpanzee genome.

Additional file 2: Figure S1. Mosaic plots describing microsatellites
with (A) one, (B) two or (C) three separate STR regions.

Additional file 3: Table S2. Genomic coordinates and sequence
alignments of the 182 microsatellites with chimpanzee and human
orthologs included in the investigation of interspecies non-STR fragment
length differences.

Additional file 4: Figure S2. Comparison of non-STR ePCR fragment
length differences at D6S2410.

Additional file 5: A Zip archive containing the dataset comprised of
genotypes given as repeat numbers.

Additional file 6: Figure S3. Comparison of pairwise DPS calculated on
the basis of PCR fragment lengths and repeat numbers.

Additional file 7: Table S3. The value of each sequence and variability
measure investigated for each of the 138 microsatellites included in the
He correlation analyses and interspecies comparisons.

Additional file 8: Table S4. Summary of the properties of the measures
of variation across individuals at the 138 microsatellites included in the He

correlation analyses and interspecies comparisons.

Additional file 9: Table S5. Spearman’s rank correlations between
measures of variation across individuals at the 138 microsatellites
included in the He correlation analyses and interspecies comparisons.

Abbreviations
AMH: Anatomically modern humans; ARD: Average relative difference;
DPS: allele-sharing distance; ePCR: in silico PCR; FST: Fixation index;
He: expected heterozygosity; Ne: effective population size; PCR: Polymerase
chain reaction; RDM: Relative difference in means; ROS: Range overlap score;
SD: Standard deviation; SNP: Single nucleotide polymorphism; STR: Short
tandem repeats.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
T.J.P. conceived the study. M.K. performed the genomic and variability
analyses. T.J.P. performed the population-genetic analyses. T.J.P. wrote the
paper with the assistance of M.K. Both authors read and approved the final
manuscript.

http://www.biomedcentral.com/content/supplementary/1471-2164-15-990-S1.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-990-S2.pdf
http://www.biomedcentral.com/content/supplementary/1471-2164-15-990-S3.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-990-S4.pdf
http://www.biomedcentral.com/content/supplementary/1471-2164-15-990-S5.zip
http://www.biomedcentral.com/content/supplementary/1471-2164-15-990-S6.pdf
http://www.biomedcentral.com/content/supplementary/1471-2164-15-990-S7.xlsx
http://www.biomedcentral.com/content/supplementary/1471-2164-15-990-S8.pdf
http://www.biomedcentral.com/content/supplementary/1471-2164-15-990-S9.pdf


Kwong and Pemberton BMC Genomics 2014, 15:990 Page 15 of 17
http://www.biomedcentral.com/1471-2164/15/990
Acknowledgements
This work was supported by an institutional start-up fund from the University
of Manitoba. The authors would like to thank Noah Rosenberg, Michael
DeGiorgio, Ethan Jewett, and two anonymous reviewers for useful comments
and suggestions.

Received: 2 June 2014 Accepted: 30 October 2014
Published: 18 November 2014

References
1. Cavalli-Sforza LL, Feldman MW: The application of molecular genetic

approaches to the study of human evolution. Nat Genet 2003,
33(Suppl):266–275.

2. Soares P, Ermini L, Thomson N, Mormina M, Rito T, Rohl A, Salas A,
Oppenheimer S, Macaulay V, Richards MB: Correcting for purifying
selection: an improved human mitochondrial molecular clock. Am J Hum
Genet 2009, 84(6):740–759.

3. Armitage SJ, Jasim SA, Marks AE, Parker AG, Usik VI, Uerpmann HP: The
southern route “out of Africa”: evidence for an early expansion of
modern humans into Arabia. Science 2011, 331(6016):453–456.

4. Darwin CR: The Descent of Man, and Selection in Relation to Sex. London:
John Murray; 1871.

5. Huxley TH: Evidence as to Man’s Place in Nature. London: Williams & Norgate;
1863.

6. Sibley CG, Ahlquist JE: DNA hybridization evidence of hominoid phylogeny:
results from an expanded data set. J Mol Evol 1987, 26(1–2):99–121.

7. Goodman M: Epilogue: a personal account of the origins of a new
paradigm. Mol Phylogenet Evol 1996, 5(1):269–285.

8. Satta Y, Klein J, Takahata N: DNA archives and our nearest relative: the
trichotomy problem revisited. Mol Phylogenet Evol 2000, 14(2):259–275.

9. Chen FC, Li WH: Genomic divergences between humans and other
hominoids and the effective population size of the common ancestor of
humans and chimpanzees. Am J Hum Genet 2001, 68(2):444–456.

10. Brown WM: Polymorphism in mitochondrial DNA of humans as revealed
by restriction endonuclease analysis. Proc Natl Acad Sci U S A 1980,
77(6):3605–3609.

11. Cann RL, Stoneking M, Wilson AC: Mitochondrial DNA and human
evolution. Nature 1987, 325(6099):31–36.

12. Vigilant L, Stoneking M, Harpending H, Hawkes K, Wilson AC: African
populations and the evolution of human mitochondrial DNA. Science
1991, 253(5027):1503–1507.

13. Ingman M, Kaessmann H, Paabo S, Gyllensten U: Mitochondrial genome
variation and the origin of modern humans. Nature 2000, 408(6813):708–713.

14. Macaulay V, Hill C, Achilli A, Rengo C, Clarke D, Meehan W, Blackburn J,
Semino O, Scozzari R, Cruciani F, Taha A, Shaari NK, Raja JM, Ismail P,
Zainuddin Z, Goodwin W, Bulbeck D, Bandelt HJ, Oppenheimer S, Torroni A,
Richards M: Single, rapid coastal settlement of Asia revealed by analysis
of complete mitochondrial genomes. Science 2005, 308(5724):1034–1036.

15. Thomson R, Pritchard JK, Shen P, Oefner PJ, Feldman MW: Recent common
ancestry of human Y chromosomes: evidence from DNA sequence data.
Proc Natl Acad Sci U S A 2000, 97(13):7360–7365.

16. Underhill PA, Shen P, Lin AA, Jin L, Passarino G, Yang WH, Kauffman E,
Bonne-Tamir B, Bertranpetit J, Francalacci P, Ibrahim M, Jenkins T, Kidd JR,
Mehdi SQ, Seielstad MT, Wells RS, Piazza A, Davis RW, Feldman MW, Cavalli-
Sforza LL, Oefner PJ: Y chromosome sequence variation and the history
of human populations. Nat Genet 2000, 26(3):358–361.

17. Cruciani F, Trombetta B, Massaia A, Destro-Bisol G, Sellitto D, Scozzari R: A
revised root for the human Y chromosomal phylogenetic tree: the origin
of patrilineal diversity in Africa. Am J Hum Genet 2011, 88(6):814–818.

18. Stringer CB, Andrews P: Genetic and fossil evidence for the origin of
modern humans. Science 1988, 239(4845):1263–1268.

19. Rosenberg NA, Pritchard JK, Weber JL, Cann HM, Kidd KK, Zhivotovsky LA,
Feldman MW: Genetic structure of human populations. Science 2002, 298
(5602):2381–2385.

20. Ramachandran S, Deshpande O, Roseman CC, Rosenberg NA, Feldman MW,
Cavalli-Sforza LL: Support from the relationship of genetic and
geographic distance in human populations for a serial founder effect
originating in Africa. Proc Natl Acad Sci U S A 2005, 102(44):15942–15947.

21. Liu H, Prugnolle F, Manica A, Balloux F: A geographically explicit genetic
model of worldwide human-settlement history. Am J Hum Genet 2006,
79(2):230–237.
22. DeGiorgio M, Jakobsson M, Rosenberg NA: Explaining worldwide patterns
of human genetic variation using a coalescent-based serial founder
model of migration outward from Africa. Proc Natl Acad Sci U S A 2009,
106(38):16057–16062.

23. Deshpande O, Batzoglou S, Feldman MW, Cavalli-Sforza LL: A serial founder
effect model for human settlement out of Africa. Proc Biol Sci 2009, 276
(1655):291–300.

24. DeGiorgio M, Degnan JH, Rosenberg NA: Coalescence-time distributions in
a serial founder model of human evolutionary history. Genetics 2011, 189
(2):579–593.

25. Sun JX, Helgason A, Masson G, Ebenesersdottir SS, Li H, Mallick S, Gnerre S,
Patterson N, Kong A, Reich D, Stefansson K: A direct characterization of
human mutation based on microsatellites. Nat Genet 2012,
44(10):1161–1165.

26. Morgante M, Olivieri AM: PCR-amplified microsatellites as markers in
plant genetics. Plant J 1993, 3(1):175–182.

27. Richard GF, Hennequin C, Thierry A, Dujon B: Trinucleotide repeats
and other microsatellites in yeasts. Res Microbiol 1999,
150(9–10):589–602.

28. Toth G, Gaspari Z, Jurka J: Microsatellites in different eukaryotic genomes:
survey and analysis. Genome Res 2000, 10(7):967–981.

29. Katti MV, Ranjekar PK, Gupta VS: Differential distribution of simple
sequence repeats in eukaryotic genome sequences. Mol Biol Evol 2001,
18(7):1161–1167.

30. Kassai-Jager E, Ortutay C, Toth G, Vellai T, Gaspari Z: Distribution and
evolution of short tandem repeats in closely related bacterial genomes.
Gene 2008, 410(1):18–25.

31. Weber JL, Wong C: Mutation of human short tandem repeats. Hum Mol
Genet 1993, 2(8):1123–1128.

32. Brinkmann B, Klintschar M, Neuhuber F, Huhne J, Rolf B: Mutation rate in
human microsatellites: influence of the structure and length of the
tandem repeat. Am J Hum Genet 1998, 62(6):1408–1415.

33. Xu X, Peng M, Fang Z: The direction of microsatellite mutations is
dependent upon allele length. Nat Genet 2000, 24(4):396–399.

34. Huang QY, Xu FH, Shen H, Deng HY, Liu YJ, Liu YZ, Li JL, Recker RR, Deng
HW: Mutation patterns at dinucleotide microsatellite loci in humans. Am
J Hum Genet 2002, 70(3):625–634.

35. Leopoldino AM, Pena SD: The mutational spectrum of human autosomal
tetranucleotide microsatellites. Hum Mutat 2003, 21(1):71–79.

36. Gusmao L, Sanchez-Diz P, Calafell F, Martin P, Alonso CA, Alvarez-Fernandez
F, Alves C, Borjas-Fajardo L, Bozzo WR, Bravo ML, Builes JJ, Capilla J, Carvalho
M, Castillo C, Catanesi CI, Corach D, Di Lonardo AM, Espinheira R, Fagundes
de Carvalho E, Farfan MJ, Figueiredo HP, Gomes I, Lojo MM, Marino M,
Pinheiro MF, Pontes ML, Prieto V, Ramos-Luis E, Riancho JA, Souza Goes AC:
Mutation rates at Y chromosome specific microsatellites. Hum Mutat
2005, 26(6):520–528.

37. Yan J, Liu Y, Tang H, Zhang Q, Huo Z, Hu S, Yu J: Mutations at 17 STR loci
in Chinese population. Forensic Sci Int 2006, 162(1–3):53–54.

38. Dallas JF: Estimation of microsatellite mutation rates in recombinant
inbred strains of mouse. Mamm Genome 1992, 3(8):452–456.

39. Ellegren H: Mutation rates at porcine microsatellite loci. Mamm Genome
1995, 6(5):376–377.

40. Yue GH, Beeckmann P, Geldermann H: Mutation rate at swine
microsatellite loci. Genetica 2002, 114(2):113–119.

41. Levinson G, Gutman GA: High frequencies of short frameshifts in poly-CA/
TG tandem repeats borne by bacteriophage M13 in Escherichia coli K-12.
Nucleic Acids Res 1987, 15(13):5323–5338.

42. Schlötterer C, Tautz D: Slippage synthesis of simple sequence DNA.
Nucleic Acids Res 1992, 20(2):211–215.

43. Eisen JA: Mechanistic basis for microsatellite instability. In Microsatellites:
Evolution and Applications. 1st edition. Edited by Goldstein DB, Schlötterer C.
New York: Oxford University Press; 1999:34–48.

44. Hile SE, Eckert KA: Positive correlation between DNA polymerase alpha-
primase pausing and mutagenesis within polypyrimidine/polypurine
microsatellite sequences. J Mol Biol 2004, 335(3):745–759.

45. Strand M, Prolla TA, Liskay RM, Petes TD: Destabilization of tracts of simple
repetitive DNA in yeast by mutations affecting DNA mismatch repair.
Nature 1993, 365(6443):274–276.

46. Ohta T, Kimura M: A model of mutation appropriate to estimate the
number of electrophoretically detectable alleles in a finite population.
Genet Res 1973, 22(2):201–204.



Kwong and Pemberton BMC Genomics 2014, 15:990 Page 16 of 17
http://www.biomedcentral.com/1471-2164/15/990
47. Weber JL: Informativeness of human (dC-dA)n. (dG-dT)n polymorphisms.
Genomics 1990, 7(4):524–530.

48. Hancock JM: Microsatellites and other simple sequences: genomic
context and mutational mechanisms. In Microsatellites: Evolution and
Applications. 1st edition. Edited by Goldstein DB, Schlötterer C. New York:
Oxford University Press; 1999:1–9.

49. Ellegren H: Microsatellites: simple sequences with complex evolution. Nat
Rev Genet 2004, 5(6):435–445.

50. Payseur BA, Jing P, Haasl RJ: A genomic portrait of human microsatellite
variation. Mol Biol Evol 2011, 28(1):303–312.

51. Rosenberg NA, Li LM, Ward R, Pritchard JK: Informativeness of genetic
markers for inference of ancestry. Am J Hum Genet 2003, 73(6):1402–1422.

52. Liu N, Chen L, Wang S, Oh C, Zhao H: Comparison of single-nucleotide
polymorphisms and microsatellites in inference of population structure.
BMC Genet 2005, 6(Suppl 1):S26.

53. Haasl RJ, Payseur BA: Multi-locus inference of population structure: a
comparison between single nucleotide polymorphisms and
microsatellites. Heredity (Edinb) 2011, 106(1):158–171.

54. Granevitze Z, David L, Twito T, Weigend S, Feldman M, Hillel J:
Phylogenetic resolution power of microsatellites and various single-
nucleotide polymorphism types assessed in 10 divergent chicken
populations. Anim Genet 2014, 45(1):87–95.

55. Bowcock AM, Ruiz-Linares A, Tomfohrde J, Minch E, Kidd JR, Cavalli-Sforza
LL: High resolution of human evolutionary trees with polymorphic micro-
satellites. Nature 1994, 368(6470):455–457.

56. Ghebranious N, Vaske D, Yu A, Zhao C, Marth G, Weber JL: STRP
screening sets for the human genome at 5 cM density. BMC Genomics
2003, 4(1):6.

57. Rosenberg NA, Mahajan S, Ramachandran S, Zhao C, Pritchard JK, Feldman
MW: Clines, clusters, and the effect of study design on the inference of
human population structure. PLoS Genet 2005, 1(6):e70.

58. Rosenberg NA, Mahajan S, Gonzalez-Quevedo C, Blum MG, Nino-Rosales L,
Ninis V, Das P, Hegde M, Molinari L, Zapata G, Weber JL, Belmont JW, Patel PI:
Low levels of genetic divergence across geographically and linguistically
diverse populations from India. PLoS Genet 2006, 2(12):e215.

59. Wang S, Lewis CM Jr, Jakobsson M, Ramachandran S, Ray N, Bedoya G,
Rojas W, Parra MV, Molina JA, Gallo C, Mazzotti G, Poletti G, Hill K, Hurtado
AM, Labuda D, Klitz W, Barrantes R, Bortolini MC, Salzano FM, Petzl-Erler ML,
Tsuneto LT, Llop E, Rothhammer F, Excoffier L, Feldman MW, Rosenberg NA,
Ruiz-Linares A: Genetic variation and population structure in Native
Americans. PLoS Genet 2007, 3(11):e185.

60. Friedlaender JS, Friedlaender FR, Reed FA, Kidd KK, Kidd JR, Chambers GK,
Lea RA, Loo J-H, Koki G, Hodgson JA, Merriwether DA, Weber JL: The
genetic structure of Pacific Islanders. PLoS Genet 2008, 4(1):e19.

61. Wang S, Ray N, Rojas W, Parra MV, Bedoya G, Gallo C, Poletti G, Mazzotti G,
Hill K, Hurtado AM, Camrena B, Nicolini H, Klitz W, Barrantes R, Molina JA,
Freimer NB, Bortolini MC, Salzano FM, Petzl-Erler ML, Tsuneto LT, Dipierri JE,
Alfaro EL, Bailliet G, Bianchi NO, Llop E, Rothhammer F, Excoffier L, Ruiz-
Linares A: Geographic patterns of genome admixture in Latin American
Mestizos. PLoS Genet 2008, 4(3):e1000037.

62. Kopelman NM, Stone L, Wang C, Gefel D, Feldman MW, Hillel J, Rosenberg
NA: Genomic microsatellites identify shared Jewish ancestry
intermediate between Middle Eastern and European populations. BMC
Genet 2009, 10:80.

63. Tishkoff SA, Reed FA, Friedlaender FR, Ehret C, Ranciaro A, Froment A, Hirbo
JB, Awomoyi AA, Bodo J-M, Doumbo O, Ibrahim M, Juma AT, Kotze MJ,
Lema G, Moore JH, Mortensen H, Nyambo TB, Omar SA, Powell K, Pretorius
GS, Smith MW, Thera MA, Wambebe C, Weber JL, Williams SM: The genetic
structure and history of Africans and African Americans. Science 2009,
324(5930):1035–1044.

64. Pemberton TJ, Li F-Y, Hanson EK, Mehta NU, Choi S, Ballantyne J, Belmont
JW, Rosenberg NA, Tyler-Smith C, Patel PI: Impact of restricted marital
practices on genetic variation in an endogamous Gujarati group.
Am J Phys Anthropol 2012, 149(1):92–103.

65. Becquet C, Patterson N, Stone AC, Przeworski M, Reich D: Genetic structure
of chimpanzee populations. PLoS Genet 2007, 3(4):e66.

66. Pemberton TJ, Degiorgio M, Rosenberg NA: Population structure in a
comprehensive genomic data set on human microsatellite variation. G3
(Bethesda) 2013, 3(5):891–907.

67. Nei M, Takezaki N: The root of the phylogenetic tree of human
populations. Mol Biol Evol 1996, 13(1):170–177.
68. Ayub Q, Mansoor A, Ismail M, Khaliq S, Mohyuddin A, Hameed A, Mazhar K,
Rehman S, Siddiqi S, Papaioannou M, Piazza A, Cavalli-Sforza LL, Mehdi SQ:
Reconstruction of human evolutionary tree using polymorphic
autosomal microsatellites. Am J Phys Anthropol 2003, 122(3):259–268.

69. FitzSimmons NN, Moritz C, Moore SS: Conservation and dynamics of
microsatellite loci over 300 million years of marine turtle evolution. Mol
Biol Evol 1995, 12(3):432–440.

70. Gugerli F, Brodbeck S, Holderegger R: Insertions–deletions in a
microsatellite flanking region may be resolved by variation in stuttering
patterns. Plant Mol Biol Rep 2008, 26(3):255–262.

71. Clisson I, Lathuilliere M, Crouau-Roy B: Conservation and evolution of
microsatellite loci in primate taxa. Am J Primatol 2000, 50(3):205–214.

72. Blanquer-Maumont A, Crouau-Roy B: Polymorphism, monomorphism, and
sequences in conserved microsatellites in primate species. J Mol Evol
1995, 41(4):492–497.

73. Brohede J, Ellegren H: Microsatellite evolution: polarity of substitutions
within repeats and neutrality of flanking sequences. Proc Biol Sci 1999,
266(1421):825–833.

74. Pemberton TJ, Sandefur CI, Jakobsson M, Rosenberg NA: Sequence
determinants of human microsatellite variability. BMC Genomics 2009,
10:612.

75. Meyer LR, Zweig AS, Hinrichs AS, Karolchik D, Kuhn RM, Wong M, Sloan CA,
Rosenbloom KR, Roe G, Rhead B, Raney BJ, Pohl A, Malladi VS, Li CH, Lee BT,
Learned K, Kirkup V, Hsu F, Heitner S, Harte RA, Haeussler M, Guruvadoo L,
Goldman M, Giardine BM, Fujita PA, Dreszer TR, Diekhans M, Cline MS,
Clawson H, Barber GP: The UCSC Genome Browser database: extensions
and updates 2013. Nucleic Acids Res 2013, 41(Database issue):D64–D69.

76. Mammalian Genotyping Service microsatellite Screening Sets. [http://research.
marshfieldclinic.org/genetics/GeneticResearch/screeningsets.asp]

77. Chimpanzee Sequencing Analysis Consortium: Initial sequence of the
chimpanzee genome and comparison with the human genome. Nature
2005, 437(7055):69–87.

78. Lai Y, Sun F: The relationship between microsatellite slippage
mutation rate and the number of repeat units. Mol Biol Evol 2003, 20
(12):2123–2131.

79. Ananda G, Walsh E, Jacob KD, Krasilnikova M, Eckert KA, Chiaromonte F,
Makova KD: Distinct mutational behaviors differentiate short tandem
repeats from microsatellites in the human genome. Genome Biol Evol
2013, 5(3):606–620.

80. Amos W, Rubinstzein DC: Microsatellites are subject to directional
evolution. Nat Genet 1996, 12(1):13–14.

81. Rubinsztein DC, Amos W, Leggo J, Goodburn S, Jain S, Li SH, Margolis RL,
Ross CA, Ferguson-Smith MA: Microsatellite evolution–evidence for
directionality and variation in rate between species. Nat Genet 1995,
10(3):337–343.

82. Cooper G, Rubinsztein DC, Amos W: Ascertainment bias cannot entirely
account for human microsatellites being longer than their chimpanzee
homologues. Hum Mol Genet 1998, 7(9):1425–1429.

83. Webster MT, Smith NGC, Ellegren H: Microsatellite evolution inferred from
human-chimpanzee genomic sequence alignments. Proc Natl Acad Sci
U S A 2002, 99(13):8748–8753.

84. Vowles EJ, Amos W: Quantifying ascertainment bias and species-specific
length differences in human and chimpanzee microsatellites using
genome sequences. Mol Biol Evol 2006, 23(3):598–607.

85. Li B, Kimmel M: Factors influencing ascertainment bias of microsatellite
allele sizes: impact on estimates of mutation rates. Genetics 2013,
195(2):563–572.

86. Goldstein DB, Clark AG: Microsatellite variation in North American
populations of Drosophila melanogaster. Nucleic Acids Res 1995,
23(19):3882–3886.

87. Petes TD, Greenwell PW, Dominska M: Stabilization of microsatellite
sequences by variant repeats in the yeast Saccharomyces cerevisiae.
Genetics 1997, 146(2):491–498.

88. Sainudiin R, Durrett RT, Aquadro CF, Nielsen R: Microsatellite mutation
models: insights from a comparison of humans and chimpanzees.
Genetics 2004, 168(1):383–395.

89. Claassen DA, Lahue RS: Expansions of CAG.CTG repeats in immortalized
human astrocytes. Hum Mol Genet 2007, 16(24):3088–3096.

90. Chakraborty R, Kimmel M, Stivers DN, Davison LJ, Deka R: Relative mutation
rates at di-, tri-, and tetranucleotide microsatellite loci. Proc Natl Acad Sci
U S A 1997, 94(3):1041–1046.

http://research.marshfieldclinic.org/genetics/GeneticResearch/screeningsets.asp
http://research.marshfieldclinic.org/genetics/GeneticResearch/screeningsets.asp


Kwong and Pemberton BMC Genomics 2014, 15:990 Page 17 of 17
http://www.biomedcentral.com/1471-2164/15/990
91. Kruglyak S, Durrett RT, Schug MD, Aquadro CF: Equilibrium distributions of
microsatellite repeat length resulting from a balance between slippage
events and point mutations. Proc Natl Acad Sci U S A 1998,
95(18):10774–10778.

92. Schug MD, Hutter CM, Wetterstrand KA, Gaudette MS, Mackay TF, Aquadro
CF: The mutation rates of di-, tri- and tetranucleotide repeats in
Drosophila melanogaster. Mol Biol Evol 1998, 15(12):1751–1760.

93. Kelkar YD, Tyekucheva S, Chiaromonte F, Makova KD: The genome-wide
determinants of human and chimpanzee microsatellite evolution.
Genome Res 2008, 18(1):30–38.

94. Bachtrog D, Agis M, Imhof M, Schlötterer C: Microsatellite variability differs
between dinucleotide repeat motifs-evidence from Drosophila
melanogaster. Mol Biol Evol 2000, 17(9):1277–1285.

95. Eckert KA, Yan G, Hile SE: Mutation rate and specificity analysis of
tetranucleotide microsatellite DNA alleles in somatic human cells.
Mol Carcinog 2002, 34(3):140–150.

96. Brandstrom M, Ellegren H: Genome-wide analysis of microsatellite
polymorphism in chicken circumventing the ascertainment bias. Genome
Res 2008, 18(6):881–887.

97. Hey J: The divergence of chimpanzee species and subspecies as
revealed in multipopulation isolation-with-migration analyses. Mol Biol
Evol 2010, 27(4):921–933.

98. Wegmann D, Excoffier L: Bayesian inference of the demographic history
of chimpanzees. Mol Biol Evol 2010, 27(6):1425–1435.

99. Takahata N: Allelic genealogy and human evolution. Mol Biol Evol 1993,
10(1):2–22.

100. Erlich HA, Bergstrom TF, Stoneking M, Gyllensten U: HLA sequence
polymorphism and the origin of humans. Science 1996, 274(5292):1552–1554.

101. Lewontin RC: The Genetic Basis of Evolutionary Change. New York: Columbia
University Press; 1974.

102. Freund AM, Bichara M, Fuchs RPP: Z-DNA-forming sequences are
spontaneous deletion hot spots. Proc Natl Acad Sci U S A 1989,
86(19):7465–7469.

103. Jin L, Macaubas C, Hallmayer J, Kimura A, Mignot E: Mutation rate varies
among alleles at a microsatellite locus: phylogenetic evidence. Proc Natl
Acad Sci U S A 1996, 93(26):15285–15288.

104. Wierdl M, Dominska M, Petes TD: Microsatellite instability in yeast:
dependence on the length of the microsatellite. Genetics 1997,
146(3):769–779.

105. Baptiste BA, Ananda G, Strubczewski N, Lutzkanin A, Khoo SJ, Srikanth A,
Kim N, Makova KD, Krasilnikova MM, Eckert KA: Mature microsatellites:
mechanisms underlying dinucleotide microsatellite mutational biases in
human cells. G3 (Bethesda) 2013, 3(3):451–463.

106. Santibanez-Koref MF, Gangeswaran R, Hancock JM: A relationship between
lengths of microsatellites and nearby substitution rates in mammalian
genomes. Mol Biol Evol 2001, 18(11):2119–2123.

107. Szpiech ZA, Jakobsson M, Rosenberg NA: ADZE: a rarefaction approach for
counting alleles private to combinations of populations. Bioinformatics
2008, 24(21):2498–2504.

108. Szpiech ZA, Rosenberg NA: On the size distribution of private
microsatellite alleles. Theor Popul Biol 2011, 80(2):100–113.

109. Prugnolle F, Manica A, Balloux F: Geography predicts neutral genetic
diversity of human populations. Curr Biol 2005, 15(5):R159–R160.

110. Pemberton TJ, Rosenberg NA: Population-genetic influences on genomic
estimates of the inbreeding coefficient: a global perspective. Hum Hered
2014, 77(1–4):37–48.

111. Gagneux P, Wills C, Gerloff U, Tautz D, Morin PA, Boesch C, Fruth B,
Hohmann G, Ryder OA, Woodruff DS: Mitochondrial sequences show
diverse evolutionary histories of African hominoids. Proc Natl Acad Sci U S
A 1999, 96(9):5077–5082.

112. Bowden R, MacFie TS, Myers S, Hellenthal G, Nerrienet E, Bontrop RE,
Freeman C, Donnelly P, Mundy NI: Genomic tools for evolution and
conservation in the chimpanzee: Pan troglodytes ellioti is a genetically
distinct population. PLoS Genet 2012, 8(3):e1002504.

113. Prado-Martinez J, Sudmant PH, Kidd JM, Li H, Kelley JL, Lorente-Galdos B,
Veeramah KR, Woerner AE, O’Connor TD, Santpere G, Cagan A, Theunert C,
Casals F, Laayouni H, Munch K, Hobolth A, Halager AE, Malig M, Hernandez-
Rodriguez J, Hernando-Herraez I, Prufer K, Pybus M, Johnstone L, Lachmann
M, Alkan C, Twigg D, Petit N, Baker C, Hormozdiari F, Fernandez-Callejo M:
Great ape genetic diversity and population history. Nature 2013,
499(7459):471–475.
114. Valdes AM, Slatkin M, Freimer NB: Allele frequencies at microsatellite loci:
the stepwise mutation model revisited. Genetics 1993, 133(3):737–749.

115. Viguera E, Canceill D, Ehrlich SD: Replication slippage involves DNA
polymerase pausing and dissociation. EMBO J 2001, 20(10):2587–2595.

116. Schlötterer C, Ritter R, Harr B, Brem G: High mutation rate of a long
microsatellite allele in Drosophila melanogaster provides evidence for
allele-specific mutation rates. Mol Biol Evol 1998, 15(10):1269–1274.

117. Whittaker JC, Harbord RM, Boxall N, Mackay I, Dawson G, Sibly RM:
Likelihood-based estimation of microsatellite mutation rates. Genetics
2003, 164(2):781–787.

118. MacHugh DE, Shriver MD, Loftus RT, Cunningham P, Bradley DG:
Microsatellite DNA variation and the evolution, domestication and
phylogeography of taurine and zebu cattle (Bos taurus and Bos indicus).
Genetics 1997, 146(3):1071–1086.

119. Driscoll CA, Menotti-Raymond M, Nelson G, Goldstein D, O’Brien SJ:
Genomic microsatellites as evolutionary chronometers: a test in wild
cats. Genome Res 2002, 12(3):414–423.

120. Driscoll CA, Menotti-Raymond M, Roca AL, Hupe K, Johnson WE, Geffen E,
Harley EH, Delibes M, Pontier D, Kitchener AC, Yamaguchi N, O'Brien SJ,
Macdonald DW: The Near Eastern origin of cat domestication. Science
2007, 317(5837):519–523.

121. O’hUigin C, Satta Y, Takahata N, Klein J: Contribution of homoplasy and of
ancestral polymorphism to the evolution of genes in anthropoid
primates. Mol Biol Evol 2002, 19(9):1501–1513.

122. Payseur BA, Cutter AD: Integrating patterns of polymorphism at SNPs and
STRs. Trends Genet 2006, 22(8):424–429.

123. Payseur BA, Jing P: A genomewide comparison of population structure at
STRPs and nearby SNPs in humans. Mol Biol Evol 2009, 26(6):1369–1377.

124. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic local alignment
search tool. J Mol Biol 1990, 215(3):403–410.

125. Brownstein MJ, Carpten JD, Smith JR: Modulation of non-templated
nucleotide addition by Taq DNA polymerase: primer modifications that
facilitate genotyping. Biotechniques 1996, 20(6):1004–1006. 1008–1010.

126. Hartigan JA, Kleiner B: Mosaics for Contingency Tables. New York: Springer-
Verlag; 1981.

127. Friendly M: Mosaic displays for multi-way contingency tables. J Am Stat
Assoc 1994, 89(425):190–200.

128. Meyer D, Zeileis A, Hornik K: The Strucplot framework: visualizing
multi-way contingency tables with vcd. J Stat Softw 2006, 17(3):1–48.

129. R Development Core Team: R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical Computing; 2013.

130. Nei M: Molecular Evolutionary Genetics. New York: Columbia University Press;
1987.

131. Excoffier L, Laval G, Schneide S: Arlequin ver. 3.0: an integrated software
package for population genetics data analysis. Evol Bioinform Online 2005,
1:47–50.

132. Minch E, Ruiz Linares A, Goldstein DB, Feldman MW, Cavalli-Sforza LL:
MICROSAT (version 2α): a Program for Calculating Statistics on Microsatellite
Data. Stanford, CA: Department of Genetics, Stanford University; 1998.

133. Calenge C: The package “adehabitat” for the R software: a tool for the
analysis of space and habitat use by animals. Ecol Model 2006,
197(3–4):516–519.

doi:10.1186/1471-2164-15-990
Cite this article as: Kwong and Pemberton: Sequence differences at
orthologous microsatellites inflate estimates of human-chimpanzee differentiation.
BMC Genomics 2014 15:990.


	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Identification and analysis of chimpanzee microsatellite sequences
	Comparison of fragment lengths at putative orthologs
	Comparison of STR structure at putative orthologs
	Comparison of ortholog heterozygosities
	Impact of fragment length imbalances on estimates of genetic differentiation
	Interspecies differences in microsatellite properties and their effects on heterozygosity
	Interspecies differences in microsatellite properties
	Effect of microsatellite properties on heterozygosity


	Conclusions
	Methods
	Genotype data
	DNA primer pairs
	Identification of chimpanzee genomic targets
	Analysis of chimpanzee microsatellite sequences
	Comparison of human and chimpanzee microsatellite sequences
	Conversion of PCR fragment lengths into repeat numbers
	Calculation of population-genetic statistics
	Analysis of microsatellite diversity data
	Availability of supporting data

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


