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Cryptic Variation in the Human Mutation Rate
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The mutation rate is known to vary between adjacent sites within the human genome as a consequence of context, the
most well-studied example being the influence of CpG dinucelotides. We investigated whether there is additional
variation by testing whether there is an excess of sites at which both humans and chimpanzees have a singlenucleotide polymorphism (SNP). We found a highly significant excess of such sites, and we demonstrated that this
excess is not due to neighbouring nucleotide effects, ancestral polymorphism, or natural selection. We therefore infer
that there is cryptic variation in the mutation rate. However, although this variation in the mutation rate is not
associated with the adjacent nucleotides, we show that there are highly nonrandom patterns of nucleotides that
extend ;80 base pairs on either side of sites with coincident SNPs, suggesting that there are extensive and complex
context effects. Finally, we estimate the level of variation needed to produce the excess of coincident SNPs and show
that there is a similar, or higher, level of variation in the mutation rate associated with this cryptic process than there is
associated with adjacent nucleotides, including the CpG effect. We conclude that there is substantial variation in the
mutation that has, until now, been hidden from view.
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chimpanzee SNPs against a dataset of human SNPs. This
yielded a dataset of 309,158 alignments of 81 base pairs (bp)
with the chimpanzee SNP in the central position and a
human SNP elsewhere within the alignment. Of these alignments, 11,571 have the human and chimpanzee SNP at the
same position (Figure 1); we refer to these as coincident SNPs.
This number of coincident SNPs is much greater than the
3,817 we would expect if the human SNPs were distributed at
random across the alignment, and also much greater than the
6,592 we would expect taking into account the inﬂuence of
the adjacent nucleotides on the mutation rate, henceforth
known as ‘‘simple’’ context effects. The observed excess of
coincident SNPs is signiﬁcantly greater than the expected
number (ratio of observed over expected with simple context
effects ¼ 1.76, with a standard error of 0.02, p , 0.0001 under
the null hypothesis that the ratio is 1). This excess is not due
to our inability to correct for CpG effects; if we remove CpG
dinucleotides from the analysis, we observe 5,028 coincident
SNPs but would only expect 2,533 taking into account simple
context effects (ratio ¼ 1.98 (0.03); p , 0.0001). If we look at
the pattern of coincident SNPs, it is evident that almost all
the excess is due to the same SNP being present in both
humans and chimpanzees, with A-T/A-T SNPs being dramatically over-represented (Table 1; see Table S1 for the analysis
with CpG sites removed).
Although the excess of coincident SNPs is consistent with
variation in the mutation rate that is not associated with

Introduction
The mutation rate is thought to vary across the human
genome on several different scales. At the chromosomal level,
the Y chromosome evolves faster than the autosomes, which
evolve faster than the X chromosome [1,2]. This is thought to
be due to males having a higher mutation rate than females.
The autosomes also appear to differ in their rates of mutation
for reasons that are unclear [3,4]. At the next level down,
there appears to be variation in the mutation rate over a scale
of several hundred kilobases [4,5], another pattern that
remains unexplained. However, the most dramatic variation
in the mutation rate is observed over ﬁne scales in which
adjacent sites can have very different mutation rates. In the
nuclear genome, this variation has been shown to be
associated with context, the best-known example being the
CpG dinucleotide in mammals. CpG dinucleotides are
generally methylated in mammals and since methyl-cytosine
is unstable, this leads to a high rate of C!T and G!A
transitions at these sites, which is about 10- to 20-fold higher
than at other sites [6,7]. However, the CpG effect is not the
only source of ﬁne-scale variation in the mutation rate; the
rate of mutation appears to vary by about 2- or 3-fold as a
function of other adjacent nucleotides [8–11].
Although variation in the mutation rate has been wellcharacterised in terms of adjacent nucleotides [8,9,11], it is
possible that there is other variation in the mutation that is
associated with either distant or complex context effects,
which has hitherto escaped detection. We investigated this
question by testing whether human and chimpanzee single
nucleotide polymorphisms (SNPs) occur at orthologous sites
in the genome. If there is variation in the mutation rate, we
expect to see an excess of sites at which both humans and
chimpanzees have a SNP.
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To investigate whether human and chimpanzee SNPs tend
to occur at the same sites in the genome, we BLASTed all
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Author Summary

have an evolutionary effect. It therefore seems unlikely that
strand asymmetry in the pattern of mutation is leading to an
underestimate of the expected number of coincident SNPs.

Understanding the process of mutation is important, not only
mechanistically, but also because it has implications for the analysis
of sequence evolution and population genetic inference. The
mutation rate is known to differ between sites within the human
genome. The most dramatic example of this is when a C is followed
by G; both the C and G nucleotides have a rate of mutation that is
between 10- and 20-fold higher than the rate at other sites. In
addition, is it known that the mutation rate may be influenced by
the nucleotides flanking the site. Here we show that there is also
very substantial variation in the mutation rate that is not associated
with the flanking nucleotides, or the CpG effect. Although this
variation does not depend upon the adjacent nucleotides, there are
nonrandom patterns of nucleotides surrounding sites that appear to
be hypermutable, suggesting there are complex context effects that
influence the mutation rate.

Patterns of Mutation
The excess of coincident SNPs could also be due to
variation in the pattern of mutation across the genome for
reasons similar to those given for strand asymmetry; if the
relative rate at which each triplet mutates differs between
genomic regions, then we will underestimate the expected
number of coincident SNPs. Since such variation in the
pattern of mutation might be expected to generate differences in base composition, we divided our dataset of
alignments according to their GC content and estimated
the mutation rate of the central nucleotide in each triplet in
the chimpanzee sequence using the human sequence to infer
the ancestral sequence. The relative rates of mutation
inferred from the sequences in the upper and low GC
content quartiles are highly correlated to each other (r ¼ 0.99
using all triplets; r ¼ 0.88 excluding triplets involving CpGs;
Figure S3), which suggests that triplets that are highly
mutable in high–GC content sequences also tend to be highly
mutable in the low–GC content sequences. It therefore seems
unlikely that we are underestimating the expected number of
coincident SNPs because of variation in the pattern of
mutation. As expected, we ﬁnd a signiﬁcant excess of
coincident SNPs in both the upper and lower GC quartile
datasets, although the excess of coincident SNPs appears to
be slightly stronger in GC-poor DNA (Table S2).

simple context, there are several other explanations that
warrant consideration.

Strand Asymmetry
In correcting for simple context effects, we have also made
two assumptions; we have assumed that the pattern of
mutation is the same on the two strands of the DNA duplex,
and we have assumed that context effects are the same across
the genome. As a consequence of these assumptions, we could
be underestimating the expected number of coincident SNPs.
For example, let us imagine that the triplet AAA has a high
mutation rate on one strand, say the transcribed strand, and a
low mutation rate on the other strand, but that the pattern is
the opposite for the triplet CCC (note that when we refer to
the mutation of a triplet, we are referring to the mutation
rate of the central nucleotide). Because the relative mutation
rates of AAA and CCC depend on which strand we are
considering, we would tend to underestimate the expected
number of coincident SNPs.
The pattern of mutation is known to differ between the two
DNA strands in a manner that depends on transcription
[12,13]. However, what is important for our analysis is
whether the relative mutation rates of the triplets differ
between strands; it is the relative, rather than the absolute
rate, that matters, because for each alignment we calculate
the chance of a coincident SNP relative to the chance that the
human SNP occurs at one of the other triplets in the
sequence. To investigate this, we estimated the mutation rate
of the central nucleotide in each triplet for a set of human
genes for which we knew the direction of transcription; we
also considered a subset of these genes known to be expressed
in the testis.
In agreement with Green et al. [12], we observe a 25%
excess of A!G transitions over T!C transitions; however, we
did not observe an excess of G!A transitions over C!T
transitions, even in our testis-expressed genes. Crucially for
our analysis, the mutation rate of each triplet is highly
correlated to its reverse-compliment triplet for all genes
(Pearson correlation coefﬁcient r ¼ 1.00 for all triplets, r ¼
0.85 without triplets containing CpGs; Figure S2A) and for
genes expressed in the testes (r ¼ 0.99 for all triplets, r ¼ 0.75
without triplets containing CpGs; Figure S2B); genes expressed in the testes are expressed in the male germ-line,
where any strand asymmetry in the pattern of mutation will
PLoS Biology | www.plosbiology.org

Ancestral Polymorphism
The excess of coincident SNPs could be due to inheritance,
in humans and chimpanzees, of polymorphisms that were
present in their last common ancestor. Two lines of evidence
suggest that this is not the case. First, we repeated the analysis
using human and macaque SNPs. Since these two species
diverged more than 23–34 million years ago (Mya) [14], as
opposed to the 6–10 My that separates human and chimp [14],
one would expect very few polymorphisms to be shared
between human and macaque. However, in this dataset we
also see a signiﬁcant excess of coincident SNPs whether we
consider all sites (ratio ¼ 1.64 (0.19); p , 0.001) or non-CpG
sites (1.51 (0.26); and p , 0.05). Second, the pattern of
coincident SNPs (Table 1) is inconsistent with ancestral
polymorphism. All four of the possible transversion SNPs are
approximately equally common amongst SNPs in general
(proportion of transversions amongst human SNPs: G/T ¼
0.092, C/A ¼ 0.091, C/G ¼ 0.088, A/T ¼ 0.075; transitions: C/T ¼
0.33, G/A ¼ 0.33). We would therefore expect a G-C SNP in
chimps to be coincident with a G-C SNP in humans
approximately equally often as an A-T SNP in humans is
coincident with an A-T SNP in chimps. However, we see
distinct biases, with coincident A-T/A-T SNPs being much
more common than the other transversions.

Natural Selection
It is also possible for the apparent excess of coincident
SNPs to be due to selection; if some regions of the genome
are under selection, then we expect them to have a low
density of SNPs, because many SNPs will be removed as they
are deleterious. As a consequence, SNPs will be clustered
between these regions, causing an apparent excess of
0227
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Figure 1. The Number of Human SNPs at Each Site of the Human–Chimpanzee Alignments Used in the Analysis
doi:10.1371/journal.pbio.1000027.g001

remove CpGs; e.g., the expected number of non–CpG
coincident SNPs is 2,115 if we ignore adjacent nucleotide
effects, and it is 2,533 if we include these effects.
To investigate whether there are other, more complex
context effects, we tabulated the frequency of each triplet at
each site in the alignments containing coincident SNPs, and a
similar-sized dataset of alignments with noncoincident SNPs.
Surprisingly, we found signiﬁcant heterogeneity in triplet
frequencies that extends to about 80 bp on either side of the
coincident SNP (Figure 2A); i.e., the relative frequencies of
the triplets at sites close to the coincident SNP are different
from the average across the alignments. In contrast, if we
consider alignments without a coincident SNP, but with a
chimpanzee SNP, we only see signiﬁcant heterogeneity in
triplet frequencies within 10 bp of either side of the SNP
(Figure 2B). Despite the heterogeneity in triplet frequencies
surrounding a coincident SNP, we could discern very few
patterns in the triplets that are over- or under-represented.
The only conspicuous pattern is an excess of TTT triplets
upstream and AAA triplets downstream of coincident SNPs.
However this seems to explain little of the overall excess of
coincident SNPs. If we repeat the analysis but remove all cases
in which there is a run of three or more nucleotides, of any
type, with or without SNPs within them, then from our
alignments we ﬁnd 8,536 alignments with a coincident SNP
versus an expected number of 4,434, taking into account
simple context effects (ratio ¼ 1.93 (0.02); p , 0.0001).
Considering pentamers, rather than triplets, also fails to
reveal any context that is associated with coincident SNPs,
except for the a-polymerase pause site motif, TG(A/G)(A/

coincident SNPs. This seems an unlikely explanation, since
the vast majority of our data is intergenic and intronic (98%
and 99% of the human and chimpanzee SNPs in our BLAST
databases, respectively), and although selection is known to
act within these regions, it is thought to only affect a small
percentage of sites [15–17]. Furthermore, if selection was
causing an excess of coincident SNPs, we would expect SNPs
to be clustered generally, but this is not observed (Figure 1
and Figure S1). There is a small excess of human SNPs
adjacent to the chimpanzee SNP, but this is a consequence of
CpG effects—the chimpanzee SNP is disproportionately
likely to occur within a CpG, which means that a human
SNP is also likely to occur at the same site, or at an adjacent
site. If we remove CpGs, this slight excess of adjacent SNPs
disappears (Figure S1). Otherwise there is no tendency for
SNPs to cluster.

Other Context Effects
It therefore seems that the excess of coincident SNPs is a
consequence of variation in the mutation rate that is not
associated with simple context effects, variation in these
context effects between strands or regions of the genome, or
natural selection. The question therefore arises whether the
variation in the mutation rate is associated with other
contexts that are distant from the target site, degenerate in
nature, or sufﬁciently complex to be difﬁcult to discern. It
should be noted that simple context effects beyond the
adjacent nucleotides (e.g., 1 bp removed from the target site)
are not responsible for the excess. Although these effects exist
[11], they are much smaller than those of adjacent nucleotides, which themselves have a relatively modest effect if we
PLoS Biology | www.plosbiology.org
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Table 1. The Pattern of Coincident SNPs
Human

SNP

Observed

C/T
G/A
C/A
G/T
C/G
A/T

Observed/expected

C/T
G/A
C/A
G/T
C/G
A/T

Chimpanzee
C/T

G/A

C/A

G/T

C/G

A/T

3,840
14
226
114
190
81

11
3708
107
254
194
89

181
95
291
0
46
33

98
171
3
304
51
19

197
189
48
48
217
0

73
101
27
16
3
532

1.91
—
1.23
1.15
1.09
0.94

—
1.83
1.08
1.38
1.14
1.06

1.04
1.24
4.81
—
1.24
1.79

1.19
1.02
—
4.95
1.4
0.99

1.21
1.14
1.28
1.27
2.79
—

0.96
1.40
1.39
0.77
—
15.43

The table shows the number of times a particular SNP in humans is found opposite a particular SNP in chimpanzees, and the observed over expected ratio. The expected number is
estimated taking into account simple context effects. For clarity, cells in which the expected number of SNPs was less than 20 have been removed because they generate ratios with very
large variances. CpG sites are included; see Table S1 for an equivalent table with CpG sites excluded.
doi:10.1371/journal.pbio.1000027.t001

sites. This level of variation in the mutation rate is greater
than the variation associated with simple context: the
variance due to simple context, including CpGs, is 0.59,
whereas the variance due to cryptic variation at non-CpG
sites is 1.05. However, this large difference in variance might
be due to the model. If we consider a simple two-rate model
in which sites are either hypermutable or normal, and
constrain the proportion of hypermutable sites to be 2%,
which is the proportion of sites that are involved in CpGs in
the human genome [21], then we estimate that hypermutable
sites would have to mutate 9.3-fold faster than normal sites to
explain the excess of coincident SNPs. This is similar to 10–
20-fold higher rate that CpGs mutate [9,20].

G)(G/T)(A/C), which has been suggested as a hypermutable
motif [18,19]. However, we only observe an excess of apolymerase pause sites immediately downstream of coincident SNPs, and the total number of coincident SNPs
explained by this motif is trivial (2.2%).

Quantification
To quantify the level of cryptic variation in the mutation
rate, we ﬁt two models to the ratio of the observed number of
coincident SNPs over the number expected with simple
context effects. In the ﬁrst model, we assumed that the
variation in the mutation rate was log-normally distributed;
in the second, we assumed that there were two types of sites—
normal and hypermutable. These models give qualitatively
similar estimates of the variation, so we only discuss the lognormal model in detail, because this is a model with a single
parameter (details of the two-rate model are given in Text
S1). Because our method for controlling for simple context
effects tends to underestimate the expected number of
coincident SNPs when we have CpG sites, we concentrate
on non-CpG sites. We ﬁt two sub-models to our data. In the
ﬁrst, we assume that the mutation rate of a site is invariant in
both humans and chimpanzees. Under this ‘‘static’’ model, we
estimate the shape parameter of the log-normal to be 0.83
(95% conﬁdence intervals (CIs) of 0.81, 0.84) for non-CpG
sites. However, this model may not be realistic, since we might
expect sites with high mutation rates to destroy themselves;
e.g., if a site has a high rate of C!T mutation, then it will
rapidly become ﬁxed for T and therefore become nonhypermutable. We therefore also ﬁt a model in which the
time a site remains at a certain mutation rate depends upon
that mutation rate, assuming an average divergence between
humans and chimpanzees of 0.92% for non-CpG sites [20].
Under this model, we estimate slightly higher levels of cryptic
variation: we estimated the shape parameter to be 0.85 (0.83,
0.87)—higher shape parameters mean more variation. The
level of variation that these distributions represent is
considerable; with a shape parameter of 0.85 the fastest 5%
of sites mutate at least 16.4-fold faster than the slowest 5% of
PLoS Biology | www.plosbiology.org

Discussion
We have shown that there is an excess of sites that have a
SNP in both the human and chimpanzee genomes. We
demonstrated that this is not due to neighbouring nucleotide
effects, shared ancestral polymorphism, or natural selection.
It therefore seems that this excess is due to variation in the
mutation rate that is not associated with simple context
effects and is cryptic in nature. We also show that triplet
frequencies surrounding sites with coincident SNPs are
highly nonrandom, but we have been unable to discern any
speciﬁc motifs in these regions. This suggests that there are
probably complex context effects that extend some distance
from the site they effect. Furthermore, we show that there has
to be considerable variation in the mutation rate to explain
the observed excess of coincident SNPs.
The presence of such cryptic variation in the mutation rate
is perhaps not surprising given the evidence that some sites in
the human mitochondrial genome are hypermutable. Hypermutation had long been suspected based on the excess of
homoplasies in human mitochondrial DNA (mtDNA) phylogenies (e.g., see [22]) and although such an excess could be due
to hypermutation or recombination [23], two recent analyses
have provided convincing evidence that the excess is due to
hypermutation. Stoneking [24] showed that mitochondrial
0229
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rate is elevated close to an indel and this elevation in the
mutation rate declines over several hundred nucleotides. This
would manifest itself as general tendency for SNPs to cluster,
which we do not observe (Figure 1 and Figure S1); we only
observe a large excess of coincident SNPs and a small excess
of adjacent SNPs. Furthermore, humans and chimpanzees
would both have to have segregating indels in the same
locality to generate an excess of coincident SNPs.
Over the last few years, DNA sequence analysis has revealed
that the mutation process is highly complex, varying between
different parts of the genome and between different sites.
Unfortunately we do not yet understand many of these
patterns.

Materials and Methods
Data. We downloaded human and chimpanzee SNPs from dbSNP
build 126. Dividing the data into chromosomes, we BLASTed each
chimpanzee SNP, along with 50 bp of ﬂanking DNA on either side of
the SNP, against a database of human SNPs. We set the BLAST
parameters as follows; e-value ¼ 1 3 1030, mismatch score ¼ 1, and
simple sequence ﬁlter off. We retained those alignments, which were
101 bp in length, and in which the human or chimpanzee sequence
showed identity at 96 sites if the SNPs were coincident, or 94 sites if
they were not coincident. We adjusted the number of matches
required to control for the fact that if the SNPs are not coincident,
then there must be two extra mismatches. We randomly chose one
alignment if a chimpanzee SNP matched more than one human SNP
at the levels of identity we set; we obtained very similar results
removing these cases from the analysis. The alignments were trimmed
to 40 bp on either side of the central chimpanzee SNP because there
is a slight bias away from ﬁnding human SNPs at the edges of the
chimpanzee query sequence. This bias occurs because SNPs, being
classed as mismatches, tend to cause BLAST to prematurely
terminate the alignment. To perform the analysis of triplet
frequencies, we downloaded an extended ﬂanking sequence for the
chimpanzee SNPs analysed.
The macaque SNPs were kindly provided by Dr. Ripan Malhi [29].
We repeated the analysis as we did for chimpanzee but we relaxed the
criteria used to identify orthologous human sequences containing
SNPs to 86 matches if there was a coincident SNP, and 84 if there was
not, with the e-value adjusted to allow this level of similarity to be
found.
Sites were designated as CpG if the site, or any of the SNPs at the
site, would yield a CpG dinucleotide.
Estimating the expected number of coincident SNPs. We estimated
the expected number of coincident SNPs, taking into account the
effects of adjacent nucleotides on the rate of mutation, what we term
‘‘simple’’ context effects, as follows. Our data consist of a set of
alignments in which we have both a human and a chimpanzee SNP.
We start by tabulating the numbers of each triplet, nxyz, where x, y, and
z can be T, C, A, or G, in the chimpanzee sequence in the alignments,
along with the number of chimp triplets that have a human SNP
opposite the central nucleotide, nxyz.Hsnp. From these, we can estimate
the probability of observing a human SNP opposite a chimpanzee
triplet in our alignments: pxyz ¼ nxyz.Hsnp / nxyz. We can also calculate the
frequency of each triplet in the chimpanzee sequences: fxyz ¼ nxyz/Rnxyz
To calculate the probability that the human and chimpanzee SNPs
are coincident, we need to take into account that there are two alleles
in the chimpanzee SNPs, and the triplets they are a part of will have
different probabilities of having a human SNP opposite them. If we
knew the relative frequencies of the chimpanzee alleles, we could
calculate the chance of a coincident SNP as gy pxyz þ (1– gy)pxy’z where y
and y’ are the two chimpanzee alleles and gy is the frequency of the y
allele. However, we do not have allele frequency information, so we
estimated the relative probabilities of each of the two ancestral states
for the chimpanzee SNP, since the ancestral allele is likely to be at a
higher frequency in the population. For example, let us imagine we
have a CYC SNP—i.e., a Y SNP surrounded by C on both sides. The
ancestral triplet could have been CCC or CTC. The probability that
the SNP was generated from a CCC can be estimated as mCCC ¼ fCCC
rCCC/(fCCCrCCC þ fCTCrCTC) where rxyz is the rate at which triplet XYZ
generates a SNP in the central position of the triplet. We estimate rxyz
by orienting the chimp SNPs using the human sequence, excluding
coincident SNPs and SNPs for which the human nucleotide is

Figure 2. Heterogeneity in Triplet Frequencies
This figure gives the log value from a chi-square test of heterogeneity of
triplet frequencies at each site of the human–chimpanzee alignment
versus the average triplet frequencies across the whole alignment for (A)
alignments containing a coincident SNP, and (B) alignments without a
coincident SNP, but with a chimpanzee SNP at the central position. The
line marks the point above which 5% of the chi-square values are
expected to fall by chance alone. The chi-square values are not given for
the central three sites because the presence of the chimpanzee SNP in
the centre of the alignment means that triplets cannot be counted at
positions 0, þ1, and 1.
doi:10.1371/journal.pbio.1000027.g002

mutations in human pedigrees tend to occur at sites that have
high levels of homoplasy, and Galtier et al. [25] have recently
shown that synonymous mitochondrial SNPs tend to occur at
the same positions in different species.
However, although many of the hot spots in mtDNA appear
to be due to strand slippage–type mutational mechanisms
[26,27], this does not appear to be case for the cryptic
variation in the mutation rate in nuclear DNA that we
describe here. There are two slippage mechanisms that can
operate: template strand and primer strand dislocation.
Template strand dislocation is controlled for in our simple
context analysis, and primer strand dislocation is controlled
for in the analysis of homonucleotide runs.
It has also been shown recently that the mutation rate is
elevated close to insertion and deletion mutations in the
nuclear genomes of several eukaryotes, including humans
[28]. However, it seems unlikely that this process is generating
the excess of coincident SNPs. Indels appear to increase the
rate of mutation but not at speciﬁc sites; rather the mutation
PLoS Biology | www.plosbiology.org
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of SNPs over the number expected with simple context effects (i.e.,
the number expected without cryptic variation in the mutation rate).
This model is unrealistic, because we assume that a site does not
change its mutation rate; however, hypermutable sites are more likely
to change, and this may lead them to become nonhypermutable.
Under the log-normal model, we assume that once a site changes, its
mutation rate is drawn randomly from the log-normal distribution.
Let v be the average rate of mutation per unit time in both humans
and chimpanzees. Consider a site, in the ancestor of humans and
chimpanzees, that currently has a mutation rate vc. The probability
that the site will remain unchanged along both the human and
chimpanzee lineage is

different to both chimp alleles; let sxyz.Csnp be the number of chimp
triplets that are inferred to have generated a SNP, then rxyz ¼ sxyz,Csnp/
nxyz. The expected number of coincident SNPs in each alignment is
then, using the above example, (mCCCpCCC þ mCTC pCTC)/Rpxyz, where
the summation is across all the triplets in the alignment. The total
number of expected coincident SNPs was simply the sum across
alignments.
We used two methods to calculate the standard error for the ratio
of the observed number of coincident SNPs over the expected
number: we bootstrapped the data by alignment and then summed
the observed and expected values across the bootstrapped datasets.
However, it turned out that this was very closely approximated by
assuming that the observed number of coincident SNPs was Poisson
distributed and the expected value was known with no error; these
are the standard errors we present.
Simulations. We performed a number of simulations to check that
the BLAST analysis was not biased and that our method to estimate
the number of coincident SNPs under simple context effects worked
well. In each simulation, we evolved human genomic sequences under
a mutation pattern, in which the mutation rate depended on the
adjacent nucleotides, to generate a simulated human and chimpanzee
sequence. Into these we introduced SNPs according to the same
mutation pattern at the density found in dbSNP—one SNP every 266
bp in humans and every 2,128 bp in chimp. We then constructed a
BLAST database of ;140,000 human SNPs with 100 bp of ﬂanking
DNA sequence, and a query dataset of ;18,000 chimpanzee SNPs
with 50 bp of ﬂanking DNA. We ran the BLAST analysis and analysed
the output exactly as we had with the real data. We ran simulations in
which we had no mutation bias and datasets in which the mutation
rate of all triplets was the same except for triplets containing CpGs,
which had a mutation rate 10, 15, or 20 times the background rate.
We ran a set of simulations in which we had 0%, 1%, and 2%
divergence. Our method works well at all divergences and under all
mutation patterns, except when the CpG rate is very high, where the
method tends to underestimate the expected number of coincident
SNPs (Table S3). Surprisingly, the method tends to slightly overestimate the expected number of coincident SNPs when CpG sites are
removed for reasons that are not clear.
Strand asymmetry. To investigate strand asymmetry, we estimated
the mutation rate of the central nucleotide in each triplet by
tabulating the number of times each triplet contained a SNP. The
direction of mutation was inferred from the frequency; i.e., the
minority allele was judged to be the new mutation. We inferred
mutation rates across 964 human genes from the Seattle SNPs [30]
and Environmental Genome Projects [31]. To investigate which of
these genes are expressed in the male germ line, we downloaded gene
expression data from the human testis from the study of Ge et al. [32].
We obtained raw CEL ﬁles of gene expression levels from the NCBI
Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/
projects/geo/). We normalized the results from the mouse and rat
arrays separately using the RMA algorithm [33] as implemented in
Bioconductor [34]. We judged a gene to be expressed within the testis
if its expression was above 200 [35].
Log-normal model. We estimated the variation in the mutation
rate as follows. We start by assuming there is no divergence between
humans and chimpanzees so a hypermutable site in humans will also
be hypermutable in chimpanzees. Let the average probability of
detecting a SNP at a site in humans and chimpanzees be lh and lc,
respectively; if lh and lc are small, the probability at a particular site
will be clh and clc, where c is the relative rate of mutation. Let us
assume that c takes some distribution D(c) which has a mean of one.
The expected number of coincident SNPs is
Z
P ¼ DðcÞlh lc c2 dc
ð1Þ

Qu ¼ e2vct

If the site changes in one of the lineages, then the mutation rates in
the two lineages become independent of one another; since the mean
of a product is the product of the means, when two random variables
are independent, the probability of a coincident SNP at a site which
has undergone at least one substitution is
Z
ð6Þ
Pd ¼ lh lc DðcÞð1  e2vct Þdc
The expected number of SNPs with no variation in the mutation rate
is still P0, as given by Equation 2, so we can write the ratio of the
expected number of coincident SNPs with variation over the
expected number without variation in the mutation rate as
Z
Z
Pu þ Pd
¼
DðcÞe2vct c2 dc þ
DðcÞð1  e2vct Þdc
ð7Þ
Z¼
P0
This equation depends on the compound parameter 2vt, which is the
average divergence between humans and chimpanzees and the
distribution of c. Since we set the average of the log-normal
distribution to one, we need only ﬁnd the shape parameter of the
log-normal distribution.
To estimate the variance associated with simple context effects, we
calculated the mutation rate of each triplet as above, when correcting
simple context effects. We then scaled the mutation rates so the mean
across triplets, taking into account their frequencies in the genome,
had a mean of one. We then calculated the variance. This can be
compared directly to the variance of the log-normal distribution
which we had also constrained to have a mean of one. We weighted
the variance estimates from the CpG and non-CpG sites by the
relative frequency of the sites.

Supporting Information
Figure S1. The Number of Human SNPs at Each Site of the Human–
Chimpanzee Alignments Used in the Analysis Excluding CpG Sites
The slight deﬁcit of human SNPs adjacent to the chimpanzee is
caused by the adjacent sites being more likely to be inferred to be
within a CpG because the chimp SNP might contain either C or G.
For example, if the human SNP at þ1 is G/A and the chimp SNP is C/
G, this would be called a potential CpG site and excluded.
Found at doi:10.1371/journal.pbio.1000027.sg001 (56 KB PDF).
Figure S2. The Rate of Mutation for Each Triplet and Its Reverse
Complement
(A) All genes and (B) genes expressed in the testes.
Found at doi:10.1371/journal.pbio.1000027.sg002 (35 KB PDF).

If there is no variation in the mutation rate then this reduces to
P0 ¼ lh lc

Figure S3. The Rate of Mutation for Each Triplet in the GC-Rich
Alignments (x-Axis) Versus the Rate of Mutation in the GC-Poor
Alignments (y-Axis)
Found at doi:10.1371/journal.pbio.1000027.sg003 (28 KB PDF).

ð2Þ

such that the ratio of the number of coincident SNPs, over the
number expected with no variation, is
Z
P
Z¼
¼
DðcÞc2 dc
ð3Þ
P0

Table S1. The Pattern of Coincident SNPs at Non-CpG Sites
The table shows the number of times a particular SNP in humans is
found opposite a particular SNP in chimpanzees, and the observedover-expected ratio excluding CpG sites. Note that some of the
observed values are greater than when we included CpG dinucleotides. This is because we re-ran the analysis and when a chimp SNP
had matched multiple human sequences, we chose a sequence in

an equation which only depends upon the distribution of c. We
assume that c is either log-normally distributed, or that it has a two
state distribution in which sites can either be hypermutable or
normal (see Protocol S1). We estimate the parameters of the
distribution of c by considering the ratio of the observed number
PLoS Biology | www.plosbiology.org

ð4Þ

where t is the time since humans and chimpanzees diverged. The
probability that such a site will produce a coincident SNP is
Z
ð5Þ
Pu ¼ lh lc DðcÞe2vcy c2 dc
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Text S1. Supporting Methods
Found at doi:10.1371/journal.pbio.1000027.sd001 (28 KB PDF).

which the human SNP was not involved in a CpG. Ratios are omitted
when the expected value was less than 20.
Found at doi:10.1371/journal.pbio.1000027.st001 (61 KB DOC).

Acknowledgments

Table S2. The Observed and Expected Numbers of Coincident SNPs
in the Alignments with High or Low GC Content

We are grateful to Vini Pereira for help with the gene expression
analysis and to Nina Stoletzki, Peter Keightley and two referees for
comments.
Author contributions. AEW, AH, and EL designed the analysis. AH
and EL collected the data and performed the analysis. AEW and AH
wrote the paper.
Funding. AH and AEW were funded by the Biotechnology and
Biological Sciences Research Council, EL and AEW by the European
Community, and AEW by the National Evolutionary Synthesis Center.
Competing interests. The authors have declared that no competing
interests exist.

Found at doi:10.1371/journal.pbio.1000027.st002 (27 KB DOC).
Table S3. The Observed and Expected Number of Coincident SNPs
from Simulations Run with Different Levels of CpG Hypermutation
and Divergence
Found at doi:10.1371/journal.pbio.1000027.st003 (51 KB DOC).
Table S4. The Relative Rates of Mutation at Normal and Hypermutable Sites in the Two-Rate Model
Found at doi:10.1371/journal.pbio.1000027.st004 (27 KB DOC).
References
1. Miyata T, Hayashida H, Kuma K, Mitsuyasu K, Yasunaga T (1987) Maledriven molecular evolution: a model and nucleotide sequence analysis.
Cold Spring Harb Symp Quant Biol 52: 863–867.
2. Li WH, Yi S, Makova K (2002) Male-driven evolution. Curr Opin Genet Dev
12: 650–656.
3. Lercher MJ, Williams EJ, Hurst LD (2001) Local similarity in evolutionary
rates extends over whole chromosomes in human-rodent and mouse-rat
comparisons: implications for understanding the mechanistic basis of the
male mutation bias. Mol Biol Evol 18: 2032–2039.
4. Gaffney DJ, Keightley PD (2005) The scale of mutational variation in the
murid genome. Genome Res 15: 1086–1094.
5. Matassi G, Sharp PM, Gautier C (1999) Chromosomal location effects on
gene sequence evolution in mammals. Curr Biol 9: 786–791.
6. Bird AP (1980) DNA methylation and the frequency of CpG in animal DNA.
Nucl Acids Res 8: 1499–1504.
7. Coulondre C, Miller JH, Farabaugh PJ, Gilbert W (1978) Molecular basis of
base substitution hot-spots in Escherichia coli. Nature 274: 775–780.
8. Blake RD, Hess ST, Nicholson J (1992) The inﬂuence of nearest neighbours
on the rate and pattern of spontaneous point mutations. J Mol Evol 34:
189–200.
9. Hwang DG, Green P (2004) Bayesian Markov chain Monte Carlo sequence
analysis reveals varying neutral substitution patterns in mammalian
evolution. Proc Natl Acad Sci U S A 101: 13994–14001.
10. Rogozin IB, Pavlov YI (2003) Theoretical analysis of mutation hotspots and
their DNA sequence context speciﬁcity. Mutat Res 544: 65–85.
11. Zhao Z, Fu YX, Hewett-Emmett D, Boerwinkle E (2003) Investigating single
nucleotide polymorphism (SNP) density in the human genome and its
implications for molecular evolution. Gene 312: 207–213.
12. Green P, Ewing B, Miller W, Thomas PJ, Green ED (2003) Transcriptionassociated mutational asymmetry in mammalian evolution. Nat Genet 33:
514–517.
13. Rat_Genome_Sequencing_Consortium (2004) Genome sequence of the
Brown Norway rat yields insights into mammalian evolution. Nature 428:
493–521.
14. Benton MJ, Donoghue PC (2007) Paleontological evidence to date the tree
of life. Mol Biol Evol 24: 26–53.
15. Asthana S, Noble WS, Kryukov G, Grant CE, Sunyaev S, et al. (2007) Widely
distributed noncoding purifying selection in the human genome. Proc Natl
Acad Sci U S A 104: 12410–12415.
16. Dermitzakis ET, Reymond A, Antonarakis SE (2005) Conserved non-genic
sequences - an unexpected feature of mammalian genomes. Nat Rev Genet
6: 151–157.
17. Mouse_Genome_sequencing_Consortium (2002) Initial sequencing and
comparative analysis of the mouse genome. Nature 420: 520–562.
18. Templeton AR, Clark AG, Weiss KM, Nickerson DA, Boerwinkle E, et al.

PLoS Biology | www.plosbiology.org

19.

20.

21.
22.

23.
24.
25.
26.
27.
28.

29.

30.

31.

32.
33.

34.

35.

0232

(2000) Recombinational and mutational hotspots within the human
lipoprotein lipase gene. Am J Hum Genet 66: 69–83.
Todorova A, Danieli GA (1997) Large majority of single-nucleotide
mutations along the dystrophin gene can be explained by more than one
mechanism of mutagenesis. Hum Mutat 9: 537–547.
Chimpanzee-Sequencing-and-Analysis-Consortium (2005) Initial sequence
of the chimpanzee genome and comparison with the human genome.
Nature 437: 69–87.
IHGSC (2001) Initial sequencing and analysis of the human genome. Nature
409: 860–921.
Meyer S, Weiss G, von Haeseler A (1999) Pattern of nucleotide substitution
and rate heterogeneity in the hypervariable regions I and II of human
mtDNA. Genetics 152: 1103–1110.
Eyre-Walker A, Smith NH, Maynard Smith J (1999) How clonal are human
mitochondria? Proc Roy Soc Ser B 266: 477–483.
Stoneking M (2000) Hypervariable sites in the mtDNA control region are
mutational hotspots. Am J Hum Genet 67: 1029–1032.
Galtier N, Enard D, Radondy Y, Bazin E, Belkhir K (2006) Mutation hot
spots in mammalian mitochondrial DNA. Genome Res 16: 215–222.
Kunkel TA, Soni A (1988) Mutagenesis by transient misalignment. J Biol
Chem 263: 14784–14789.
Malyarchuk BA, Rogozin IB (2004) Mutagenesis by transient misalignment in
the human mitochondrial DNA control region. Ann Hum Genet 68: 324–339.
Tian D, Wang Q, Zhang P, Araki H, Yang S, et al. (2008) Single-nucleotide
mutation rate increases close to insertions/deletions in eukaryotes. Nature
455: 105–108.
Malhi RS, Sickler B, Lin D, Satkoski J, Tito RY, et al. (2007) MamuSNP: a
resource for Rhesus Macaque (Macaca mulatta) genomics. PLoS ONE 2:
e438. doi:10.1371/journal.pone.0000438
Akey JM, Eberle MA, Rieder MJ, Carlson CS, Shriver MD, et al. (2004)
Population history and natural selection shape patterns of genetic
variation in 132 genes. PLoS Biol 2: e286. doi:10.1371/journal.pbio.0020286
Livingston RJ, von Niederhausern A, Jegga AG, Crawford DC, Carlson CS,
et al. (2004) Pattern of sequence variation across 213 environmental
response genes. Genome Res 14: 1821–1831.
Ge X, Yamamoto S, Tsutsumi S, Midorikawa Y, Ihara S, et al. (2005)
Interpreting expression proﬁles of cancers by genome-wide survey of
breadth of expression in normal tissues. Genomics 86: 127–141.
Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, et al.
(2003) Exploration, normalization, and summaries of high density
oligonucleotide array probe level data. Biostatistics 4: 249–264.
Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, et al. (2004)
Bioconductor: open software development for computational biology and
bioinformatics. Genome Biol 5: R80.
Su AI, Wiltshire T, Batalov S, Lapp H, Ching KA, et al. (2004) A gene atlas of
the mouse and human protein coding transcriptomes. Proc Natl Acad Sci U
S A 101: 6062–6067.

February 2009 | Volume 7 | Issue 2 | e1000027

