
Mutation is arguably the most important of all genetic 
processes, generating genetic variation between indi-
viduals within a species and between cells within an 
individual. In doing so, mutation produces the genetic 
variation on which evolution acts, as well as the variation 
that contributes to inherited genetic disease and disease 
of the somatic tissue in the form of cancer and ageing.

Ever since the very first investigations into the pat-
tern of mutation — conducted on the rII region in the 
bacteriophage T4 — it has been known that the muta-
tion rate can vary dramatically between sites1. However, 
only with the advent of comparative genomics (BOX 1) 
has the full extent of this variation become apparent. 
Characterizing variation in the rate of mutation is 
important for a number of reasons. It is key to many 
questions in evolutionary biology, including the esti-
mation of evolutionary distance, the reconstruction of 
phylogeny, the inference of ancestral states, the detec-
tion of adaptive evolution, the estimation of ancestral 
population size and the identification of functional ele-
ments within the genome. It may also help us to under-
stand the genetic basis of inherited and somatic disease. 
If a disease can be caused by several loci, whether they 
are genes or sites within a gene, then two factors deter-
mine whether a locus is associated with the disease: the 
effect of the locus on the trait and the mutation rate 
of the locus. The higher the mutation rate, the more 
likely the locus is to have a mutation that can affect the 
trait. Conversely, genes or genomic regions with high 
mutation rates might appear to be the cause of disease, 
even if they are not, simply because they contain muta-
tions in many samples of the disease2. This is gener-
ally not a problem in the analysis of inherited disease 

because cases are always compared against controls, but 
it may be an issue in the analysis of somatic mutations 
in cancer.

Here we review what we have learnt about variation 
in the mutation rate across genomes. We do not con-
sider variation in the mutation rate between species or 
the recent discovery of mutation rate variation between 
individuals3,4. Mammals, and in particular hominids 
and rodents, are the most studied of all organisms 
with respect to variation in the mutation rate across 
the genome. This is because they were some of the first 
eukaryotic genomes to be sequenced, and their genomes 
are largely composed of DNA that does not appear to be 
subject to natural selection; this makes inferences about 
the mutation rate from comparative genomic data fairly 
straightforward (BOX 1). The Review therefore concen-
trates largely on mammals and, in particular, on our 
own species, drawing reference to other species where 
appropriate. Most of the work in mammals has focused 
on point mutations that have occurred in the germline, 
although some work has been done on patterns of inser-
tion and deletion mutations (indels) and on somatic 
mutations of all types in the genomes of cancerous tis-
sue. Analyses suggest that the mutation rate can vary at 
a number of different scales, from the single nucleotide 
level right up to variation between whole chromosomes. 
We consider each scale in turn.

Single nucleotide variation
Long before the first whole genome had been 
sequenced, it was known that the mutation rate of adja-
cent sites in a genome could be quite different1. This 
was first demonstrated in the bacteriophage T4 but 
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Pseudogenes
Copies of a gene that are no 
longer functional, usually 
because of deactivating 
mutations, such as  
premature stop codons.

Transition
A mutation that converts  
a pyrimidine into another 
pyrimidine (that is, C↔T)  
or a purine into another  
purine (that is, A↔G).

Transversions
Mutations that convert a 
pyrimidine into a purine  
or vice versa (for example,  
C→G or C→A).

Coincident SNPs
(cSNPs). Orthologous sites that 
contain a SNP in two species.

Coincident single nucleotide 
substitutions
(cSNSs). Orthologous sites that 
have substitutions in two 
independent pairs of species.

only became apparent in less tractable genetic systems 
through the comparative analysis of DNA sequence 
data. The comparison of pseudogenes to their func-
tional counterparts showed that G and C nucleotides 
are approximately twice as mutable as A and T nucleo-
tides in mammals5,6, a pattern that appears qualitatively 
to be common to all bacterial and eukaryotic species 
that have been studied to date7,8.

Context-dependent effects. The analysis of non-coding 
DNA has also shown that the mutation rate depends 
on the identities of the adjacent nucleotides in mam-
mals5,6,9–11. The most conspicuous pattern is the ‘CpG 
effect’, in which the rate of transition mutation is elevated 
at CG dinucleotides by ~30-fold relative to the aver-
age rate of mutation in great apes and ~15-fold in other 
mammals11–13. The rate of transversions is also elevated 
by a few-fold at CpG dinucleotides11,14. This means that 
a CpG has an overall mutation rate that is approximately 
tenfold greater than other sites (FIG. 1a). As a conse-
quence, CpG dinucleotides are present at ~20% of their 
expected 4% frequency in the human genome15, but 
nevertheless account for ~25% of all mutations in our 
species16. The rate of transition mutation is elevated at 

CpGs in mammals because the cytosines in these dinu-
cleotides are often methylated, and methylated cytosine 
is unstable as it undergoes deamination to thymine, 
which, if left uncorrected, yields a C→T transition17. 
(Note that a CpG on one strand is paired with a CpG on 
the other strand in the opposite direction.)

The mutation rate also varies as a function of other 
adjacent nucleotides9–11,13 by two- to threefold11 (FIG. 1a), 
and nucleotides further away have statistically signifi-
cant, but increasingly small, effects10,18. These context 
effects vary to some extent across the human genome18. 
Unfortunately, the reasons for these other context effects 
are not well understood.

Context-independent effects. Variation in the mutation 
rate at the single nucleotide level is often attributed to 
the influence of neighbouring nucleotides, but there is 
evidence that a substantial amount of variation in the 
mutation rate may not depend on context, at least not 
in any obvious manner. This first became apparent in 
mammalian mitochondrial DNA, in which phylogenetic 
studies suggested that there was substantial variation in 
the substitution rate within the control region19,20, which 
is a ~1 kb region involved in the initiation of replica-
tion and transcription. This variation could be due to 
selection, but the sites that evolve rapidly between spe-
cies are also those at which new mutations are found in 
pedigrees21, even if the sites that are most likely to be 
subject to selection are excluded22. It therefore appears 
that there is variation in the mutation rate within the 
control region, only some of which can be explained by 
context effects23.

There is now evidence that there is also varia-
tion in the mutation rate within the nuclear genome, 
which is independent of context. The evidence for this 
comes from the observation that SNPs tend to occur 
more often at orthologous sites in humans, chimpan-
zees and macaques than would be expected by chance, 
even taking into account the effect of neighbouring 
nucleotides on the mutation rate24,25 (FIG. 1b). This pat-
tern is also seen for substitutions between independ-
ent but closely related pairs of species25. The excess of 
coincident SNPs (cSNPs) and coincident single nucleotide  
substitutions (cSNSs) is most apparent for transversions 
and, in particular, A↔T transversions24. The excess of 
cSNPs does not appear to be a consequence of natural  
selection, which would tend to bring SNPs closer 
together, as there is no tendency for SNPs to cluster over 
the scale considered (FIG. 1b). Furthermore, the excess 
does not seem to be due to ancestral polymorphism24,25 
or the collapse of duplications during genome assem-
bly25. Duplications that are incorrectly assembled onto 
the same locus can generate artefactual SNPs if there are 
substitutions between the duplications26. Hence, if the 
duplication occurred before the divergence of the spe-
cies being considered, one might end up with an artefac-
tual cSNP. However, the pattern of cSNPs is inconsistent 
with this, as the excess is more conspicuous for transver-
sions than transitions, whereas, in general, most sub-
stitutions are transitions24. Furthermore, regions of the 
genome that contain cSNPs do not have more coverage 

Box 1 | Comparative genomics

Ideally, we would study the process and pattern of germline mutation directly by 
sequencing the genomes of parents and offspring. However, although the technology 
is now available to do this (for example, REFS 3,101), the rate of mutation is too low in 
most organisms to make inferences about variation in the rate of mutation across the 
genome. We therefore need an alternative strategy. This is provided by comparative 
genomics in which large amounts of DNA sequence data are compared, although not 
necessarily whole genomes. The comparison is usually made between the sequences 
of different species, but can be between individuals or even sequences from within the 
same genome: for example, as in a comparison of pseudogenes and their functional 
paralogues5,6,9. The comparison of DNA sequences allows us to infer patterns of 
mutation because, if the sequences under investigation are neutrally evolving, then 
the sequence is expected to evolve at a rate that is equal to the mutation rate102. 
Hence, if sequences are found to have diverged at different rates, we can infer that 
sequences have different mutation rates.

However, central to this approach is the assumption that the sequence is neutral; if 
there is natural selection or biased gene conversion acting, then any differences in the 
rate between sequences could be due to these processes and not mutation. Biased 
gene conversion is a process by which a heterozygote is converted into a homozygote 
during recombination; this is often biased in favour of one of the two alleles, resulting 
in one allele being driven through the population. The need to have neutrally evolving 
sequences can greatly complicate analyses. For example, in Drosophila, large amounts 
of intronic and intergenic DNA are thought to be subject to selection103,104, so finding 
neutral sequences in this genus is not trivial. The default is to assume that synonymous 
mutations are neutral even though selection is known to affect synonymous sites in 
many taxa (reviewed in REF. 105). However, selection is generally weak, so this is a 
good approximation.

It is also possible for variation in the divergence across a genome to be induced  
by ancestral polymorphism. As a species splits, some regions of the genome will  
be more polymorphic than others, and these will appear to be more divergent on 
average. This is only a problem for closely related species and for studies in which 
variation in the mutation rate is being studied at a scale below which recombination 
is unlikely to have had an effect. For example, recombination would have broken up 
most megabase blocks in the divergence between humans and chimpanzees, so 
studying the mutation rate at this scale would not be affected by ancestral 
polymorphism69, but it would affect the analysis of Y chromosome data80 and 
autosomal data on a fine scale106.
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Figure 1 | Variation between adjacent sites. The figure shows two sources of variation in the mutation rate:  
the effect of adjacent nucleotides on the mutation rate (a) and the variation that is independent of the adjacent 
nucleotides (b). In panel a, the mutation rate within primates for the central nucleotide of each triplet, along with  
its complement, is plotted as a function of the adjacent nucleotides. Data kindly provided by D. Hwang11. The rates 
are normalized such that the average mutation rate of non-CpG-containing triplets is equal to 1. The CpG effect is 
obvious, but there is variation between other contexts as well. The black lines represent the standard error. In panel 
b, the distribution of human SNPs along 81 bp human and chimpanzee alignments, which have a chimpanzee SNP  
at the middle base and a human SNP elsewhere, is shown. CpG SNPs have been removed to control for the major 
context effect. The excess of coincident SNPs suggests that there is variation in the mutation rate that is not 
dependent upon context. Data from REF. 24.

Site frequency spectra
The distributions of allele 
frequencies within a sample  
of sequences.

in the raw sequence data, as one would expect for a 
collapsed duplication25, and the site frequency spectra 
of coincident and other SNPs are very similar25 — one 
would expect cSNPs to have higher allele frequencies 
if they were due to collapsed duplications. The cSNPs 
and cSNSs could also be due to ancestral polymorphism 
but, if this was the case, the distribution of allele fre-
quencies of coincident SNPs would be more uniform 
than single SNPs, and this is not the situation here25. 
The excess of cSNPs and cSNSs therefore suggests that 
there is variation in the mutation rate that is not asso-
ciated with neighbouring nucleotide effects — some 
sites are hypermutable and generate SNPs or substitu-
tions in different species. This variation appears to be 

of a similar magnitude to the CpG effect, but it is cur-
rently poorly characterized in terms of whether only 
a few sites are hypermutable, and other sites are nor-
mal, or whether there is a continuum of mutation rates  
across sites24,25.

Such cryptic variation in the mutation rate might 
be caused by motifs at some distance from the target 
site that elevate or depress the mutation rate. However, 
analysis of the DNA that flanks cSNPs has failed to show 
any evidence of over- or underrepresented motifs27. It is 
a challenge to imagine how the mutation rate of a single 
site can be higher than that of adjacent sites and yet not 
depend on the surrounding sequence; however, this is 
what the evidence suggests.
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Figure 2 | The effect of transcription. The contrasting effects of transcription on 
the rate of mutation in the germline (a) and somatic tissue (b). Panel a shows rates of 
substitution between humans and chimpanzees, normalized such that the mean is 
equal to 1, for CpG mutations (blue line) and non-CpG mutations (red line) around 
the transcription start site. The dip in CpG rates is due to the lack of methylation in 
CpG islands. There is no clear effect of transcription itself. Data kindly provided by  
P. Polak29. In panel b, the numbers of mutations in myeloma cancers are plotted 
against the proportion of myeloma cases in which the gene is expressed. Genes that 
are regularly expressed in myelomas have substantially lower mutation rates. This is 
an approximate figure, based on the results of REF. 89.

DNase I hypersensitive sites
Sites that are digested by  
the endonuclease DNase I, 
which preferentially attacks 
exposed DNA, such as in  
open chromatin.

Small-scale variation
CpG effects. A number of factors can affect the muta-
tion rate over a scale of tens to thousands of base pairs. 
The two most conspicuous patterns again appear to 
be associated with CpG dinucleotides. First, there are 
~1 kb regions of the mammalian genome known as CpG 
islands (CGIs) that have a relatively high frequency of 
CpGs and a high GC content compared to the genome 
as a whole28. The substitution rate of CpGs within 
most CGIs is lower than outside CGIs29,30. This could 

potentially be due to the fact that CpGs are unmethyl-
ated, or because CGIs play some role in gene regulation 
and are therefore under selection. However, the fre-
quency of other substitutions is not affected by whether 
they are within a CGI or not, suggesting that CpGs are 
subject to lower mutation rates and not to stronger 
selection29,30.

Second, the stability of methylated cytosine appears 
to increase and the mutation rate appears to decrease as 
a function of the GC content of the sequence surround-
ing the CpG16,27,31, such that the GC-richest segments can 
have CpG mutation rates that are two- to threefold lower 
than other regions in the genome31. The stabilizing effect 
of GC content appears to extend to ~2,000 bp away from 
the CpG and is thought to be due to the decreased melt-
ing of the DNA duplex in GC-rich regions32. Although 
it has not been demonstrated that this stability effect 
leads to regional variation in the mutation rate, this 
does seem likely given that GC content varies across the  
mammalian genome33.

Transcription and packaging. It might be expected that 
transcription affects the rate of mutation, because the 
DNA becomes more exposed to potential mutagens as it 
becomes unwound from nucleosomes and as it becomes 
single-stranded34. Furthermore, there is a repair path-
way, transcription coupled repair (TCR), on transcribed 
DNA35. However, although transcription appears to have 
some effects on the pattern of mutation, such that the 
coding, non-template strand has an excess of A→G 
relative to T→C transitions and C→T relative to G→A 
transitions, these effects are subtle and lead to almost no 
difference in the overall rate of germline mutation29,36,37 
(FIG. 2a). It might be that the performance of TCR is per-
fectly matched in the germline to the increase in the 
rate of lesions that are due to transcription. The situa-
tion is different in somatic tissue, in which transcribed 
DNA has a substantially lower mutation rate than  
non-transcribed DNA (see below and FIG. 2b).

It has also been suggested that regions of the genome 
with open chromatin might have lower mutation rates 
than other regions, as DNase I hypersensitive sites have 
lower substitution rates than sequences flanking the 
hypersensitive site38. However, it is difficult to rule out 
selection in this case, as one might expect hypersensitive 
sites to contain regulatory elements39.

Influence of mutations. Mutations can potentially gener-
ate other mutations; this might occur indirectly through 
a mutation in a gene that is involved in DNA replication 
or repair, causing mutations in other loci, or directly 
through the influence of a segregating mutation on the 
structure of the surrounding DNA.

It has recently been shown that the rate of point 
mutation is substantially elevated in the region sur-
rounding sites that have undergone an insertion or dele-
tion mutation in a broad range of eukaryotes, including 
humans40–42, and bacteria42,43. The effect is most conspic-
uous in the 50 bp either side of an indel but extends over 
a few hundred base pairs (FIG. 3). The impact of the pro-
cess depends on the length of the indel — shorter indels 
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Figure 3 | The effect of indels on the rate of point mutations. The average 
divergence along the human and chimpanzee lineages that has occurred since 
humans and chimpanzees diverged in regions that have undergone an insertion and 
deletion mutation (indel) in the lineage with the indel (blue line), versus the lineage 
without the indel substitution (red line). Data from REF. 40.

have smaller effects. However, the effect is present even 
for very short indels of 1–5 bp in length. The association 
between indels and point mutations may explain why 
rates of mutation are higher in the sequences surrounding  
microsatellites, particularly those that are long44.

There are several alternative explanations for the 
association between indels and point mutations. First, 
indels and point mutations could occur simultaneously 
as part of a single complex mutational event. Second, 
indels and point mutations might tend to occur within 
certain parts of the genome, because the DNA is particu-
larly prone to all types of mutations. Third, it might be 
that the indel causes additional point mutations when it 
is segregating in the population, possibly through prob-
lems with pairing in meiosis40. The first hypothesis has 
not, to our knowledge, been tested, although complex 
mutations involving both indels and point mutations 
are known in yeast45. Such complex mutations should 
be detectable through patterns of linkage disequilibrium; 
the indel mutation should be in strong linkage disequi-
librium with some of the point mutations in its vicinity. 
Two lines of evidence support the idea that indels are 
mutagenic. First, it has been observed in many species, 
including humans40 (although see REF. 42), that the rate 
of substitution is elevated near an indel in the lineage 
(or individual) that has the indel compared with that 
in the lineage (or individual) that does not contain the 
indel40,42,43 (FIG. 3). Second, outcrossing species have 
a higher SNP diversity near indels relative to other 
regions than selfing species, as would be expected if it 
was the heterozygosity of indels that was mutagenic41. 
However, although the rate of point mutation appears 
to be substantially higher in the lineage (or individual) 
that contains the indel mutation in many species, it also 

appears that the rate of mutation is elevated relative to 
background levels near the location of the indel in the 
lineage that does not contain the indel40,42,43 (FIG. 3). The 
effect in hominids is slight but can be substantial in other 
species. This increase in the point mutation rate sug-
gests that some regions are generally more mutable than 
others. This may be a consequence of repetitive DNA, 
which undergoes high rates of indel mutation and has 
the tendency to stall the DNA polymerase, leading to 
error-prone replication42.

The increase in the mutation rate around indels 
appears to be quite substantial. Under the assumption 
that it is the heterozygosity of an indel that elevates  
the rate of point mutation, Tian et al.40 estimate that the 
mutation rate is increased 30-fold in yeast in the 50 bp 
either side of an indel. We estimate that the increase  
is less in humans, at about sixfold, but that indels never-
theless cause a substantial number of point mutations in 
our species (BOX 2).

A mutational process that depends on indel heterozy-
gosity may have some interesting properties. First, muta-
tion rates are expected to be lower in coding regions, as 
indels in these regions are expected to be strongly del-
eterious and hence contribute little heterozygosity. This 
may, in part, explain why synonymous substitution rates  
are lower than intron and intergenic substitution rates, a 
pattern that is usually ascribed to selection12,46. Second, 
we might expect the Y and X chromosomes to have 
lower mutation rates than expected, as appears to be the 
case in some species47 (discussed further below). Third, 
indel heterozygosity might explain why the mutation 
rate appears to depend on the rate of recombination48–50 
(see below). It may also explain why rates of indels and 
point mutations appear to be correlated51,52. Fourth, 
the mutation rate should increase as population size 
increases, because larger populations are expected to 
have a higher heterozygosity for all neutral mutations, 
including indels44. This might offer an alternative expla-
nation for why organisms with short generation times 
have higher mutation rates53; it might be that species 
with short generation times have larger population sizes, 
which leads to more indel heterozygosity and there-
fore higher mutation rates, rather than having higher  
mutation rates because they go through more DNA 
replications per year. Finally, there is the possibility that 
indels might themselves cause more indels and hence 
cause some regions to enter a feedback loop, leading to 
higher mutation rates.

It is also possible that point mutations may increase 
the rate of mutation at the site at which they occur or  
in the general vicinity. Walser et al.54 have shown that 
young transposable elements undergo more CpG substi-
tution in hominids because there are more CpGs available 
to undergo mutation, but also more non-CpG substitu-
tion. They suggest that this correlation might be due  
to the recruitment of error-prone repair mechanisms to  
the region because of CpG mutations, which then mis-
repair other lesions in the region. It has also been shown 
that there is a twofold excess of sites that are polymor-
phic in the human genome for three nucleotides relative 
to that expected if mutations are distributed at random55 
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Box 2 | An estimate of the mutation rate due to indels in humans

We can attempt to estimate the influence of insertion and deletion mutations (indels) 
on the rate of mutation in humans as follows. It has been shown in humans and 
chimpanzees that the divergence along the lineage with the indel is ~40% higher 
than that in the lineage without the indel in the 50 bp flanking the location of the 
indel40 (FIG. 3). Neutral mutations take on average 4N

e
 generations to go to fixation, 

where N
e
 is the effective population size102. If we assume that humans and 

chimpanzees diverged 7 million years ago107 and that humans have an average 
generation time of 25 years108 and an effective population size of 10,000 (REF. 109), 
then we estimate that a neutral indel would have taken, on average, 1 million years to 
fix or one-seventh of the divergence time from the common ancestor of humans and 
chimpanzees to humans. We therefore estimate that the mutation rate was increased 
by approximately 2.8-fold (7 million years × 40% increase / 1 million years = 280% 
increase) during the fixation of the indel. As it would have spent on average one-third 
of its time in the heterozygous form as it went to fixation, the mutation rate would 
have been increased by 8.4-fold in individuals who were heterozygous; this is 
somewhat lower have the 30-fold increase that is estimated in yeast40. However, 
whether indels are a major mutagenic force depends on how frequently they occur;  
it has been estimated that deletions occur at ~0.03× and insertions at ~0.01× the rate 
of point mutations110,111. In a species with an effective population size of 10,000, a 
mutation will make ~10% of the population heterozygous for the mutation during its 
lifetime. Thus, the rate of point mutation that is due to indels relative to rate of point 
mutations generated from other processes is approximately 0.03 (the frequency of 
deletions relative to point mutations) x 0.1 (the proportion of the population 
heterozygous for each indel during its life) x 8.4 (the increase in the mutation rate due 
to an indel in a heterozygote) x 50 (base pairs) = 1.3 for deletions and 0.4 for 
insertions; that is, there are approximately 1.3 + 0.4 = 1.7 mutations generated from 
indels relative to each mutation from other sources. This calculation is only 
approximate, but it gives the likely magnitude of the effect.

Synonymous sites
Sites at which some or all  
of the mutations do not change 
the amino acid. The rate of 
substitution at synonymous 
sites refers only to the rate of 
synonymous substitution at 
such sites.

— most polymorphic sites have just two alleles. This 
does not appear to be due to some sites or regions being 
hypermutable55; instead, it seems that the original lesion 
probably causes further mutations within the individual 
in whom the lesion occurs. This process is estimated to 
generate ~3% of all SNPs in humans55. Similarly, it has 
been shown that there is an excess of mutations that 
occur at adjacent sites in many species56,57; this accounts 
for ~1% of all SNPs in hominids55.

Large-scale variation
Patterns of variation. We have so far dealt with variation 
in the mutation rate on a small genic scale. However, it has 
been known, or strongly suspected, for some time that 
the mutation rate varies at a much larger scale within a  
chromosome. The earliest evidence for this came from 
a demonstration that the rate of synonymous substitu-
tion varies between genes58. Subsequently, Matassi et al.59 
showed that genes within a centimorgan of one another 
had significantly more similar synonymous substitution 
rates than genes paired at random. This finding has since 
been confirmed for several pairs of mammalian spe-
cies, including humans and chimpanzees, and for syn-
onymous, non-synonymous and non-coding sites37,59–61. 
Furthermore, it has been demonstrated that the substi-
tution rates of intergenic, intronic and synonymous sites 
are correlated to each other in mammals37,51,62 and that 
the rate of indels and point mutations are correlated at 
this larger scale51,52, suggesting that there is a systematic 
variation in the mutation rate across the genome, affect-
ing all classes of sites in a genomic region and all types of 

mutation. In principle, variation in the substitution rate 
could be due to selection, but the proportion of intronic 
and intergenic DNA that is subject to selection is thought 
to be ~3% in mammals46,63–65; this is not enough to cause 
the variation in the substitution rate that is observed66. 
Hence, it seems likely that most of the variation is caused 
by variation in the rate of mutation.

Initial analyses of large-scale variation in the muta-
tion rate rather arbitrarily chose one centimorgan as 
the scale over which to investigate variation. However, 
a detailed autocorrelation analysis in mice and rats 
has shown a complex pattern of scale dependency67. 
Below 100 kb, there is little variation in the correlation 
between 5 kb blocks — that is, the substitution rate of a 
5 kb region is as strongly correlated to a 5 kb block that 
is 100 kb away as it is to an adjacent 5 kb block. Beyond 
100 kb, the correlation between blocks declines exponen-
tially until it cannot be detected at 10–15 Mb. The cor-
relations beyond 1 Mb can be explained in terms of the 
correlations between 1 Mb regions67. These observations 
are consistent with a model in which blocks of a similar 
mutation rate vary in size between ~100 kb and ~1 Mb. If 
this model is correct, it would suggest that the scale over 
which the mutation rate should be studied is 100 kb, not 
the 1 Mb that is often used. A detailed analysis of homi-
nid substitution rates gives a somewhat different picture: 
the greatest variance in substitution rate appears to be 
between 2 kb blocks, and this variance decreases until 
there is little variance between 1 Mb blocks68. However, 
it is unclear to what extent this pattern is a consequence 
of greater sampling error at finer scales.

At a megabase scale, it seems that most regions have 
a mutation rate within twofold of each other judging 
by the divergence between humans and chimpanzees69 
(FIG. 4a). However, this is likely to be an underestimate 
of the true level of variation in the mutation rate, as it 
is evident that the mutation rate at the megabase scale 
evolves through time. This comes from two lines of evi-
dence. First, the variation in the divergence between 
humans and macaques appears to be noticeably smaller 
than that between humans and chimpanzees66 (FIG. 4b) 
— the coefficient of variation is 0.19 for human–chim-
panzee comparisons and 0.13 for human–macaque 
comparisons. Second, although the divergence in 1 Mb 
regions is correlated between independent pairs of mam-
mals, this correlation is far from perfect, suggesting that 
although some of the factors that cause this variation are 
conserved, other components have evolved69–71.

Causes of variation. Unfortunately, the reasons for the 
variation in the mutation rate at the megabase scale are 
poorly understood, particularly for non-CpG muta-
tions. Many factors correlate to the variation at this 
scale, including replication time72–74, male (but not 
female) recombination rate48–50,71,75, distance from the 
telomere49,69,71,72, GC content49,58,71,72, nuclear lamina 
binding sites52 and simple repeat content49. It has also 
been suggested that chromatin compaction might affect 
mutation rates76, but it seems likely that this is due to its 
correlation with replication time, as a multiple regres-
sion involving both factors removes any significance 
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Figure 4 | Variation in the mutation rate at the 1 Mb scale. The divergence, 
normalized such that mean divergence for each species pair is equal to 1, for 
non-overlapping 1 Mb regions on the autosomes between humans and chimpanzees 
(a) and humans and macaques (b). In each case, the variance is much greater than 
expected by chance, but the variance is considerably smaller in the human–macaque 
comparison, suggesting that the mutation rate evolves through time at this scale.

associated with compaction72. The most recent analyses 
suggest that replication time and distance from the tel-
omere are the most important factors when considering 
non-CpG substitutions, followed by the rate of recombi-
nation and finally GC content72. However, the influence 
of GC content may have been underestimated, as only 
a linear term was fitted in the analysis, and there is evi-
dence that the relationship is nonlinear49,71. The rate of 
CpG mutation appears to depend principally upon two 
factors at the megabase scale: the density of methylation72 
and the GC content16,31,71. These two factors may explain 
much of the variation in CpG substitution rates at the 
megabase level71.

Altogether, all of the factors mentioned above explain 
~50% of the variance in the rate of non-CpG substitution 
at the 1 Mb level; however, each factor only explains a 
small proportion of this variance49,71,72. Furthermore, the 
absolute effects are generally fairly small; for example, 

late replicating regions have mutation rates that are 
~20–30% higher than early replicating regions in homi-
nids72,74 and ~10% higher in rodents73, and regions of 
high recombination have substitution rates ~50% higher 
than regions of low recombination75.

Recombination rate seems to be moderately cor-
related to the substitution rate. There are at least two 
explanations for this correlation: recombination could 
be mutagenic48–50, possibly through an interaction with 
indels (see above), or the correlation could be caused by 
GC-biased gene conversion (GC-BGC)75. GC-BGC is a 
process by which G or C mutations, at sites that were 
previously A or T, are driven through the population by 
the repair of heteroduplex DNA formed during recombi-
nation. The principle evidence that GC-BGC is respon-
sible for the correlation between the substitution rate 
and the rate of recombination comes from two sources.  
First, the correlation between the substitution and 
recombination rates is largely a consequence of an 
increase in the frequency of AT→GC substitutions as 
predicted under the BGC hypothesis75. Second, it has 
been shown that GC→AT mutations segregate at lower 
frequencies in the population than AT→GC mutations, 
a finding that is again consistent with GC-BGC, but 
not with mutation bias68,77,78. Nevertheless, the rate of 
G↔C and A↔T substitution is also weakly correlated 
to recombination rate, suggesting that recombination 
might also be mildly mutagenic50,75.

The correlation between replication time and substi-
tution rate is probably due to an influence of replication 
on the mutation rate. Unfortunately, there are several 
sensible explanations and little evidence to differenti-
ate them. For example, it has been suggested that late-
replicating DNA might have a higher mutation rate 
because the DNA might be single-stranded for longer 
late in S-phase — as replication slows down owing to 
the depletion of the free nucleotides74 — or it might be 
due to a decrease of mismatch repair activity during 
S-phase72.

Chromosomal rates
Sex chromosomes. Mutation rates are also known to 
vary between chromosomes. The greatest differences 
exist between the sex chromosomes and the autosomes. 
From the divergence between humans and chimpan-
zees, it is evident that the Y chromosome has a muta-
tion rate that is at least 50% higher than the autosomes, 
which have mutation rates that are ~30% higher than 
the X chromosome69,79 (FIG. 5). The Y chromosome 
mutation rate is underestimated in this comparison80 
because the Y chromosome has a much lower diver-
sity than the autosomes and the X chromosome81; this 
means` that the Y chromosome would have diverged 
more recently than the X chromosome or the auto-
somes (BOX 1). Analysis suggests that the Y chromo-
some may mutate twice as rapidly as the autosomes80. 
The X chromosome also appears to have a mutation rate 
that is ~20% lower than the autosomes in rodents61,82. 
However, surprisingly, the Y chromosome also has a 
lower mutation rate than the autosomes in rodents47, 
although some caution should be exercised, as there is 
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Figure 5 | Variation between chromosomes. The average divergence between humans and chimpanzees for  
each chromosome, normalized such that the average divergence across chromosomes is equal to 1, along with the 
standard error given by the black line.

not much Y-linked sequence available for this compari-
son. In birds, in which the female is the heterogametic 
sex, the Z chromosome has a slightly higher mutation 
rate than the autosomes, which mutate approximately 
twice as fast as the W chromosome83.

The differences in the mutation rates between the sex 
chromosomes and autosomes are thought to be due to 
the fact that most point mutations occur in males. This 
is thought to be because most point mutations occur 
through DNA replication, and there are more cell divi-
sions during spermatogenesis than oogenesis84; chromo-
somes spend different proportions of time in males: all of 
the time for the Y chromosome, half of the time for the 
autosomes and one-third of their time for the X chromo-
some (see REF. 85 for an extensive review of male-biased 
mutation). By contrast, in birds, the Z chromosome is 
expected to have the highest mutation rate, and the W 
chromosome is expected to have the lowest rate, because 
the Z chromosome spends two-thirds of its time in 
males, whereas the W chromosome spends all of its time 
in females. The difference between the sex chromosomes 
and the autosomes is larger for non-CpG than CpG 
mutations in mammals, because the non-CPG muta-
tions are thought to be largely generated by DNA rep-
lication86. The mutagenic effects of indel heterozygosity 
might explain the anomalously low substitution rate in 
the rodent Y chromosome because the non-recombining  
portion is never heterozygous (see above).

Autosomes. There are also significant differences in the 
substitution rate between autosomes61,67,87(FIG. 5). However, 
the level of variation is modest; Gaffney et al.67 estimated 
that the variance between megabase blocks was about 
tenfold greater than the variance between autosomes in 
comparisons between mice and rats. Using analysis of var-
iance (ANOVA), we estimate the variance between 1 Mb  
blocks to be ~18× larger than the variance between 
chromosomes for human–chimpanzee comparisons  
and ~8.5× for human–macaque.

The origins of the variation between autosomes are 
not well understood. A major correlate of the divergence 
between the autosomes of mice and rats is the proportion 
of mouse genes on an autosome that are on the same auto-
some in rats47,73. This measure of chromosomal rearrange-
ment explains ~60% of the variance in the divergence 
between autosomes. But why the amount of rearrange-
ment is important is unclear, and this cannot explain 
much of the variance between humans and chimpanzees, 
as these species have highly syntenic chromosomes69. It 
has also been shown in comparisons between mice and 
rats that replication time explains some, but less than 20%, 
of the differences between autosomes73.

Somatic mutation
The study of somatic mutation is still in its infancy, 
because it was not until recently that genomic data were 
available; earlier work on small exon or transcriptome 
data sets must be viewed with some caution, as natural 
selection may have influenced the patterns observed. 
However, several genomes have now been sequenced 
from cancer samples and compared to the genome from 
another somatic tissue from the same individual. By com-
paring the genomes from two tissues of the same indi-
vidual, it is possible to detect new somatic mutations that 
occurred in the cancer (see REF. 88 for a recent review) or, 
conversely, in the non-cancerous tissue, although this lat-
ter analysis has not been performed. Typically, the cancer 
genome contains 1,000 to 10,000 new mutations, unless 
the tissue has been exposed to a carcinogen — such as 
sunlight or tobacco smoke — in which case, the number 
of mutations increases to tens of thousands88. The pat-
tern of point mutation in these genomes has both simi-
larities and differences to that found in the germline. For 
example, most cancer genomes show evidence of the 
CpG effect89–93, but skin cancer shows a twofold excess 
of C→T transitions when the 5′ nucleotide is a pyrimi-
dine91, an excess that is not observed in lung cancer90,92. 
This is thought to be due to the formation of pyrimidine 
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dimers by ultraviolet radiation. There are also differences 
in the pattern of mutations between cancer types, even 
when no obvious carcinogen is involved. Pancreatic, 
brain and colorectal cancers show the expected CpG 
effect93,94, but this is not very conspicuous in breast cancer  
— the primary pattern in this cancer is a high rate of 
mutation at TpC dinucleotides95. Surprisingly, all cancers 
show a strong effect of transcription; transcribed genes 
have mutation rates that are at least 25% lower than non-
transcribed genes89–92 (FIG. 2b), which is in sharp contrast 
to what is seen in the germline (see above and FIG. 2a).

Initial analyses of three cancer genomes suggest that 
there is also substantial variation in the mutation rate 
at the 1 Mb scale. Interestingly, the amount of variation 
is substantially greater than that seen in the germline, 
as measured by the divergence between humans and 
chimpanzees or between humans and macaques66. This 
might be a feature of somatic mutation, or it might sim-
ply reflect the fact that between-species comparisons 
underestimate the variation in the mutation rate that 
exists at any one time (see above). The mutation rate at 
the megabase scale is correlated between the three can-
cer genomes and between the cancer genomes and the 
germline66. However, the correlations are not strong and, 
surprisingly, they are no stronger between two different 
types of lung cancer than they are between lung and skin 
cancer66. This might suggest that the pattern of somatic 
mutation varies between individuals.

Is variation in the mutation rate adaptive?
If the mutation rate of a locus is under genetic control, 
then one might expect the mutation rate of a region to 
evolve96; regions of the genome in which mutations are 

on average more deleterious would be expected to evolve 
lower mutation rates, whereas those regions with many, 
or strongly selected, advantageous mutations might be 
expected to evolve higher mutation rates97.

In agreement with these expectations, Chuang and 
Li97 have shown that genes that might be expected to 
undergo high levels of adaptive evolution, such as those 
that interact with the environment, tend to have high 
rates of synonymous substitution. Conversely, genes that 
might be under selection to reduce the mutation rate, 
such as those involved in essential cellular processes, tend 
to have low substitution rates. However, the pattern is 
not entirely convincing. Many of the categories of genes 
that have high synonymous substitution rates would not 
necessarily be expected to undergo adaptive evolution — 
for example, homophilic cell adhesion, trypsin activity 
and the dynein complex — and although there are no 
obvious outliers within the categories of genes with low 
synonymous substitution rates, it is not easy to predict 
which categories of genes should have the lowest muta-
tion rates. An objective means by which one can assess 
the proportion of mutations that are strongly deleteri-
ous is to consider the ratio of the non-synonymous sub-
stitution rate (dN) to the synonymous substitution rate 
(dS). Low values of dN/dS indicate genes with a large 
proportion of non-synonymous mutations that are del-
eterious and/or a small proportion of mutations that are 
advantageous. It has been shown that dS is correlated to 
dN/dS, which is consistent with a model in which the 
genes with the greatest proportion of deleterious muta-
tions have the lowest mutation rates98–100. However, this 
correlation appears to be entirely due to substitutions 
occurring simultaneously at adjacent synonymous and 
non-synonymous sites100. The reason for these adjacent 
substitutions is not clear, but it does not seem that the 
mutation rate of a gene is not being selected to be low (or 
high) because the gene has many potential deleterious  
(or advantageous) mutations. Therefore, the evidence 
that some genomic regions have been selected for high or 
low mutation rates is weak. There are also good theoreti-
cal reasons for believing that selection on the mutation 
rate either would be ineffective or would have to operate 
at a scale that is larger than we observe (BOX 3).

Summary
The mutation rate varies across the mammalian genome 
at many different scales within the germline. The strong-
est variation is at the smallest scale, at which sites can dif-
fer by more than tenfold in their mutability. Nevertheless, 
there is substantial variation at the subchromosomal 
level, the extent of which has probably been underesti-
mated by comparative genomics; our best estimate is that 
most genomic regions have mutation rates within twofold 
of each other. Variation at the chromosomal level is even 
less, particularly among the autosomes. Similar patterns 
are observed in somatic tissue, although these are not as 
well characterized. The variation in the mutation rate 
has important consequences for our understanding of 
the evolutionary process. The role that this variation has 
in determining which genes become involved in somatic  
and inherited genetic disease is a question for the future.

Box 3 | The evolution of the mutation rate: theoretical considerations

Selection on the mutation rate will only be effective if the product of the following is 
greater than one: the effective population size (N

e
), the mutation rate (u), the degree 

to which the mutation rate is increased or decreased, the number of affected sites and 
the average effect of a mutation112. Otherwise, selection on the mutation rate will be 
so weak that the mutation modifying the mutation rate will be effectively neutral and 
subject to random genetic drift. The product of the effective population size and the 
nucleotide mutation rate can be estimated from the nucleotide diversity, as this is 
expected to be equal to 4N

e
u for neutral mutations; in humans this is ~0.001 

(REFS 113,114). Hence, if we assume that the average strength of selection is 1% and 
that our modifier can reduce the mutation rate by more than an order of magnitude, 
we need our modifier of the mutation rate to affect at least half a million selected sites 
to be successfully selected. Given that only ~3% of the human genome is subject to 
negative selection46,63–65 and that even the most functionally dense regions probably 
contain less than 20% of sites under selection, it is clear that our modifier would have 
to affect at least 2.5 million sites to be effective. This is greater than the scale over 
which the mutation rate appears to vary (see main text).

For advantageous mutations, the conditions look even less likely for two reasons. 
First, only a small proportion of the sites that are subject to selection are thought to 
have a potentially advantageous mutation. If we were to assume that the proportion  
of selected sites that can undergo an adaptive mutation is 1%, the modifier of the 
mutation rate would have to affect 250 Mb, which is larger than the largest human 
chromosome. Second, selection to elevate the mutation rate is only generally effective 
when the locus modifying the mutation rate is tightly linked to the mutations it is 
causing; this is because the benefit gained by the modifier in increasing  
mutation rate is short-lived if the linkage is not strong, because it will rapidly become 
disassociated from the advantageous mutations that it causes115.
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