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Point mutation rates in exons (synonymous sites) and noncoding (introns and intergenic) regions are generally
assumed to be the same. However, comparative sequence analyses of synonymous substitutions in exons (81
genes) and that of long intergenic fragments (141.3 kbp) of human and chimpanzee genomes reveal a 30%–60%
higher mutation rate in exons than in noncoding DNA. We propose a differential CpG content hypothesis to
explain this fundamental, and seemingly unintuitive, pattern. We find that the increased exonic rate is the result
of the relative overabundance of synonymous sites involved in CpG dinucleotides, as the evolutionary
divergence in non-CpG sites is similar in noncoding DNA and synonymous sites of exons. Expectations and
predictions of our hypothesis are confirmed in comparisons involving more distantly related species, including
human–orangutan, human–baboon, and human–macaque. Our results suggest an underlying mechanism for
higher mutation rate in GC-rich genomic regions, predict nonlinear accumulation of mutations in pseudogenes
over time, and provide a possible explanation for the observed higher diversity of single nucleotide
polymorphisms (SNPs) in the synonymous sites of exons compared to the noncoding regions.
Point mutation is a major source of genetic variation and
evolution. The rate at which these mutations arrive in a genome is routinely estimated in mutation accumulation experiments and in disease mutation analysis (Drake et al. 1998;
Giannelli et al. 1999; Lynch et al. 1999; Denver et al. 2000). In
comparative sequence analysis, mutation rates are inferred by
estimating the rate at which neutral substitutions accumulate,
because the rate of mutation and substitution is expected to
be the same for neutral mutations (Kimura 1983; Kondrashov
and Crow 1993; Nei and Kumar 2000). Pseudogenes, introns,
intergenic regions, and synonymous sites in exons are largely
free from selection in mammals and are therefore routinely
used in comparative sequence analysis for this purpose (Wolfe
et al. 1989; Li and Graur 1991; Keightley and Eyre-Walker
2000; Nachman and Crowell 2000; Zhao et al. 2000; Kumar
and Subramanian 2002).
A survey of mutation rate estimates obtained from the
synonymous sites of protein coding genes and noncoding
DNA for the human and chimpanzee comparison reveal a
significant rate difference in these two types of genomic regions. For instance, we find that the analyses of pseudogenes
(Li and Tanimura 1987; Nachman and Crowell 2000; Martinez-Arias et al. 2001) and introns (Bergstrom et al. 1999;
Chen et al. 2001) have produced much lower estimates of
evolutionary divergence than those observed in synonymous
sites in protein coding genes (Li and Tanimura 1987; Wolfe et
al. 1989; Easteal 1991; Keightley and Eyre-Walker 2000; Duret
et al. 2002; Kumar and Subramanian 2002). Also, intergenic
DNA (excluding regulatory sites), which is expected to mutate
at a rate similar to that for the coding DNA, also consistently
shows much smaller evolutionary divergences than those ob1
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tained from coding sequences (Bohossian et al. 2000; Zhao et
al. 2000; Chen et al. 2001; Mathews et al. 2001; Yu et al.
2001). This observation is not a random chance occurrence
due to paucity of data, because these studies have involved
direct comparisons of long intergenic regions (Bohossian et al.
2000; Zhao et al. 2000; Chen et al. 2001) and relatively large
numbers of coding genes (Wolfe et al. 1989; Keightley and
Eyre-Walker 2000; Duret et al. 2002; Kumar and Subramanian
2002). This difference between coding and noncoding regions
in interspecies comparisons is also seen in within-species
analysis of single nucleotide polymorphisms (SNPs) that show
higher nucleotide diversity in the synonymous sites of exons
compared to the noncoding DNA (Moriyama and Powell
1996; Cargill et al. 1999; Halushka et al. 1999; Zwick et al.
2000).
In order to systematically examine the extent and nature
of mutation rate differences that have potentially given rise to
the observed differences between synonymous sites of exons
and noncoding DNA, we present an analysis of an extensive
data set containing long stretches of intergenic DNA, introns,
and pseudogenes as well as a large number of coding genes
from human and other primates.

RESULTS
Patterns of Mutation Rate Difference
We estimated neutral evolutionary distances between human
and chimpanzee genomes using the 141.3 kbp of intergenic
DNA, 19 pseudogenes, 81 protein-coding genes, and introns
from 48 of these protein-coding genes (Table 1; Methods). The
synonymous divergence was significantly higher than the sequence divergence observed in different noncoding genomic
regions (P < 0.002; Table 1). Similar patterns of difference are
seen in the human–orangutan and human–baboon comparisons, suggesting that this phenomenon is common to
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Table 1. Relative Rates of Evolutionary Divergence Between Synonymous Sites in Coding DNA and
Different Types of Noncoding Regions
Relative rate ratioa
Noncoding DNA
(#segments, #bp)

All sitesb

CpG sites excludedc

Pseudogenes (19,21003)
Intergenic regions (4,141322)
Intronic regions (48e,327344)

1.3
1.6
1.4

1.0
1.0
1.0

Intergenic regions (1,9772)

1.5

1.1

Intergenic regions (1,37937)
Intronic regions (25e,260186)

1.6
1.4

1.0
0.9

Coding DNA (#genes, #bp)
Human–Chimpanzee
Coding genes (81,14790)
Coding genes (81,14790)
Coding genes (48,8464)d
Human–Orangutan
Coding genes (38,5634)
Human–Baboon
Coding genes (31,6512)
Coding genes (25,5264)d

a
Relative rate ratio is the ratio between the synonymous divergence at the fourfold-degenerate sites of the exons and
the sequence divergence in the noncoding DNA.
b
Difference in evolutionary distances between synonymous sites of coding genes and noncoding DNA is significant
at least at a 0.2% level using a Z-test.
c
Difference in evolutionary distances (excluding CpG sites) between the synonymous sites of coding genes and
noncoding DNA is not significant at the 5% level in each comparison.
d
Neutral evolutionary divergence from the exons and introns of the same genes.
e
Count refers to the number of genes from which the introns were obtained.

hominids and old world monkeys (Table 1). It is unlikely that
this difference can be explained by increased purifying selection in noncoding regions, as the data set analyzed contains
rather long intergenic blocks (10–60 kb) from different human chromosomes and a large number of introns and pseudogenes. All of these vastly different genomic regions are unlikely to be under strong purifying selection with a similar
intensity.

The Differential CpG Content Hypothesis
We explored an alternative hypothesis to explain the observed difference in mutation rates, which is based on the
known phenomenon of hypermutability of methylated CpG
dinucleotides to TpG (Coulondre et al. 1978; Bird 1980; Britten et al. 1988; Ponger et al. 2001). As formulated, the differential-CpG-content hypothesis states that the difference in
the CpG content is responsible for the observed mutation rate
difference between exons and noncoding DNA. To test this
hypothesis, we re-estimated the evolutionary divergence in
exons, pseudogenes, introns, and intergenic sequences by excluding synonymous sites involved in the CpG dinucleotides
in each case. The mutation rate difference among coding and
noncoding DNA disappeared, as the ratio of synonymous distance to that observed in pseudogenes, introns, or intergenic
sequences is now close to 1 (Table 1). This result is further
confirmed in analyses of 48 genes from human–chimpanzee
comparison and 25 genes from human–baboon comparison
for which the exon and intron sequences were available for
the same genes (Table 1).
The differential contribution of CpG mutations to the
overall mutation rate in noncoding DNA and the synonymous sites of exons is evident from Figure 1. The observed
difference in evolutionary divergence correlates with the
larger proportion of CpG dinucleotides in exons than those in
the noncoding DNA (cf. open bars in Fig. 1A,B). This result
holds true even when we normalize the CpG content by accounting for GC-content bias (data not shown). The finding
that divergence at non-CpG sites (black bars in Fig. 1A) is
almost the same in the synonymous sites of exons and in

different types of noncoding regions indicates that the difference in CpG content, rather than selection, is largely responsible for the observed difference in the neutral evolutionary
divergence in exons and noncoding DNA.

Directionality of the CpG Mutations
The depletion of CpG dinucleotides in vertebrate genomes
has been attributed to the directional hypermutability of
these dinucleotides to TpG or CpA (Bird 1980; Cooper and
Krawczak 1989; Karlin and Mrazek 1997; Hendrich et al.
1999). We examined this directionality of the CpG mutations
(Bird 1980) in an analysis of introns and synonymous sites of
22 genes from human and chimpanzee. For these genes, baboon sequences were used to identify the direction of the
change at the CpG sites in the human lineage and in the
chimpanzee lineage. Results show that for a total of 4600 sites
that were potentially CpG in the ancestral sequence (based on
the most parsimonious reconstructions), 5.72% experienced
CpG → TpG/CpA changes. In contrast, only 0.82% of ancestrally TpG or CpA show a change to CpG. This roughly estimated ∼sevenfold difference in forward and reverse mutation
rates is in agreement with previous studies on disease mutations and comparative sequence analysis, which have shown
CpG mutations to be 5–20 times more frequent than other
types of point mutations (Batzer et al. 1990; Yang et al. 1996;
Krawczak et al. 1998; Giannelli et al. 1999; Ebersberger et al.
2002).

Pseudogenes As the Missing Link Between Coding
and Noncoding DNA
We can also track the evolutionary dynamics of CpG depletion by comparing pseudogenes with their functional counterparts (e.g., Sved and Bird 1990). This provides a glimpse
into the process of decay of CpG dinucleotides, as recently
emerged pseudogenes are expected to show much higher CpG
content than the older pseudogenes. An analysis of 39 pseudogenes from the human genome indeed shows that the over-

Genome Research
www.genome.org

839

Subramanian and Kumar

DISCUSSION

Figure 1 (A) Evolutionary divergence per 100 sites and (B) CpG
contents of synonymous sites in exons, pseudogenes, introns, and
intergenic DNA for the human–chimpanzee comparison. The mean
and the standard error estimates shown were obtained from 81 protein coding genes, 19 pseudogenes, introns of 48 genes, and four
intergenic blocks. In (A), the total height of each column (including
black and open bars) corresponds to the overall evolutionary divergence. The black portion in each column depicts divergence with
CpG sites excluded, and therefore, the open bars show the contribution of mutations at CpG sites to the overall divergence. In (B), the
CpG content is the proportion of sites involved in the CpG dinucleotide configuration. For noncoding DNA, all sites were included for the
estimation of CpG content and evolutionary divergence, whereas for
exons only the fourfold-degenerate sites were included (see Methods).

all evolutionary divergence correlates negatively with the ratio of CpG content between the pseudogenes and their functional counterparts (R2 = ⳮ0.52, P < 0.01; Fig. 2A). This clear
pattern of CpG decay over time is further demonstrated in the
analysis of the pseudogenes created at different times from
the same functional genes (Fig. 2B,C).
A comparison of Figure 1A and B also shows that the
evolutionary divergence as well as the CpG content of pseudogenes are at an average intermediate compared to those at
synonymous sites and noncoding DNA. This result is now
explained by the finding that the pseudogenes created recently from the functional coding genes have higher CpG
content than introns and intergenic regions (Fig. 2). However,
as pseudogenes become older their CpG content declines until it reaches the level present in the surrounding noncoding
DNA. This also means that the average rate of mutation per
site in a pseudogene will decrease with time, because the
number of CpG dinucleotides will decrease over time. Therefore, there are no linear mutation clocks for pseudogene evolution.
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It is now clear that there is a significant difference in the
evolutionary divergence between the noncoding and the synonymous sites of the coding DNA. This difference correlates
with differences in the content of the hypermutable CpG dinucleotides in these two types of genomic DNA. This is a
causal relationship, as the removal of CpG dinucleotides from
data eliminates the difference. The higher CpG content in
codon positions is already well appreciated as the observed
versus expected (O/E) ratio of CpG contents in the 1st–2nd,
2nd–3rd, and 3rd–1st positions is known to be higher than
that for the genomic sequences (Sved and Bird 1990; Caccio et
al. 1997; Jabbari and Bernardi 1998; Halushka et al. 1999). In
the data set of introns and exons of 48 genes from human and
chimpanzee comparison, we find that the noncoding DNA
shows an O/E ratio of 0.23, whereas the synonymous sites in
exons show an O/E ratio of 0.40. This is an almost twofold
difference and is likely caused by the fact that one of the
nucleotides of the CpG dinucleotides involving a fourfolddegenerate site is under purifying selection, as they are always
from the 1st or 2nd codon position. This increases the probability of occurrence and maintenance of CpG dinucleotides
in exons compared to noncoding DNA, where both nucleotides in the CpG dinucleotides are free to undergo neutral
nucleotide substitution. This results in a higher average mutational input per synonymous site, as synonymous sites are
largely free to evolve irrespective of the selection on the adjacent codon positions.
The knowledge of CpG content-mediated difference in
mutation rates also provides new insights into reasons behind
a number of previous observations. For instance, a significant
positive correlation has been reported between the GC content of the 3rd codon position and the synonymous substitution in primates (Bielawski et al. 2000). This is often thought
to be due to differences in rates of mutations among regions
with differing base compositions (Smith et al. 2002; Yi et al.
2002). However, GC-rich regions are expected to contain
more CpG dinucleotides than GC-poor regions. It is therefore
possible that differences in CpG content in GC-poor and GCrich regions are a major factor in the observed synonymous
distance difference. This is indeed the case, as revealed in an
analysis of 93 genes from our human–macaque comparison
(Fig. 3A,B). The positive correlation between GC content and
the synonymous distance becomes rather small when synonymous sites involved in CpG dinucleotides are excluded.
These results are consistent with the reports of CpG-mediated
correlation between the heterozygosity and GC content of the
human SNPs (Sachidanandam et al. 2001).
Furthermore, there have been reports of positive correlation between evolutionary distances observed at synonymous
sites and the noncoding DNA for the human–mouse genome
comparison (Hardison et al. 2003). This positive correlation
(R2 = 0.48, P < 0.01) is also reflected in our analysis of 25
genes of human and baboon (Fig. 4A). However after the exclusion of CpG sites, this correlation reduces significantly
(Fig. 4B; R2 = 0.12), suggesting that the CpG mutations mediate this relationship in these primate genomes. In fact, the R2
value for this relationship drops down to 0.04 if we remove
just a single outlier (Fig. 4B). Thus, the actual rates of mutation at non-CpG sites, which comprise >95% of noncoding
DNA and >90% of synonymous sites, are quite similar in GCrich and GC-poor regions. This result is in contrast to some of
the previous studies of human–mouse genome comparisons

Faster Mutation Rates in Exons

(90–110 million years ago, see Kumar and Hedges 1998;
Hedges and Kumar 2003; Springer et al. 2003), the identification of CpG sites as well as the assessment of CpG mutations
on overall divergence becomes unreliable (see also Methods).
Therefore, it is important to use closely related species to examine the mutation rate variation across the genome.
Finally, the demonstration of significant differences in
evolutionary rates in exonic and noncoding DNA due to CpGcontent difference provides a potential explanation for the
observed 30%–40% higher diversity in the human SNPs in the
fourfold-degenerate sites of exons compared to noncoding
DNA (Cargill et al. 1999; Halushka et al. 1999). This difference
is similar to that observed in the interspecies comparisons
(Table 1). It was also reflected in an analysis of 6109 human
SNPs, which we mapped to fourfold-degenerate sites in the
reference human sequence (August 7, 2002 release of dbSNP
from NCBI was used). We found that 39.5% of all SNPs at the
fourfold-degenerate sites were of CpG ↔ TpG/CpA types,
which is close to the proportion of variable sites with
CpG ↔ TpG/CpA difference in the interspecies comparisons
(39.0%–48.4%). Therefore, although the synonymous sites of
exons and noncoding DNA may be used for estimating coalescence times of population polymorphisms (and alleles),
they will require the use of different mutation rates unless the
CpG mutations are excluded.

METHODS
Data Mining and Assembly

Figure 2 Relationship between evolutionary divergence and the
ratio of CpG contents in pseudogenes and their functional counterparts. (A) Analysis of 39 human pseudogenes [R2 = 0.52; P < 0.01], (B)
seven pseudogenes created from the same Arginino succinate synthetase gene [R2 = 0.90; P < 0.01], and (C) five pseudogenes of the
same Beta tubulin Q gene [R2 = 0.73; P < 0.05]. The relative CpG
content is the ratio of the overall CpG content in the pseudogene
divided by overall CpG content of the functional gene.

(e.g., Waterston et al. 2002; Hardison et al. 2003), which presumably removed the influence of CpG mutations when estimating neutral distances. However, when the time of species
divergence is very large, as is the case for human and mouse

Protein coding genes used in this study were obtained from
the HOVERGEN database, release 36 (Duret et al. 1994) and
from the GenBank. Phylogenetic trees of 8627 HOVERGEN
gene families were constructed from amino acid sequence
alignments using the neighbor-joining (NJ) method in
MEGA2 (Kumar et al. 2001). The cDNA sequence alignments
for orthologous sequence sets were then generated using
amino acid sequence alignments as guides. NJ trees were
scanned automatically, followed by manual inspection, to
identify orthologous sequence sets. We enforced strict orthology definitions by considering sequences to be orthologous
only if no gene duplication events were detected since their
divergence from the most recent common ancestor. Gene duplication events were identified by comparing the gene family
tree with the species tree from NCBI (see also Zmasek and
Eddy 2001). All gene families containing fewer than three
sequences were excluded. This produced a data set consisting
of 33, 38, 93, and six orthologous pairs of sequences for human–chimpanzee, human–orangutan, human–macaque, and
human–baboon comparisons, respectively. We also obtained
a set of 19 autosomal pseudogenes through searching the literature (Nachman and Crowell 2000; Chen et al. 2001). In
addition, orthologous noncoding intergenic segments belonging to human, chimpanzee, and orangutan genomes
were obtained (Bohossian et al. 2000; Zhao et al. 2000). To
compare the evolutionary divergence at the neutral sites of
exons and introns of the same gene, we obtained (from GenBank) 48 genes for the human–chimpanzee comparison and
25 genes for the human–baboon comparison. When not
available, the intron–exon boundaries of chimpanzee and baboon genes were identified by using the corresponding human exons in the BLASTZ software (Schwartz et al. 2003). For
intergenic sequence comparisons, five large contigs (human:
AC002066, AC002080, chimpanzee: AC087253, AC087512,
baboon: AC084730) were obtained from GenBank. All repeat
elements in these contigs were identified using RepeatMasker
(http://ftp.genome.washington.edu/cgi-bin/RepeatMasker)
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Figure 3 (A) Relationship between evolutionary divergence and GC content, GC4, at synonymous sites of 93 genes from the human–macaque
comparison; R2 = 0.125, P < 0.01. (B) Relationship between evolutionary divergence and GC4 after excluding fourfold-degenerate sites involved
in CpG dinucleotides; R2 = 0.01, P > 0.05.

and removed prior to the sequence alignment. CpG islands in
the upstream regions are usually unmethylated and are not
hypermutable (Bird 1999). Therefore, they were also excluded
from further analyses. (However, our results remained the
same whether or not they were excluded). Also, the coding
genes known from the annotated human genome were removed, along with the 5-kb flanking regions immediately upstream and downstream of each gene to exclude potential
regulatory regions. This resulted in intergenic regions with
sizes of 52.6 kbp (AC002066 and AC087512) and 65.0 kbp
(AC002080 and AC087253) for the human–chimpanzee comparison, and 38.0 kbp (AC002066 and AC084730) for the human–baboon comparison. All noncoding sequences were
aligned using BLASTZ.
For analysis of CpG depletion in pseudogenes, we used
19 pseudogenes for the human–chimpanzee comparison. In
addition, we obtained 116 human pseudogenes from the GenBank. Using local BLAST with 31,289 human cDNA (obtained
from ftp://ftp.ncbi.nih.gov/genomes/H_sapiens/), we found
the functional counterparts of these pseudogenes, which had
an e-value of 0. We restricted our analysis to the pseudofunctional gene pairs for which evolutionary distance was
small (d < 0.2). Our final data set contains 39 pseudogenefunctional gene pairs.

Estimation of Evolutionary Divergence
Evolutionary divergences were computed using only the fourfold-degenerate sites for coding sequences and all sites for
pseudogenes, introns, and intergenic regions. We took a stringent approach in identifying fourfold-degenerate sites by selecting only those sites that have remained fourfolddegenerate in both the species compared. A genomic synonymous distance estimate was obtained by concatenating all
coding genes for a given species pair. Evolutionary distances
were estimated for pseudogenes and introns by concatenating
all the respective sequences. Correction for multiple hits was
done using the Tamura-Nei method, which accounts for transition/transversion and base composition biases (Tamura and
Nei 1993). CpG content was estimated as the number of sites
involved in the CpG configuration divided by the total number of sites. For exons, only the fourfold-degenerate sites involved in the CpG configuration (G of the CpG dinucleotide
in the second and third codon positions and C of the CpG
dinucleotide in the third and first [adjacent] codon positions)
were used. For noncoding DNA (including pseudogenes and
introns) and the coding genes used for the CpG depletion
study (Fig. 2), all sites involved in CpG dinucleotides were
included. In the pseudogene-functional gene comparisons,

Figure 4 (A) Relationship between synonymous divergence in exons and evolutionary divergence in introns; R2 = 0.511, P < 0.01. (B) Relationship between synonymous divergence in exons and evolutionary divergence in introns after removing CpG sites; R2 = 0.137, P > 0.05. With the
rightmost outlier excluded, R2 = 0.06, P > 0.05.
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we excluded all CpG sites when estimating the evolutionary
divergence, in order to avoid introducing spurious negative
correlation.
Note that the existing methods to correct for multiple
hits in evolutionary distances estimation do not account for
the CpG substitutions, which occur at a much higher rate
than other mutations and with a different pattern. Use of
Tamura-Nei method (Tamura and Nei 1993) is expected to
lead to underestimation in this case. However in our analysis
we have used only closely related species. In such cases the
choice of a simpler substitution model is known to produce
minimal underestimation (see Nei and Kumar 2000). For the
current scenario, we examined the extent of underestimation
by conducting a computer simulation in which two identical
sequences with a prespecified CpG content were made to
evolve over time, and the evolutionary divergence between
sequences was estimated using the Tamura-Nei distance. CpG
substitutions were made to occur at 10 times the rate of all
other substitutions, and the total actual number of substitutions was recorded. The estimated numbers of substitutions
obtained using Tamura-Nei (1993) distance were compared to
the actual number of substitutions at difference levels of sequence divergence for the sequence length of 10,000. Simulations were conducted with different GC contents (25%,
50%, and 75%). We found that for sequence divergences considered here (<0.1 per site), the Tamura-Nei distances were less
than 10% underestimates of the true distance (in each case
they were slight underestimates; but they were large for divergences >0.1 per site). This means that the difference in
rates between exons and other genomic regions reported here
are conservative estimates, as the sequence divergence from
exons with higher CpG content will be underestimated more
than that for the CpG-poor noncoding regions.
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