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The mutational spectrum of non-CpG DNA varies

with CpG content

Jean-Claude Walser' and Anthony V. Furano®

Section on Genomic Structure and Function, Laboratory of Molecular and Cellular Biology, National Institute of Diabetes and Digestive
and Kidney diseases, National Institutes of Health, Bethesda, Maryland 20892-0830, USA

The accumulation of base substitutions (mutations) not subject to natural selection is the neutral mutation rate. Because
this rate reflects the in vivo processes involved in maintaining the integrity of genetic information, the factors that affect
the neutral mutation rate are of considerable interest. Mammals exhibit two dramatically different neutral mutation rates:
the CpG mutation rate, wherein the C of most CpGs (i.e., methyl-CpG) mutate at 10-50 times that of C in any other
context or of any other base. The latter mutations constitute the non-CpG rate. The high CpG rate results from the
spontaneous deamination of methyl-C to T and incomplete restoration of the ensuing T:G mismatches to C:Gs. Here, we
determined the neutral non-CpG mutation rate as a function of CpG content by comparing sequence divergence of
thousands of pairs of neutrally evolving chimpanzee and human orthologs that differ primarily in CpG content. Both the
mutation rate and the mutational spectrum (transition/transversion ratio) of non-CpG residues change in parallel as
sigmoidal (logistic) functions of CpG content. As different mechanisms generate transitions and transversions, these
results indicate that both mutation rate and mutational processes are contingent on the local CpG content. We consider

several possible mechanisms that might explain how CpG exerts these effects.

[Supplemental material is available online at http:// www.genome.org.]

DNA base substitutions (mutations) are the most frequent class of
genetic variants. Thus, determining the factors that affect the base
mutation rate (i.e., the number of base substitutions over time) re-
mains a major concern of geneticists and molecular evolutionists (e.g.,
Nachman and Crowell 2000; Hwang and Green 2004; Duret 2009).
Mutations not subject to natural selection are considered neutral and
the neutral mutation rate is considered to closely reflect or equal the
actual mutation rate (Ochman 2003). Thus, the neutral mutation rate
is a basic biological parameter, which can be estimated from the
number of interspecies base differences (sequence divergence) be-
tween neutrally evolving orthologous sequences (i.e., those sharing
a common ancestral sequence, e.g., Nachman and Crowell 2000).

The neutral mutation rate varies considerably between and
within chromosomes. Although numerous factors have been cor-
related with the neutral mutation rate (e.g., Krawczak et al. 1998;
Hardison et al. 2003; Hwang and Green 2004; Chimpanzee
Sequencing Analysis Consortium 2005; Gaffney and Keightley 2005;
Hellmann et al. 2005; Taylor et al. 2006), the mechanism(s) ac-
counting for these correlations remain elusive (e.g., Hodgkinson
et al. 2009; for review, see Duret 2009).

One of the more intriguing covariates of the neutral mutation
rate is its positive correlation with CpG content. In part, this corre-
lation is not surprising because most CpGs in mammals are uniquely
hypermutable (e.g., Hwang and Green 2004). The Cs of most CpGs
are methylated (Ehrlich and Wang 1981), which enhances the de-
amination of C, in this case producing a T:G mismatch. The net
result is that methyl-CpGs mutate at 10-50 times the rate of C in
any other context (Coulondre et al. 1978; Duncan and Miller 1980;
Bulmer 1986; Sved and Bird 1990), or of any other base (Hwang and
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Green 2004). Consequently, CpGs not under selection are replaced
over time by TpG/CpAs.

Inexplicably, however, the positive correlation between CpG
content and the neutral mutation rate persists even if mutations
at CpG sites are not counted, i.e., if only non-CpG mutations are
measured (Chimpanzee Sequencing Analysis Consortium 2005;
Gaffney and Keightley 2005; Hellmann et al. 2005; Tyekucheva
et al. 2008). A prevailing reasonable explanation for this odd result
was that the non-CpG mutation rate and CpG content were joint
manifestations of the chromosomal environment (Hellmann et al.
2005; Tyekucheva et al. 2008).

We recently considered an alternative, that CpGs (i.e., methyl-
CpGs), or mutations thereof, somehow directly affect the mutation of
flanking non-CpG DNA. This explanation would have far-reaching
implications given the epigenetic role of CpG methylation in gene
regulation, chromatin structure, imprinting, and the silencing of
transposable elements and other genomic insertions (Lees-Murdock
and Walsh 2008; Cedar and Bergman 2009). We addressed this issue
by examining the sequence divergence of thousands of neutrally
evolving orthologous sequences in the chimpanzee and human ge-
nomes that differed primarily in CpG content (Walser et al. 2008).

These orthologs were the repeated DNA fossils that had been
interspersed throughout the genome at different times in the pri-
mate lineage of humans and chimpanzees by six now extinct fami-
lies of L1 non-LTR retrotransposons. As L1 fossils are not under se-
lection, the CpG content of these otherwise very similar sequences
should differ. Thus, the CpG content of the younger L1 fossils should
be higher than that of the older ones and, if our supposition was
correct, so should their mutation rate, regardless of chromosomal
location. And this is the result we obtained (Walser et al. 2008).

Our current examination of non-CpG mutations over a con-
siderably wider range of CpG content than previously (Walser
et al. 2008) revealed two unexpected findings: First, the correlation
between the two is best fit by a sigmoid (logistic) function. Thus,
both a certain threshold CpG content is required to have a substan-
tial effect on the overall non-CpG mutation rate, and “saturation”

20:875-882; ISSN 1088-9051/10; www.genome.org

Genome Research 875
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 25, 2026 . Published by Cold Spring Harbor Laboratory Press

Walser and Furano

is reached—increases of CpG content above a certain level are
not accompanied by marked increases in non-CpG mutations.

Second, and most provocatively, the mutational spectrum
closely parallels the changes in non-CpG mutation rate. In partic-
ular, changes in the ratio of transitions (purine or pyrimidine in-
terchanges) to transversions (purine/pyrimidine interchanges) par-
allel the change in overall non-CpG mutation rate.

These results substantiate the idea that CpGs, or mutations
thereof, directly affect the mutational environment of neighbor-
ing non-CpG DNA (Walser et al. 2008). As importantly, this more
precise delineation of the “CpG effect” on mutation rates permits
the framing of experimental approaches that could reveal its bio-
chemical basis.

Results

Using LI orthologs to determine the neutral mutation rate
as a function of CpG content

We, and others, have previously described the benefits of using the
interspecies sequence divergence of the assuredly neutrally evolving,
interspersed repeated DNA fossils generated by transposable ele-
ments for estimating neutral mutation rates (Hardison et al. 2003;
Chimpanzee Sequencing Analysis Consortium 2005; Gaffney and
Keightley 2005; Hellmann et al. 2005; Tyekucheva et al. 2008;
Walser et al. 2008; Mugal et al. 2009). The well-defined lineage of L1
non-LTR retrotransposons in primates (International Human Ge-
nome Sequencing Consortium 2001; Khan et al. 2006; Furano and
Boissinot 2008) comprises a set of closely related but nonetheless
distinct L1 families that amplified and then went extinct at different
times during the last ~80 million years (Myr) of primate evolution.
Thus, L1 DNA is particularly suitable for examining the correlation
between CpG content and non-CpG mutation rate.

Figure 1 shows the 11 L1 families that we examined placed on
a simplified primate phylogenetic tree according to their average
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Figure 1. Primate L1 families. A full-length generic primate L1 element
is shown. The primate-specific L1Pa families examined here are placed on
a simplified primate tree according to their average ages (see Methods).
The columns give the KB of ORFIl orthologs of the various families used for
the various analyses in this paper (see Methods). M, P, and H indicate
Macaca mulatta (macaque, Old World monkey), Pan troglodytes (chim-
panzee), and Homo sapiens (human), respectively. The ages for the di-
vergences of theses species were derived as described earlier (Walser et al.
2008). See Methods and Results, for details on the various steps outlined
on the right side of the figure.

age (see Methods). None of these long-extinct families contain
active members. Despite their age differences these distinct fami-
lies are highly similar as exemplified by both their dinucleotide
composition and primary sequence (Supplemental Table S1, Sup-
plemental Fig. S8; Walser et al. 2008; Furano and Walser 2009).
Thus, the widely dispersed members of these families provide a
common substrate for mutation despite their chromosomal loca-
tion. However, because of their different times in the genome, the
CpG content of the different families differ due to the clock-like
conversion of CpG to TpG/CpA (Hwang and Green 2004; Walser
et al. 2008; Furano and Walser 2009).

Figure 1 shows our procedure for determining the non-CpG
mutation rate as a function of CpG content (explained in detail
in Methods and Furano and Walser 2009; Walser et al. 2008). In
summary, we collected and aligned pairs of orthologous inserts of
each L1 family from the chimpanzee (P) and human (H) genome
databases. We then determined both their % CpG content and
% non-CpG nucleotide differences. As orthologous sequences are
identical by descent, the nucleotide differences represent only the
substitutions that occurred since chimpanzees and human di-
verged from their common ancestor (red double arrow, Fig. 1).

In contrast to earlier work (Walser et al. 2008), here we limited
our divergence measurements to the ORF2 sequence: We thereby
could use the highly conserved ORF2 protein sequence as a scaffold
for aligning the DNA sequences of the older L1 families. Addition-
ally, 5’'-truncated members dominate the older families. To provide
sufficient DNA sequence for robust statistical analysis we limited
ourselves to families from which we could obtain at least 1.5 mega-
bases of ORF2 sequence (Fig. 1).

CpG content and the age and divergence of LI orthologs

Figure 2A shows that the % CpG content of the orthologs decays
exponentially with time (i.e., with the ages of the L1 families) and
extrapolates at zero time to about that of the 0.836% CpG content of
the ORF2 of the modern active L1Pal family (i.e., Tal, Boissinot
et al. 2000). However, Figure 2B shows the relationship between
non-CpG divergence and family age is dramatically different. In this
case the change in divergence fits a sigmoid (dose response) curve.

Figure 3 shows the CpG content, non-CpG divergence, and %
(G + C) of each L1 family normalized to that of L1Pa3 and illus-
trates three important findings: First, panel A highlights the dis-
cordance between the decreases in non-CpG divergence and CpG
content. For example, relative to the L1Pa3 orthologs the non-CpG
mutation rate of the L1Pa7 orthologs has decreased by ~38%, but
their CpG content by only ~18%.

Second, following from the first, the progressive decrease in
CpG content of L1 families older than L1Pa7 was accompanied by
only modest changes in their overall non-CpG divergence. These
results are exemplified in Figure 3B where the change in ortholog
divergence is plotted as a function of their CpG content. As L1 age
is a proxy for CpG content (Fig. 2), the correlation between overall
divergence and CpG content also best fits a sigmoid (“dose re-
sponse”) function. Thus, the correlation between overall ortholog
divergence and CpG content above ~0.63% or below ~0.53%
CpG content is greatly attenuated compared to the divergence
changes between these values. Various linear fits between non-
CpG divergence and CpG content (Supplemental Fig. 7S) were not
as robust as the sigmoid fit. However, a bilinear fit substantiated
the dramatic difference in the relationship between divergence
and CpG content above and below 0.53% CpG (Supplemental
Fig. 75).
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tion and transversion mutations for the
various L1 orthologs.

Figure 5 shows the fraction of transi-
tion and transversion mutations for each
base for the L1Pa3-L1Pal6 orthologs. Al-
though the Figure seems complex it is
relatively easy to follow: The mutations
undergone by each base are presented
in separate panels (A, G, C, T). Each panel
contains two x-axes: The one outlined in
the gray box gives the total number of
° mutations (N X 10%) and the one below it
gives the name of the L1 family. For ex-

Myr
Figure 2.

Third, Figure 3A shows that the pronounced decrease in non-
CpG divergence between the L1Pa3 and L1Pa7 orthologs occurred
in the face of minimal change in the % (G + C) content (see also
Supplemental Table S1). This latter finding recapitulates our pre-
vious ones (Walser et al. 2008), which showed that CpG content
was the only substantive covariate of non-CpG divergence that
we identified among other previously noted ones; e.g., recom-
bination rate, transcription, G + C content (Krawczak et al. 1998;
Green et al. 2003; Hardison et al. 2003; Hwang and Green 2004;
Chimpanzee Sequencing Analysis Consortium 2005; Gaffney and
Keightley 2005; Hellmann et al. 2005; Taylor et al. 2006; Mugal
et al. 2009).

Also, here we found no correlation between non-CpG di-
vergence of ortholog pairs with recombination rate—as assessed by
either linkage analysis or SNP content of their flanking sequences
(0.5 Mb), their transcriptional orientation, or their G + C content
or that of their flanking sequences (0.5 Mb) (Fig. 3A; Supplemental
Data; see also Walser et al. 2008).

The mutational spectrum is correlated

Percent CpG content and non-CpG mutations as a function of L1 family age. The percent
CpG content and non-CpG mutations were determined as described in the Methods. The relationship
of CpG content to age is best fit by an exponential decay function (A), but that of the non-CpG mu-
tations is best fit by a sigmoid (logistic) function (B; see text). Numbers indicate L1Pa families.

ample panel A shows that L1Pa3 un-
derwent ~17,500 A mutations. The fate of
these mutations is given on the two y-axes:
On the left, the green bar gives the fraction
of transitions to G, and on the right the
fractions of transversions to C (red bars) or
T (blue bars). The same pattern is shown
for each of the other panels (transitions on the left y-axis, trans-
versions on the right). In all panels the gray line shows the change in
overall mutation rate for each family relative to L1Pa3 set to 1.

Statistically significant changes in the mutational spectrum
parallel the decrease in total mutations that accompany the de-
crease of CpG content exhibited by each family up to the L1Pa7
family. Neither the mutational spectrum nor the total mutation
rate for L1 orthologs changes substantially at lower (<0.53%)
contents of CpG (see also Figs. 3, 4). As the mutational mecha-
nisms involved in transitions and transversions differ, these results
further support the idea that CpGs, or mutations thereof, directly
influence basic mutational processes.

Discussion

Extending our analysis of non-CpG divergence to L1 orthologs
pairs in chimpanzee and humans over a wide range of CpG con-
tent produced two unexpected and provocative findings.

with CpG content
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We determined whether the mutational
spectrum varies with CpG content by iden-
tifying the base changes undergone by
each mutated base, using the consensus
sequence as a proxy for the ancestral se-
quence (see Methods). Figure 4 shows the
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sition rate. This difference is reflected in an
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from ~1.3 for L1Pa3 to ~2 for the oldest
L1 families. These changes are sufficient to
produce statistically significant differences
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Figure 3. CpG, G+ C, and non-CpG mutations. (A) The % (G + C) and CpG contents of the various L1
orthologs and their % non-CpG mutations are normalized to those of L1Pa3 (set as 1) and plotted as
a function of L1 family age. The axis at the top of the panel indicates which L1Pa families correspond to
the data points in the body of the panel. (B) The % non-CpG mutations are plotted as a function of %
CpG content. The non-CpG divergences fit a sigmoidal function of CpG content better than a linear
function using either all or subsets of the data (see text and Supplemental Fig. S7). Numbers indicate
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Figure 4. Percent total transitions, transversions, and transition/transversion ratio as a function of
CpG content. Mutations undergone by the chimpanzee and human members of the ortholog pairs
from each L1Pa family were classified as transitions or transversions as described in the Methods
(Determination of the Mutational Spectrum) and plotted as a function of the % CpG content. The
transition/transversion ratio for each L1Pa family and its corresponding CpG content are plotted in the

right most panel.

First, the correlation between CpG content and non-CpG
mutation rate is best fit by a sigmoid (logistic) function. Inter-
preting this result in terms of a dose response curve implies that a
“threshold” CpG content (~0.53%) must be attained before the
non-CpG mutation rate is markedly affected, and that the CpG
“effect” reaches “saturation” at levels above ~0.63% CpG.
However, the latter statement is only supported by two sets of
orthologs (L1Pa3 and L1Pa2; Walser et al. 2008) that contain the
putative “saturating” levels of CpG. Linear fits of non-CpG di-
vergence to CpG content, though not as robust as the sigmoid fit,
nonetheless reveal the dramatic decrease of non-CpG divergence
as a function of CpG contents below ~0.53% (Supplemental
Fig. 7S).

Second, the ratio of transition to transversion mutations
changes with CpG content and closely parallels that of the total non-
CpG mutation rate (Figs. 4, 5). As different mutational mechanisms
produce transitions and transversions, this correlation corroborates
our earlier contention (Walser et al. 2008) that the covariation of
CpG content and non-CpG mutation is an intrinsic property of the
DNA sequence and not a joint manifestation of the chromosomal
location or environment. The following observations support this
conclusion.

Except for CpG content, both the DNA sequence and chro-
mosomal distribution of the L1 orthologs are highly similar (Sup-
plemental Data; Chimpanzee Sequencing Analysis Consortium 2005;
Walser et al. 2008). In addition, the non-CpG mutation rates were
not correlated with either the G + C content or the recombination
rates of the genomic environment of the orthologs (Fig. 3; Sup-
plemental Data; Walser et al. 2008). And finally, the orientation of
L1 orthologs located in transcriptional units was unbiased (Sup-
plemental Table S1). As the nontranscribed strand is more prone
to mutation than the transcribed one (Green et al. 2003; Mugal
et al. 2009), differences in non-CpG mutation rates cannot be as-
cribed to an effect of transcription.

Most CpG sites, particularly those in transposable elements,
are preferred sites of C methylation (Ehrlich et al. 1982; Nur et al.
1988; Yoder et al. 1997; Branscombe Miranda and Jones 2007).
Therefore, the correlation between CpG content and non-CpG
mutations could be due to an effect of methyl-CpG per se, to its
spontaneous deamination to produce a T:G mismatch and sub-
sequent recruitment of error-prone DNA repair mechanisms, or
both (Walser et al. 2008).

Methyl-CpG can either mark DNA sequences for subse-
quent chromatin modification (i.e., closed or heterochromatin

Transversions | | Transitions /
Transversions

formation) (Jaenisch and Bird 2003;
20 Pennings et al. 2005) or occur subse-

quent to such modifications (Bird 2002;
1.6 Cedar and Bergman 2009). In either case,

methyl-CpG may mediate the recruitment
1.2 of various DNA- or histone-binding pro-

teins and other factors (Martens et al. 2005;
0.8 Cedar and Bergman 2009), which could
conceivably affect the susceptibility of the
DNA to mutation. In this case the correla-
tion between non-CpG mutations and
CpG content would mean that chromatin
states promoted by CpG methylation, or
that result in it, render DNA more suscep-
tible to mutation than DNA not in such
states. There is some evidence that the
mutation rate of compact heterochroma-
tin is higher than open, i.e., euchromatin
(Prendergast et al. 2007).

However, it seems unlikely that the heterochromatin state (as
defined in Prendergast et al. 2007) of L1 orthologs accounts for the
correlation between their CpG content and non-CpG mutation
rate. For this would mean that the chromatin state of the L1
orthologs is solely a function of their age in the genome. But the
members of the different L1 families are intermingled through-
out the genome (International Human Genome Sequencing
Consortium 2001; Chimpanzee Sequencing Analysis Consor-
tium 2005), sometimes to the point where younger copies are
inserted into older ones (Giordano et al. 2007). We know of no
evidence for heterochromatin states varying at such a fine granu-
larity. Additionally, compact heterochromatin formation is not
an inevitable consequence of CpG methylation (e.g., Bird 2002;
Martens et al. 2005; Branscombe Miranda and Jones 2007) and, at
least in mouse, little if any of the L1-containing chromatin bears
the histone marks of compact heterochromatin (Martens et al.
2005).

Compact heterochromatin aside, methyl-CpG-containing DNA
does recruit proteins that could conceivably affect its mutagenic
environment. Thus, DNA methyl transferases, which are bound to
nucleosomes of methylated DNA (Jeong et al. 2009), can also bind
PCNA (proliferating cell nuclear antigen, the eukaryotic DNA repli-
cation beta clamp; Chuang et al. 1997; Moldovan et al. 2007). PCNA,
in a process that involves its ubiquitination (Stelter and Ulrich 2003;
Pfander et al. 2005; Andersen et al. 2008; Lee and Myung 2008), can
recruit various error-prone DNA polymerases (for recent reviews, see
Loeb and Monnat 2008; McCulloch and Kunkel 2008) at the expense
of high fidelity replicative DNA polymerases. However, a more likely
scenario has PCNA recruiting error-prone polymerases in response to
the repair of the T/G mismatches that result from the spontaneous
deamination of methyl-CpG.

Eukaryotes contain T/G-specific mismatch repair systems that
restore this mismatch to C/G at ~90% efficiency (Walsh and Xu
2006). One involves removal of the mismatched thymine by a gly-
cosylase to produce an abasic site; a reaction that could also con-
ceivably excise thymines from normally paired A/T sites (Li et al.
2007). The abasic site could then be repaired by excision repair.
However, pausing of a replication fork at such sites would induce the
above-mentioned modification of PCNA and its subsequent re-
cruitment of error-prone Y family DNA polymerases.

PCNA has the capacity to simultaneously bind several DNA
polymerases. This property, which would facilitate switching be-
tween high and low fidelity polymerases during DNA synthesis
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Figure 5. Mutational fate of each of the four bases for different L1 families. Panel A shows the dis-
tribution of A mutations to G, C, and T that occurred between the human and chimpanzee lineages for
each L1Pa family. There are two x-axes on the bottom of panel A: the top one (boxed in gray) gives the
total mutations (N X 10%) that occurred and the bottom one (in bold) indicates the L1Pa family. For
example, we found (Methods, Determination of the Mutational Spectrum) that 17,458 substitutions of
A occurred between the chimpanzee and human L1Pa3 orthologs (rounded to 17.5 X 10 in Fig. 5):
8387 and 9071, respectively, for the human and chimpanzee orthologs. Of the total, 10,095 (0.58)
were G transitions (green bar, left y-axis), 4595 (0.26) were C transversions (red bar, right y-axis), and
2768 (0.16) were T transversions (blue bar, right y-axis). Note that the left (transitions) and right
(transversions) axes cover different ranges. The numbers of A mutations to G, and A transversions to C or
T were about the same for chimpanzee and human (results not shown). For L1Pa4, 16,678 (16.7 X 103)
A mutations occurred, again with about one-half occurring in chimpanzee and human, and again the
numbers of G transitions and C or T transversions were about the same in chimpanzees and human. And
so on for the rest of the families in panel A and for the mutations of G, C, and T presented in panels G, C,
and T respectively. In each case the green bar (left axis) shows transitions and the red and blue bars (right
axis) show transversions. The gray line is the total non-CpG divergence for each L1Pa family normalized
to that of L1Pa3, set to 1.0. Families that differ in total non-CpG divergence generally differ in their
proportions of transitions and transversions, especially in regard to mutations of A, G, and C (much less
so for T). For example, chi-square comparisons in panel A showed that the proportion of transitions and
transversions in L1Pa3 are significantly different from that of L1Pa4 (indicated by the asterisks between
these families). Likewise the distribution of transitions and transversions in L1Pa4 is significantly different
from that of L1Pa5, but this is not the case for proportions of transitions and transversion between L1Pa7
and L1Pa8.

prediction of our proposal that mutations
at non-CpG sites could accompany the
repair of T/G mismatches.

Although non-CpG mutations pro-
duced by error-prone DNA repair processes
recruited to repair T/G mismatches could
explain the correlation between CpG con-
tent and non-CpG mutations, several is-
sues remain. First, the mutational spectrum
exhibited by L1 orthologs, including the
“excess” of transversions (Fig. 4), is not
congruent with the in vitro base substitu-
tions exhibited by the known error-prone
DNA polymerases (e.g., McCulloch and
Kunkel 2008). However, and without im-
plying any connection, we do note that an
increase in transversions has been associ-
ated with the so-called mutator phenotype
thought to be prerequisite for carcinogen-
esis (Liu et al. 2002; Bielas et al. 2006;
Venkatesan et al. 2006).

Second, the nonlinear (sigmoid) cor-
relation between CpG content and non-
CpG mutation rate, which at lower CpG
contents is accompanied by a stabilization
of the transversion/transition ratio, sug-
gests that the density of T/G mismatches
may affect the mutational environment.
One might expect a “saturation” effect on
the non-CpG mutation rate at the higher
CpG content. Presumably at some given
density of CpGs, a T/G mismatch gener-
ated at any one, or just a subset, of CpGs
could be sufficient to affect the non-CpG
mutation rate of an entire region. On the
other hand, several explanations could
possibly produce the marked decrease in
non-CpG as a function of CpG levels below
the “threshold” 0.53% value (Figs. 3-5).

One possibility is that the lower non-
CpG mutation rate of the CpG-poor older
L1 orthologs reflects the time-dependent
depletion of a class of particularly “muta-
ble” non-CpG sites. However, we know of
no evidence for such sites: Only methyl-C

(for reviews, see Lehmann et al. 2007; Andersen et al. 2008; Lee
and Myung 2008), has been demonstrated in vitro for prokaryo-
tic DNA replication (Indiani et al. 2005). However, if the PCNA
modification persists after the replication fork has passed the
abasic site, then replication by the error-prone polymerase could
persist beyond the lesion, thereby introducing mutations into nor-
mal flanking DNA (Andersen et al. 2008).

A role for error-prone DNA replication or repair has long been
suggested to explain the occurrence of simultaneous multiple base
mutations in certain mammalian cell lines (Seidman et al. 1987;
Harwood et al. 1991) and almost certainly participates in generating
the somatic hypermutation (SHM) that underlies immunoglobulin
diversity (for review, see Teng and Papavasiliou 2007). These mu-
tations occur in somatic cells and SHM depends on additional
factors unique toimmunoglobulin gene transcription (Teng and
Papavasiliou 2007). However, these studies establish the precedent
for the occurrence of multiple simultaneous mutations in vivo, a

of CpG mutates with a clock-like rate while the mutation rate of C in
other contexts and all other nucleotides are contingent on factors
other than time (Hwang and Green 2004). Furthermore, no
dinucleotide other than CpG is underrepresented in mammalian
DNA (Duret and Galtier 2000), which would not be the case if given
classes of mutable sites are irreversibly lost over time. Finally, there is
no a priori reason why any putative class of “mutable” sites would
not be regenerated by random mutations.

Another possibility is that the extent (efficiency) of CpG
methylation is not linearly related to CpG content; e.g., below
some threshold level, some CpGs may escape methylation. This
would occur if the tuning of methylation efficiency varies over
a fairly short range. However, as discussed above, L1 orthologs of
different ages (and CpG content) are intermingled in the genome.

On the other hand, differences between our findings and those
expected from the known biochemistry of DNA replication and
repair may not be so surprising. The parameters affecting the
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accumulation of mutations in germline cells (only these can accu-
mulate in the population and contribute to the neutral mutation
rate) are likely to differ from those that affect mutation rates or
patterns in somatic cells or in vitro (or in cell culture experiments).

In particular, our knowledge of the biochemical and cell bi-
ological determinants of mutation rate is undoubtedly incomplete
(e.g., see Loeb and Monnat 2008). In fact, the novel and unexpected
features of the CpG “effect” that we report here support this con-
tention. As importantly, our findings, unlikely to have been revealed
without analyzing L1 DNA fossils as described here, provide a ratio-
nale and context for experimental analysis of the biochemical basis
of the CpG effect on the neutral mutation rate.

Methods

Isolation of ortholog LI sequence pairs

Sequence and annotation data were retrieved from the UCSC Ge-
nome Browser download site (http://genome.ucsc.edu/). The fol-
lowing assemblies were used here: human genome-freeze March
2006 (UCSC hg18, NCBI Build 36.1) and chimpanzee-freeze March
2006 (UCSC panTro2). RepeatMasker track files based on the
RepeatMasker program and RepBase library were used to obtain L1
family information and genome coordinates (ftp://hgdownload.
cse.ucsc.edu/goldenPath/). Based on the RepeatMasker track file
information sequences of L1 elements in the human genome were
retrieved. L1 sequences <100 bp and records with ambiguous in-
formation (e.g., insertions that could not be precisely located on
a chromosome) were removed from the data set. Orthologous in-
sertions (i.e., those identical-by-descent) between the human and
chimpanzee genome were obtained by converting the human ge-
nome coordinates for L1 insertions between assemblies using the
command line tool liftOver (Version 134 for Mac OSX, http://
genome.ucsc.edu/). The following parameters were used: The
minimum ratio of bases that must remap was set to 0.85 (-min-
Match) and multiple output regions were not allowed. The pro-
gram and the appropriate chain files can be downloaded from the
UCSC Genome Browser website (http://genome.ucsc.edu/). The
converted L1 element insertions were compared with the Repeat-
Masker track files for the target species’ L1 families (i.e., chim-
panzee). Records that did not correspond to the query L1 family, L1
sequences >10 kb, and multiple hits with overlapping regions or
ambiguous coordinate information in the target genome were re-
moved from the data set.

Consensus sequences of LI families

These were derived as described earlier (Walser et al. 2008) except
we limited ourselves to the ~3800 bp (depending on the family)
OREF2 sequence because we could use the highly conserved amino
acid sequence of the ORF2 protein as a guide for aligning the base
sequences. In addition, as most L1 sequences are 5' truncated,
maximal statistical support is obtained from the more 3’ region of
the L1 sequences. Alignments of ORF2 sequences corresponding to
the L1 families indicated in Figure 1 isolated from the human and
chimpanzee databases were manually adjusted using the Seaview
multiple sequence alignment editor (Galtier et al. 1996). As the
sequences of the youngest and oldest elements are highly similar
(Boissinot et al. 2000; Khan et al. 2006), we could put all of
the consensus sequences in the same register by alignment to the
modern active human L1.3 element (Sassaman et al. 1997). The
consensus sequences can be considered “current” because they are
built from the members of each family present in the modern
human and chimpanzee genomes. We used a 60% plurality to

assign the consensus base, and the separately derived chimpanzee
and human consensus ORF2 sequences for any given family were
identical. Thus, the current consensus for a given L1 family can
serve as a reasonable facsimile of the common ancestor of its
ortholog pairs (see below, Determination of the Mutational Spec-
trum). An alignment of these sequences is presented in Supple-
mental Figure S8.

Ortholog alignments, determination of % CpG content,
and other sequence manipulations

We used the multiple sequence alignment application MUSCLE
(Edgar 2004) to align each human and chimpanzee ortholog pair,
using the relevant ORF2 consensus sequence as a guide. A site was
considered if it contained a nonambiguous nucleotide (i.e., A, T, C,
or G) in the human and chimpanzee ortholog and any nucleotide
(A, T, C, G, or N) in the consensus sequence. Gaps and non-L1 in-
sertions were ignored. The combined lengths of the ORF2 ortholog
pairs for each family that fulfilled these criteria are shown in Figure
1 (“total” column). For calculating % CpG content we used the
CpG content of ortholog pairs that were =400 bp, which elimi-
nated an expected bias toward high % CpG contents of the shorter
fragments. Because the maximal % CpG content of even a modern
element is =0.9%, the biases toward higher and lower than
expected values of % CpG due to the nonrandom distribution of
CpGs in ORF2 cannot offset each other in the shorter ortholog
pairs; O bounds the lowest values but the upper ones are un-
bounded. The combined length of the =400-bp orthologs is also
given in Figure 1. We used EMBOSS (European Molecular Biology
Open Software Suite) (Rice et al. 2000) for general sequence han-
dling and sequence comparisons and generated custom UNIX,
Perl, and Python scripts as needed.

Determination of non-CpG mutations

We defined non-CpG sites using the stringent criteria defined by
others (Keightley and Gaffney 2003; Meunier and Duret 2004;
Kondrashov et al. 2006). Thus, non-CpG mutations were counted
only at [A,G,TIN[A,C,T] sites. Or put another way, sites such as
CAG, CTG (in addition to CCG and CGG) are excluded, as the CA
and the TG of the first two trinucleotides could have been derived
from ancestral CGs. Simulation studies (Meunier and Duret 2004;
Gaffney and Keightley 2008) showed that these criteria remove
biases that can be introduced into non-CpG divergence calcula-
tions by ancestral CpG sites (not recognized in the current se-
quence). We only considered sites where at least the human or
chimpanzee ortholog is identical to its consensus sequence (see
Determination of the Mutational Spectrum for our handling of
sites where both orthologs differed from the consensus). We also
eliminated sites directly flanked by an insertion or a deletion in
either member of the ortholog pair or the consensus sequence.
Thus, divergence measurements are not skewed by arbitrary place-
ment of nucleotides on either side of a gap (Khelifi et al. 2006). We
emphasize that we only used the consensus sequence to help align
the ortholog pairs and not to calculate their divergence. Thus, the
divergence of each L1 family is simply the number of non-CpG
nucleotide differences (substitutions) between each ortholog pair
divided by the total number of nucleotides compared summed
over all the ortholog pairs (see Fig. 1). Divergence values were not
corrected for superimposed or back mutations as the number of
substitutions was small.

Estimation of LI family ages

We used ages of the L1Pa3-L1Pal6 families that were based on
their sequence divergence and estimates of the primate molecular
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clock (i.e., the % neutral substitutions/Myr; Boissinot et al. 2000;
Khan et al. 2006; Furano and Boissinot 2008). The ordering of the
families by this method agreed completely with an analysis based
on an entirely different method for determining the relative age of
L1 families in primates (Giordano et al. 2007). The ages of some of
the families given here differ from those used earlier (Walser et al.
2008) but the ordering was the same. The relative ordering of the
families and their CpG content is far more important for the
analysis here than their precise age which will always be beset by
uncertainties in the estimates of the molecular clock over the ~80
Myr of primate evolution covered by the L1 families used here.

Determination of the mutational spectrum

We determined the fate of each mutated base by using the relevant
current consensus sequence as a proxy for the ancestor of the
chimpanzee and human orthologs. Consensus sequences have long
been used as a reasonable approximation of ancestral sequences and
are the only choice for some of the L1 families (L1Pa3-L1Pa5) for
which orthologous outgroup sequences are not available (or present
in insufficient quantity) because these families are confined only, or
largely, to chimpanzee and humans (Walser et al. 2008). By com-
paring ortholog pairs we counted only the base substitutions that
occurred during the ~6 Myr since chimpanzees and humans di-
verged (see double-headed arrow, Fig. 1). Thus, in terms of using the
consensus as the ancestral sequence, the prior history of the mem-
bers of the various families matters only in as much as the base se-
quence at some positions in the current consensus sequence may
not be relevant to the corresponding sites in a given ortholog pair.
This could be the case for two reasons: First, the divergence of the
family could produce inaccuracies in the consensus. As mutations
accumulate randomly at non-CpG sites, one measure of imprecision
of the consensus sequence would be the number of positions in an
alignment where both orthologs differ from each other and the
consensus sequence. Mutations to different bases at a given site in
each ortholog should be very rare given the short evolutionary time
between chimpanzees and humans. Therefore, the consensus base
could be incorrect at such sites. (In fact, if the consensus base was
not incorrect it might actually match the base of one of the ortho-
logs.) In any event, one would expect the percent of positions where
both orthologs and the sequence contain a different base to increase
with family age, which is what we found. The family and percent of
such sites are: L1Pa3, 0.9; L1Pa4, 1.2; L1Pa5, 1.6; L1Pa6, 2.3; L1Pa7,
2.8; L1Pa8, 3.6; L1Pal0, 4.5; L1Pall, 4.8; L1Pal3, 5.4; L1Pal5, 6.7;
L1Pal6, 7.3. The second reason is that the actual ancestor of a given
ortholog pair contains a variant not represented by the consensus.
But such positions would not be counted as substitutions if the
base in both orthologs is the same and, if they are not, they would
be indistinguishable from the first category (i.e., sites where both
orthologs and the consensus differ), which we excluded from our
determinations.

Statistical analysis

Statistical analyses were carried out using R (R Development Core
Team 2007; http://www.R-project.org) and an online statistic site,
http://department.obg.cuhk.edu.hk/ResearchSupport/statstesthome.
asp. x> tests were used to determine if differences between the
distributions of transitions and transversions between successive
L1Pa families were statistically significant.
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