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Comparisons of the DNA sequences of metazoa show an excess of transitional over transversional substitutions. Part of
this bias is due to the relatively high rate of mutation of methylated cytosines to thymine. Postmutation processes also
introduce a bias, particularly selection for codon-usage bias in coding regions. It is generally assumed, however, that
there is a universal bias in favour of transitions over transversions, possibly as a result of the underlying chemistry of
mutation. Surprisingly, this underlying trend has been evaluated only in two types of metazoan, namely Drosophila
and the Mammalia. Here, we investigate a third group, and find no such bias. We characterize the point substitution
spectrum in Podisma pedestris, a grasshopper species with a very large genome. The accumulation of mutations was
surveyed in two pseudogene families, nuclear mitochondrial and ribosomal DNA sequences. The cytosine-guanine
(CpG) dinucleotides exhibit the high transition frequencies expected of methylated sites. The transition rate at other
cytosine residues is significantly lower. After accounting for this methylation effect, there is no significant difference
between transition and transversion rates. These results contrast with reports from other taxa and lead us to reject the
hypothesis of a universal transition/transversion bias. Instead we suggest fundamental interspecific differences in
point substitution processes.
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Introduction

While evolutionary theory assumes that mutations are
random with regard to their adaptive value, it has long been
recognized that this does not necessarily imply randomness in
other respects. For example, some nucleotides are more
mutable than others [1]. For the time being, studies of
mutation inferred from genome projects [2-4] will suffer
from their understandable leaning towards the study of
vertebrates and species with small genomes. However, the
extrapolation of the patterns observed in these studies to
broad evolutionary principles has sometimes been incautious.
Grasshoppers provide a valuable contrast, having gigantic
genomes (the P. pedestris genome is 100 X larger than that of
Drosophila) and associated differences in genome dynamics [5].
Indeed, they have proved to be invaluable model organisms
for cytogenetic studies partly because of their massive
chromosome size. In this study, we infer the mutation
patterns from comparisons of DNA sequences within P.
pedestris and the closely related genus Italopodisma.

To minimize the confounding effects of natural selection,
mutation patterns have been studied in noncoding sequences
such as pseudogenes [3,6-8] or “dead-on-arrival” copies of
transposable elements [9]. Here, we focus on nuclear
mitochondrial pseudogenes (Numts) and ribosomal DNA
(rDNA) pseudogenes. Numts are ideal for the study of
molecular evolution because they are abundant in many
taxa, and it is straightforward to produce datasets containing
many paralogous sequences [10]. In animals, Numts lose their
function upon transfer into the nucleus. Freed from selective
constraints, they show equal substitution rates for all three
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codon positions and the accumulation of stop codons and
frameshift mutations [10,11].

Loss of function cannot be determined in the same way for
rDNA genes, since they do not code for proteins [12]. Instead
we identify as pseudogenes those sequences with substitutions
in the 3’ end of the 18S coding region, which, in functional
genes, is highly conserved across a wide range of taxa (indeed,
in this region, there is not a single difference between
Drosophila, various grasshoppers, and mouse). All our pseu-
dogene sequences show multiple substitutions in this region,
which strongly suggests loss of function [13]. There is
convincing evidence for rDNA pseudogenes in many other
species [14-20], where they could also prove useful for studies
on molecular evolution.

Both Numts and rDNA pseudogenes are distributed widely
throughout these genomes and are, consequently, expected to
reflect genome-wide substitution patterns. The evidence for
their distribution comes from fluorescent in situ hybrid-
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Author Summary

Some mutations occur more frequently than others. We need to
understand these biases if we are to interpret the differences that
have accumulated between species and individuals. Applications
include estimating the time since evolutionary lineages diverged
and detecting the signature of natural selection in DNA sequences.
However, mutational biases have been obscured because, since
mutations arose, natural selection has eliminated some whilst
allowing others to persist to the present. We therefore study
mutations that have accumulated in regions of the genome that are
free from selection in a grasshopper with a gigantic genome. All
other animal studies using this approach find an excess of mutations
between DNA bases having similar biochemical properties (tran-
sitions rather than transversions). This bias has been widely
interpreted as a consequence of the fundamental biochemical basis
of mutation. However, once we exclude mutations associated with
DNA methylation, we find no evidence of a transition bias, unlike the
few comparable animal studies that make the same correction. We
propose that this result indicates previously unanticipated differ-
ences between species in the selection on or mutation of their DNA.

isation: in the case of Numts the whole chromosome
complement of Italopodisma was labelled by a mitochondrial
cytochrome oxidase I gene probe suggesting that copies are
distributed quite uniformly over all chromosomes [21]. The
rDNA sequences are also widespread but more aggregated;
they can be detected in up to seven different loci on different
chromosomes where they seem to be tandemly arrayed (P.
Veltsos, personal communication). Past work shows that
active rDNA sequences map to the GC rich heterochromatin
of these grasshoppers [22].

Here we quantify the neutral point substitution spectrum
in these two different categories of sequence and demon-
strate that substitutional bias for transitions over trans-
versions is not a universal rule.

Results

Assessment of Data Quality

Our analysis attributed 301 of the point substitutions seen
in Numts to mutations that arose in the nucleus. Some of the
Numt sequences were obtained by a protocol that selected
against the most recently arising Numts (see below). There
was no detectable difference between the substitution
spectrum in this sample of old pseudogenes and the randomly
selected sequences (likelihood ratio test, x° = 2.06, df =5, p=
0.91).

The efficacy of the procedure used to distinguish sub-
stitutions that had occurred in the nuclear DNA from those
that had taken place in mitochondria was confirmed by the
absence of a significant codon-position bias for the unique
substitutions (x* = 4.48, df = 2, p = 0.11). The number at the
third position was actually slightly lower than the expected
value (81 versus 96.9, with a correction for available sites).
Conversely, as expected for a protein-coding gene evolving
under selective constraints, the substitutions attributed to the
genuine mitochondrial lineage showed a highly significant
codon position bias % =1272, df =2, p=0.0017), in which
mutations at the third codon position were overrepresented
(94 versus 74.5). As expected in pseudogenes, complementary
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mutations occurred at similar frequencies in the Numt data
(G-test, G=11.47, df = 6, p = 0.07).

There were 154 point mutations that could be analysed in
the rDNA pseudogenes. Of these, 31 were observed in the
section paralogous to the 18S coding region and 123 in the
section paralogous to the internal transcribed spacer 1. As
expected for point substitutions accumulating in nonfunc-
tional DNA, the proportion of mutating positions is similar in
the two DNA regions (test for equality of proportions, 32 =
1.66, df=1, p = 0.20). Because rDNA is not protein coding we
cannot assess the codon positions of the substitutions.
Complementary mutations occurred at similar frequencies
(G-test, G=3.44, df =6, p = 0.75).

The substitution rates observed in the two datasets are
visualized in Figure 1. We found no significant difference in
the spectrum of point substitutions between Numts and
rDNA pseudogenes once we account for differences in the
number of sites available for different types of substitution

(glm, x* = 10.42, df = 11, p = 0.49).

No Transition Bias after Accounting for Hypermutability of
Cytosines Adjacent to Guanines

Analysis of deviance revealed two significant biases in the
point substitution pattern in Podisma. Firstly, the rate of C:G
— T:A transitions was significantly elevated at cytosine
residues adjacent to guanines (CpG sites) (glm, y2=174.75, af
=1, p < 0.001). This effect of CpG hypermutability is
illustrated in Figure 1 where the frequency of the different
substitutions is shown before (Figure 1A) and after (Figure
1B) the exclusion of CpG sites. There is no discernable effect
of excluding CpG sites on the transition bias observed in
Numts, simply because of the rarity of CpG sites in this
pseudogene family (4 CpGs in 849 bp). Although there is
significant heterogeneity of substitution rates after excluding
CpG sites (glm, x* = 48.68, df = 5, p < 0.001), there is no
significant transition bias (glm, x% = 0.45, df=1, p=0.504).

The significant heterogeneity in the point substitution
spectrum shows that although we do not detect transition
bias, there is sufficient data to identify effects other than CpG
hypermutability. More specifically, we observed a significant
lack of A:T — C:G transversions relative to all other
substitutions (glm, x* = 4231, df= 1, p < 0.001).

In our model, we corrected for differences in the number
of sites available for different types of point substitution.
Even without this correction (which is more important in
comparisons that differ in the base composition of the
nucleotides involved), we observed 126 transitions and 267
transversions after excluding transitions that could have
occurred at methylated cytosines. This ratio (1:2.1) was not
significantly different from the 1:2 ratio expected from equal
rates of transition and transversion (binomial exact test: p =
0.63), but was clearly different from the ratio of 2:1 (binomial
exact test: p < 2 X 107'%), which was observed in human
pseudogenes after the exclusion of transitions at CpG sites [3].

Could multiple independent substitutions occurring at
individual sites lead to an underestimation of the transition
bias? We address this possibility using a maximum likelihood
approach, which accounts for such multiple hits (see Material
and Methods). This showed that, after the exclusion of
methylation effects, the transition rate was 1.13 times the
transversion rate, which is not significantly different from
even (95% confidence interval =0.89 — 1.42). Given that there
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Figure 1. Neutral Point Substitution Patterns in Two Types of
Grasshopper Pseudogenes

(A and B) Frequency of the different substitutions in rDNA pseudogenes
(black) and Numts (grey) expressed as a percentage of the average
substitution rate.

doi:10.1371/journal.pgen.0030022.g001

are twice as many possible transversions an even rate is
sometimes reported as 1:2, which corresponds to 1:1.77 in our
case.

Mutational Bias towards Adenine and Thymine

Whether or not CpG sites are included, the pattern of
point substitutions results in an overall bias in favour of
cytosine and guanine changing to adenine and thymine
(previous section and Figures 1 and 2). However, these
differences are only significant for the A:T — C:G trans-
version, which occurs approximately three times less fre-
quently than the other five substitutions (likelihood ratio test,
$* =487, df =1, p < 0.001).

As a consequence, the equilibrium base composition is
biased towards A and T (A + T), with a predicted A + T
content of 58% for Numts and 60% for rDNA pseudogenes.
In both datasets, the unequal numbers of A+ T — G+ C and
G + C — A+ T changes suggest that the base composition is
not presently at equilibrium (rDNA pseudogenes: 16 A+ T —
G+Cand 35G+C— A+T,p=0.008; Numts: 118 A+T — G
+Cand 49 G+C — A+T, p <0.001). The A+ T content of
rDNA pseudogenes is increasing, while the opposite is the
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case for the currently very A + T rich Numts, and both are
expected to equilibrate at a similar final AT content (~60%).

Comparison between Podisma and Drosophila

The point substitution spectra observed in the two species
are illustrated in Figure 3. An analysis of deviance showed
that the substitution patterns did not differ significantly
between the two species (glm, F5 =0.41, p=0.83). If all C:G —
T:A transitions were excluded, as in Petrov and Hartl [9], to
allow comparison of Drosophila with methylated genomes, the
point substitution spectra of the two species showed a small
but significant difference (glm, 3> = 10.89, df = 4, p = 0.03).

Discussion

Equal Transition:Transversion Ratio at Non-CpG Sites

It is generally assumed that the ratio of transitions (ts) to
transversions (tv) is higher in animal nuclear genomes than
the 1:2 ratio expected if all substitutions were equally likely,
while the relative transition rate is even higher in their
mitochondrial DNA [1,23]. As a consequence, some of the
best known models of sequence evolution assume that the
most relevant difference in substitution rate occurs between
transitions and transversions and, consequently, allow for
different rates for these two categories (e.g., [24,25]). In many
species, vertebrates in particular, this rule appears to hold
quite well.

Part of the higher rate of transitions in vertebrates can be
attributed to the effect of methylation. At vertebrate CpG
sites methylation is widespread [26], and the deamination of
methylated cytosines leads to highly elevated transition rates
at these sites [2-4,6-8,27,28]. There is an additional under-
lying effect. Transitions are more frequent than transversions
even after accounting for the hypermutability of CpG sites
[1,3,6,27].

In Podisma, however, this is clearly not the case. The
Orthoptera also exhibit CpG methylation [29], and Podisma
has a correspondingly elevated frequency of C:G — T:A
transitions at CpG dinucleotides. However, after the exclu-
sion of CpG sites, we observe no underlying effect equivalent
to that in vertebrates. The ts:tv ratio is not significantly
different from 1:2, as would be expected under a uniform
mutation rate (because there are twice as many possible
transversions). The only comparable insect dataset, from
Drosophila [9], shows a significantly different pattern, with a
ts:tv ratio of 1:1.22. Although the transition frequency in
Drosophila is lower than vertebrate estimates, the ts:tv ratio
deviates significantly from the expectation under a uniform
mutation rate (y>-test, x° = 38.35, df = 1, p < 0.001). This
increased transition rate is mainly attributable to C:G — T:A
substitutions, but it cannot be due to CpG hypermutability
because few CpG sites are methylated in the Drosophila
genome [30]. It has, however, proved difficult to characterise
DNA methylation in insects [31], and the assumption that
DNA methylation is completely absent from the Drosophila
genome has been challenged by recent studies [30,32]. In
contrast to other species, most methylated cytosines are
found in the non-CpG dinucleotides of Drosophila. Interest-
ingly, retrotransposable elements, the very type of sequence
analysed by Petrov and Hartl [9], have been identified as
potential targets for DNA methylation [33]. It is an exciting if,
at present, highly speculative possibility that after the
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dark grey, transitions).

doi:10.1371/journal.pgen.0030022.g002

exclusion of methylation effects, Drosophila might also no
longer exhibit a transition bias.

Evolution of Base Composition

In both pseudogene families, the rate of substitutions from
C + G to A + T is higher than the rate of changes in the
opposite direction (Figures 1 and 2), leading to a predicted
equilibrium A + T content of 58% or 60%. At present, it is
unclear why the AT — C:G transversion occurs at a
particularly low frequency. The predicted base composition
matches empirical measures of the actual genomic base
composition of a variety of grasshopper species, which all
have between 51% and 60% A + T content [34].

Mutational biases for C + G — A + T substitutions seem to
be very common and are reported in bacteria, insects, and
mammals [6-9,35-40]. Results from Drosophila [41] and
mammals [42], suggest patterns of point substitution that
have recently changed in these groups. In these grasshoppers,
however, we observe no evidence for a change in the pattern
of nucleotide substitution when comparing a random sample
of Numts to one that is enriched for more ancient Numts (G-
test, G = 8.45, df =11, p = 0.67).

Insertion into a different position in the genome and loss
of function seem the most likely explanations for the
nonequilibrium base composition observed in our sequences.
Generally, newly inserted sequences tend to evolve towards a
G + C content that is similar to that of the surrounding DNA
[36]. Consequently, the Numts (78% A + T), which arose
recently from mtDNA, reflect the high A + T content typical
of insect mitochondrial DNA [43,44], but are evolving towards
a base composition more characteristic of the nuclear
genome. The opposite trend is observed for the rDNA
pseudogenes whose current A 4T content of 39% is expected
to increase to an equilibrium value of 58%. This suggests that
the G + C content of functional rDNA sequences might be
maintained at above-equilibrium values by selection. This
interpretation is consistent with the observation that genes
generally tend to be G + C rich [45].

The point substitution spectra inferred from the two
pseudogene families are similar in spite of differences in their
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Figure 3. Neutral Point Substitution Patterns in the Grasshopper
Podisma and the Fruit Fly Drosophila

Frequency of the different point substitutions in Podisma (black) and
Drosophila (grey) (data from Petrov and Hartl [9]) expressed as a
percentage of the average substitution rate.
doi:10.1371/journal.pgen.0030022.9003

base composition, genomic location, and possibly mode of
molecular evolution. Similarly, results from Drosophila showed
no differences in the substitution and indel spectra inferred
from single-copy [46] and multi-copy sequences [46,47], and
although there is heterogeneity in the G + C content of the D.
melanogaster genome, the pattern of point substitution does
not differ in regions with different base composition [48].
The case is quite different in mammals that show patterns of
point substitution that differ among genomic regions

[36,42,49].

Conclusions

The point substitution spectrum in Podisma is similar in
some respects to what has been observed in other species (e.g.,
hypermutability of CpG sites and mutational bias towards A +
T). A remarkable difference, however, is the complete
absence of a transition bias.

The transition bias observed in other metazoans could be
caused by a mutational bias due to intrinsic properties of
DNA. Alternatively, in coding regions, the bias could be
explained by selection on nonsynonymous transversions.
Both transitions and transversions can change the amino
acid composition of the corresponding protein, but the
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biochemical difference in the protein product tends to be
greater for transversions [50]. Consequently, there is likely to
be greater purifying selection against transversions. Selection
could therefore favour DNA repair systems that are partic-
ularly efficient at preventing transversions, which in turn
would affect the observed substitution patterns across the
whole genome including noncoding regions. The intensity of
purifying selection may vary between genes for many reasons,
including differing constraints on protein structure and the
importance of codon usage bias. For example, in Plasmodium
genes the ts:tv ratio varies enormously from 1:0.07 to 1:3.54
[51].

The efficacy of selection is also likely to differ between
species, as it may be affected by effective population size [52]
or the recombination rate [53], which in turn could explain
interspecific differences in the ts:tv ratio. The exceptionally
large genome size of P. pedestris [54] might indeed indicate a
reduced efficacy of selection in this species, possibly as a
consequence of a small effective population size [55].
However, it seems unlikely that transition bias in other
species is explained exclusively by the action of selection on
individual mutations. In that case, selection on individual
transitions in human pseudogenes would need to explain the
transition bias in humans [3], which also have a large genome
size and small effective population size [55].

Thus far, the evidence suggests that a mutational bias
explains transition bias, at least in Caenorhabditis elegans, even
in the absence of selection acting on individual mutations
[66]. Differences in point substitutional spectra, and even in
the ratios of transitions to transversions, have been detected
as a result of genetic disorders in humans [57]. It is therefore
plausible that the underlying chemistry of mutation and DNA
repair will affect the transition bias and could differ in
Podisma.

The results of this study emphasise the importance of
evaluating neutral point substitution spectra across a wide
range of taxa. Such a broad taxonomic approach will not only
reveal potential differences between groups, but also hope-
fully provide clues as to what mechanistic or selective forces
might be responsible for them.

Materials and Methods

Numt sequencing. All Numt sequences were obtained from P.
pedestris (Orthoptera, Acrididae) and the closely related Italopodisma
sp. and are paralogous to 643 bp of the mitochondrial ND5 region.
Classification within the genus ltalopodisma is difficult as it is based
exclusively on subtle differences in the male genitalia [58]. For this
reason, we do not distinguish between different Italopodisma species.
We use the genus name Podisma when we refer to both P. pedestris and
Ttalopodisma sp.

The molecular methods used to generate these data have been
described in detail elsewhere [59]. Briefly, PCR primers were designed
based on the ND5 sequence from the grasshopper Locusta migratoria.
These primers amplify mtDNA sequences as well as paralogous ND5-
like Numts in all studied species. The PCR products were cloned,
reamplified by PCR from individual colonies, and sequenced from
both strands. More than 80% of the Numt sequences were obtained
from PCR products amplified using a high-fidelity polymerase (Pfu
polymerase). The low error rate of this enzyme had been confirmed in
preliminary tests [5].

In some cases, we enriched for Numts of a particular evolutionary
age by digesting total genomic DNA with a restriction enzyme prior
to PCR. More specifically, restriction enzymes were chosen so that
their recognition sequences would be specific to mtDNA and recently
arising Numt sequences. Digestion of total genomic DNA with such
enzymes ensures that mtDNA and recently arising pseudogenes will
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not be amplified, cloned, or selected for further study. Phylogenetic
analysis shows that we targeted and successfully obtained 23 anciently
arising Numt sequences or Numts of an intermediate age relative to
most other Numts. These pseudogenes do, however, fall within the
same clade as some of the randomly sampled Numts. Together with
the data from Bensasson et al. [59], this gave a total of 57 P. pedestris
sequences and 34 Italopodisma sp. sequences.

To determine which ND5 sequences were functional and which
were pseudogenes, DNA was extracted using a protocol that enriches
for mtDNA [59]. PCR amplification from each of these templates
predominantly produced one type of sequence, which was assumed to
be the mtDNA sequence. Consistent with our designation of
mitochondrial sequences, most of the Numts studied contained
frameshift mutations (see [59] for fuller discussion).

Separation of nuclear and mitochondrial changes. As we are
interested in the pattern of point substitutions in noncoding DNA, it
is essential to exclude from our analysis mutations that arose in the
mitochondria while the sequence was still under selective constraints.
It has been shown that an effective separation of nuclear and
mitochondrial substitutions can be achieved by counting only unique
substitutions as nuclear [5,35]. This is based on the reasoning that, in
relatively undiverged sequences, nucleotide differences that are
shared by two or more Numts are more likely to be the result of
common ancestry than of multiple independent mutations. Since
many Numts were derived independently from divergent mitochon-
drial ancestors [59], many of these shared differences probably arose
in the mitochondria. This method for distinguishing nuclear and
mitochondrial mutations is similar in effect to a maximum parsimony
approach (e.g., [9]). The only difference between the two methods is
that maximum parsimony can, in some cases, ascribe shared
substitutions resulting from multiple hits to nuclear evolution, while
the approach based on unique substitutions will always count them as
mitochondrial.

Divergence analysis had shown that some Numts were more similar
to mtDNA sequences from another species, Parapodisma mikado, than
to the actual P. pedestris or Italopodisma sp. mtDNA sequences
(unpublished data). To reduce the chance that nucleotide sites
representing such an ancestral mitochondrial state were counted as
unique substitutions, a P. mikado was included in the alignments.

The rDNA pseudogene sequencing. All pseudogenes used in this
section are paralogous to 494 bp of the rDNA genic region and
correspond to the 3" end of the 18S (119bp) and the entire internal
transcribed spacer 1. The rDNA was PCR amplified using the primers
18S(f) and ITS6(r) [60] and the standard PCR protocol described in
Keller et al. [13]. A total of seven of the sequences were obtained from
RNA templates using RT-PCR (see [13]). The PCR products were
cloned, the inserts reamplified from single colonies, and sequenced
from both directions. A total of 35 pseudogene sequences were
included in the analysis.

The treatment of rDNA sequences. The rDNA sequences differ
from the Numts, which are known to be nonfunctional in the nucleus.
However, the rDNA mutations have been identified by comparison
between sequences within clades of pseudogenes [13] and so appear
almost certain to have occurred in nonfunctional genes. This
interpretation is supported by comparison of mutation rates in the
internal transcribed spacer 1 and the 18S gene, which evolve at highly
different rates in functional copies [61], but which show no significant
difference in our comparisons (test for equality of proportions, ¥* =
1.66, df =1, p = 0.20).

The inclusion of sequence differences caused by PCR errors could
seriously distort our rDNA results, because they are biased in favour
of particular changes [62]. We therefore identified mutations that
occurred in vivo based on the criterion that they occurred in more
than one sequence in the alignment. Each of these nonunique
differences was counted as a single mutation. The multiple
occurrences could be explained either because the sequences shared
a difference from the consensus by simple inheritance from a
common ancestor, or because mutations had spread horizontally
through the rDNA multigene family by the processes causing
concerted evolution (see [1]). Our approach is highly conservative,
but will not bias the results unless concerted evolution favours
particular substitutions. We expect any such bias to be detected by
comparison of the rDNA and Numt results.

Pattern of nucleotide substitutions. We used BioEdit 7.0.1 [63] to
create separate alignments of the Numt sequences from P. pedestris,
the Numt sequences from Italopodisma sp., and the rDNA pseudogene
sequences from P. pedestris. All three alignments were verified by eye.
To allow for the automated detection of appropriate rDNA
mutations (see above), the alignment was edited by hand to replace
single differences, and all but one of the multiple differences, with
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the ancestral base. Unique substitutions were then identified using
the perl script unique.pl written by D. Bensasson. The identification
of unique substitutions and the two bases immediately adjacent to the
mutating nucleotide (and therefore CpG sites) was automated using
unique.pl. For the Numt data, unique.pl also outputs the codon
position of all unique and nonunique substitutions. If more than one
ancestral state was possible for a given substitution, the most likely
ancestral nucleotide from a phylogenetic tree of all sequences was
called manually. All ambiguous cases were excluded from further
analysis.

The substitution rates were normalized to account for unequal
frequencies of the four bases (i=A, G, G, or T). More precisely, if N; _
is the number of times a nucleotide of type i has mutated to a
nucleotide of type j, and 7; _, j is the total number of type i nucleotides
in which a change from i to j could have been observed, then the
different substitution rates are defined as §; . ;= N; . (T; - j). T; .
was estimated using unique.pl from the total number of type ¢
nucleotides corrected for the fact that, in the Numt data, our unique
approach resulted in some positions being unavailable for some
substitutions. For example, it will not be possible to observe a unique
T — G change at a position where most sequences have a T but some
have a G. To represent complementary mutations, we use the
following notation: A:T — G:C represents A — G and T — C. The
notation A + T — G + C, on the other hand, summarizes all four
possible changes that lead from A or T to G or C.

The equilibrium G + C content, f*, was estimated as f* = vl(u + v),
where v was the rate (per nucleotide) of A+ T — G+ C mutations and
u the rate of G+ C — A + T changes [64]. The mutation rate u was
estimated after the exclusion of substitutions at CpG sites.

Statistical analyses. All statistical tests were carried out using “R”
2.1.0 [65]. A generalised linear model (analysis of deviance) with
Poisson errors was fitted to the data. This model included three
factors: type of pseudogene, type of substitution, and methylation
sensitivity, and their interaction effects on the number of observed
changes. The number of bases available for a given substitution was
included in the models as an offset [66]. Terms were dropped from
the model if their deletion did not cause a significant increase in
deviance. As expected for pseudogenes in nuclear genomes, there
were no significant strand asymmetries in the substitution biases we
observe (see Results) and so “type of substitution” was treated as a
factor with six levels (Figures 1-3). The final model was checked for
overdispersion of residual deviance. For “type of substitution,” factor
levels were combined following the general recommendations of
Crawley [66], again, provided this did not lead to a significant
increase in deviance.

Maximum likelihood estimation accounting for the possibility of
multiple hits. The maximum likelihood estimates of the mutation
rates were calculated using the following expression for the like-
lihood:

Hp(0$ }‘ij)R“ [1 - p(O, xl'j)]R{p(lvakfj)Pl [1 717(17 ‘ﬂ‘ij)]PC
i

p(Lb}"ij)[l [1 71’(17“‘7])]1(;7 (1)

where p(0, X;) is the Poisson probability density of 0 mutations
producing base j at a site where the ancestral base was 7, given a
mutation rate A; (mutations per site over the whole genealogy). The
first term of the product corresponds to the rDNA data. The
parameter Ry is the number of sites at which there were no mutations
from i to j scored over the whole rDNA genealogy (the category that
can be unambiguously identified), and R is the number of sites in
other categories. The second term corresponds to the Numt data
from Podisma. The parameter P; is the number of sites where there
has been a single mutation from ¢ to j over the whole genealogy (the
category that can be unambiguously identified for Numt data), and P,
is the number of sites in other categories. The appropriate Poisson
density is determined by the rate @iy, in which the parameter a allows
for the different total length of the Numt and rDNA genealogies. The
final term in the product is of the same form, but for the Italopodisma
Numt data. Notice that we can detect, and allow for, multiple

References
1. Graur D, Li WH (2000) Fundamentals of molecular evolution. Sunderland,
MA: Sinauer Associates. 481 p.

Zhao Z, Boerwinkle E (2002) Neighboring-nucleotide effects on single
nucleotide polymorphisms: A study of 2.6 million polymorphisms across
the human genome. Genome Res 12: 1679-1686.

Zhang Z, Gerstein M (2003) Patterns of nucleotide substitution, insertion

@ PLoS Genetics | www.plosgenetics.org

0190

Transition Bias Is Not Universal

mutations at the same site if they occur in different branches of the
same genealogy. We have neglected multiple mutations in the same
branch, but the most common of these would be in the Podisma Numt
data, and we calculate the probability of a double mutation in the
same branch of the genealogy (with 57 terminal branches) to be p(1,
ak,»j)2/57, which is 256 times smaller than the one-mutation probability
in the largest case.

The maximum likelihood values of the parameters, standard
errors, and confidence intervals were determined using the “mle”
function in the statistical package R [65]. The significance of
differences between the mutation rates were established by compar-
ing the deviance (twice the log likelihood ratio) of models with
different rates (A;) to models in which some rates were constrained to
be identical.

Comparison to Drosophila. The point substitution spectrum in
Podisma was compared to that inferred from transposable elements in
the Drosophila genome using analysis of deviance as detailed above.
The proportion of substitutions from Figure 3 in Petrov and Hartl [9]
was converted back into actual counts using the base composition of
the relevant Drosophila sequences. We compensated for overdisper-
sion by refitting the model with quasipoisson errors and using F-tests
rather than X2-test for model comparison [67].

Petrov and Hartl [9] examine the substitution spectrum in
transposable elements and not in pseudogenes, because of the
paucity of pseudogenes in the Drosophila genome. They show that 5’
truncated copies of non-LTR retrotransposable elements are inactive
and essentially evolve as pseudogenes [9]. There are very few Numt
sequences in Drosophila, only three have been identified in the
sequenced D. melanogaster genome [10], but the longest of these (566
bp) has been studied in detail [47]. No major differences were
detected in the patterns of molecular evolution of this Numt, mobile
elements, and the few other types of pseudogenes for which sequence
was available. We therefore expect that the substitution spectrum
reported by Petrov and Hartl [9] is comparable to that observed in
other nonfunctional sequences such as pseudogenes.

Supporting Information
Accession numbers

The EMBL database (http://www.ebi.ac.uk/embl) sequences used in this
article under the following accession numbers are: for P. pedestris and
Italopodisma sp. mitochondrial DNA (AF085501-AF085505) and
Numts (AF085508-AF085524, AF085526-AF085538, AF085575-
AF085578, AF085539-AF085545, AF085547-AF085550, AF085552-
AF085574, EF088292-EF088294, EF088296-EF088309, EF088313, and
EF088319-EF088323); for rDNA pseudogenes (AM183587, AM183588,
AM183591-AM183594, AM183596-AM183608, AMI183610-
AM183613, AM183616-AM183624, and AM238436-AM238438); for
Parapodisma mikado (AF085506); for Locusta migratoria (X80245); and for
Drosophila sp. (AF012030-AF012035, AF012037-AF012052, U62715-
U62731, U65653).

Acknowledgments

We thank M. Crawley and C. M. Bergman for helpful discussion and
three anonymous reviewers for valuable comments on a previous
version of this manuscript.

Author contributions. IK and DB conceived, designed, and
performed the experiments. IK, DB, and RAN analysed the data.
DB contributed reagents/materials/analysis tools. IK and RAN wrote
the paper.

Funding. This work was financially supported by fellowships from
the Swiss National Science Foundation (grant PBBEA-104447) and
the Roche Research Foundation to IK and a Natural Environment
Research Council grant (NER-B-S-2003-00859) to RAN.

Competing interests. The authors have declared that no competing
interests exist.

and deletion in the human genome inferred from pseudogenes. Nucleic
Acids Res 31: 5338-5348.

Zhang F, Zhao Z (2004) The influence of neighboring-nucleotide
composition on single nucleotide polymorphisms (SNPs) in the mouse
genome and its comparison with human SNPs. Genomics 84: 785-795.
Bensasson D, Petrov DA, Zhang D-X, Hartl DL, Hewitt GM (2001) Genomic
gigantism: DNA loss is slow in mountain grasshoppers. Mol Biol Evol 18:
246-253.

February 2007 | Volume 3 | Issue 2 | €22



14.

18.

19.

20.

21.

22.

23.

24,

26.

27.

28.

29.

30.

31.
32.

34.

36.

Gojobori T, Li WH, Graur D (1982) Patterns of nucleotide substitution in
pseudogenes and functional genes. ] Mol Evol 18: 360-369.

Bulmer M (1986) Neighboring base effects on substitution rates in
pseudogenes. Mol Biol Evol 3: 322-329.

Hess ST, Blake JD, Blake RD (1994) Wide variations in neighbor-dependent
substitution rates. ] Mol Biol 236: 1022-1033.

Petrov DA, Hartl DL (1999) Patterns of nucleotide substitution in Drosophila
and mammalian genomes. Proc Natl Acad Sci U S A 96: 1475-1479.

. Bensasson D, Zhang D-X, Hartl DL, Hewitt GM (2001) Mitochondrial

pseudogenes: Evolution’s misplaced witnesses. Trends Ecol Evol 16: 314-321.

. Perna NT, Kocher TD (1996) Mitochondrial DNA: Molecular fossils in the

nucleus. Curr Biol 6: 128-129.

. Bailey CD, Carr TG, Harris SA, Hughes CE (2003) Characterization of

angiosperm nrDNA polymorphism, paralogy, and pseudogenes. Mol
Phylogenet Evol 29: 435-455.

. Keller I, Chintauan-Marquier IC, Veltsos P, Nichols RA (2006) Ribosomal

DNA in the grasshopper Podisma pedestris: Escape from concerted evolution.
Genetics 174: 863-874.

Buckler ES, Ippolito A, Holtsford TP (1997) The evolution of ribosomal
DNA: Divergent paralogues and phylogenetic implications. Genetics 145:
821-832.

. Hartmann S, Nason JD, Bhattacharya D (2001) Extensive ribosomal DNA

genic variation in the columnar cactus Lophocereus. ] Mol Evol 53: 124-134.

. Mayol M, Rossello JA (2001) Why nuclear ribosomal DNA spacers (ITS) tell

different stories in Quercus. Mol Phylogenet Evol 19: 167-176.

. Muir G, Fleming CC, Schlotterer C (2001) Three divergent rDNA clusters

predate the species divergence in Quercus petraea (Matt.) Liebl. and Quercus
robur L. Mol Biol Evol 18: 112-119.

Marquez LM, Miller DJ, MacKenzie JB, van Oppen MJH (2003) Pseudogenes
contribute to the extreme diversity of nuclear ribosomal DNA in the hard
coral Acropora. Mol Biol Evol 20: 1077-1086.

Razafimandimbison SG, Kellogg EA, Bremer B (2004) Recent origin and
phylogenetic utility of divergent ITS putative pseudogenes: A case study
from Naucleeae (Rubiaceae). Syst Biol 53: 177-192.

Ruggiero MV, Procaccini G (2004) The rDNA ITS region in the Lessepsian
marine angiosperm Halophila stipulacea (Forssk.) Aschers. (Hydrocharita-
ceae): Intragenomic variability and putative pseudogenic sequences. Mol
Biol Evol 58: 115-121.

Vaughan HE, Heslop-Harrison JS, Hewitt GM (1999) The localization of
mitochondrial sequences to chromosomal DNA in orthopterans. Genome
Biol 42: 874-880.

Bella JL, Gosalvez J, Nichols RA, Lopez-Fernandez C, Garcia de la Vega C, et
al. (1990) Chromosome divergence in Podisma Berthold through the Alps,
Pyrenees and Sistema Ibérico. Bol San Veg Plagas (Fuera de serie) 20: 349-
358.

Wakeley J (1996) The excess of transitions among nucleotide substitutions:
New methods of estimating transition bias underscore its significance.
Trends Ecol Evol 11: 158-162.

Kimura M (1980) A simple method for estimating evolutionary rate of base
substitution through comparative studies of nucleotide sequences. ] Mol
Evol 16: 111-120.

. Hasegawa M, Kishino H, Yano T (1985) Dating of the human-ape splitting

by a molecular clock of mitochondrial DNA. J Mol Evol 21: 160-174.
Colot V, Rossignol J-L (1999) Eukaryotic DNA methylation as an evolu-
tionary device. BioEssays 21: 402-411.

Nachman MW, Crowell SL (2000) Estimate of the mutation rate per
nucleotide in humans. Genetics 156: 297-304.

Ellegren H, Smith NG, Webster MT (2003) Mutation rate variation in the
mammalian genome. Curr Opin Genet Dev 13: 562-568.

Tweedie S, Ng H-H, Barlow AL, Turner BM, Hendrich B, et al. (1999)
Vestiges of a DNA methylation system in Drosophila melanogaster? Nat Genet
23: 389-390.

Lyko F, Ramsahoye BH, Jaenisch R (2000) DNA methylation in Drosophila
melanogaster. Nature 408: 538-540.

Field LM, Lyko F, Mandrioli M, Prantera G (2004) DNA methylation in
insects. Insect Mol Biol 13: 109-115.

Lyko F (2001) DNA methylation learns to fly. Trends Genet 17: 169-172.
Salzberg A, Fisher O, Siman-Tov R, Ankri S (2004) Identification of
methylated sequences in genomic DNA of adult Drosophila melanogaster.
Biochem Bioph Res Co 322: 465-469.

Wilmore PJ, Brown AK (1975) Molecular properties of Orthopteran DNA.
Chromosoma 51: 337-345.

. Sunnucks P, Hales D (1996) Numerous transposed sequences of mitochon-

drial cytochrome oxidase I-II in aphids of the genus Sitobion (Hemiptera:
Aphididae). Mol Biol Evol 13: 510-524.
Casane D, Boissinot S, Chang BH-J, Shimmin LC, Li W-H (1997) Mutation

@ PLoS Genetics | www.plosgenetics.org

0191

38.

39.

40.

41.

42.

44,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Transition Bias Is Not Universal

pattern variation among regions of the primate genome. J Mol Evol 45:

216-226.

. Friedrich M, Tautz D (1997) An episodic change of rDNA nucleotide

substitution rate has occurred during the emergence of the insect order
Diptera. Mol Biol Evol 14: 644-653.

Blouin M, Yowell C, Courtney C, Dame J (1998) Substitution bias, rapid
saturation, and the use of mtDNA for nematode systematics. Mol Biol Evol
15: 1719-1727.

Begun DJ, Whitley P (2002) Molecular population genetics of Xdh and the
evolution of base composition in Drosophila. Genetics 162: 1725-1735.
Ochman H (2003) Neutral mutations and neutral substitutions in bacterial
genomes. Mol Biol Evol 20: 2091-2096.

Takano-Shimizu T (2001) Local changes in GC/AT substitution biases and
in crossover frequencies on Drosophila chromosomes. Mol Biol Evol 18: 606-
619.

Arndt PF, Petrov DA, Hwa T (2003) Distinct changes of genomic biases in
nucleotide substitution at the time of mammalian radiation. Mol Biol Evol
20: 1887-1896.

. Flook PK, Rowell CHF, Gellissen G (1995) The sequence, organization, and

evolution of the Locusta migratoria mitochondrial genome. J Mol Evol 41:
928-941.

Zhang D-X, Hewitt GM (1997) Insect mitochondrial control region: A
review of its structure, evolution and usefulness in evolutionary studies.
Biochem Syst Ecol 25: 99-120.

. International Human Genome Sequencing Consortium (2001) Initial

sequencing and analysis of the human genome. Nature 409: 860-921.
Petrov DA (2002) DNA loss and evolution of genome size in Drosophila.
Genetica 115: 81-91.

Singh ND, Petrov DA (2004) Rapid sequence turnover at an intergenic
locus in Drosophila. Mol Biol Evol 21: 670-680.

Carulli JP, Krane DE, Hartl DL, Ochman H (1993) Compositional
heterogeneity and patterns of molecular evolution in the Drosophila
genome. Genetics 134: 837-845.

Francino MP, Ochman H (1999) Isochores result from mutation not
selection. Nature 400: 30-31.

Zhang ] (2000) Rates of conservative and radical nonsynonymous
nucleotide substitutions in mammalian nuclear genes. ] Mol Evol 50: 56-68.
Escalante AA, Lal AA, Ayala FJ (1998) Genetic polymorphism and natural
selection in the malaria parasite Plasmodium falciparum. Genetics 149: 189-
202.

Frankham R, Ballou JD, Briscoe DA (2002) Introduction to conservation
genetics. Cambridge: Cambridge University Press. 617 p.

Hill WG, Robertson A (1966) The effect of linkage on limits to artificial
selection. Genet Res 8: 269-294.

Westerman M, Barton NH, Hewitt GM (1987) Differences in DNA content
between two chromosomal races of the grasshopper Podisma pedestris.
Heredity 58: 221-228.

Lynch M, Conery JS (2003) The origins of genome complexity. Science 302:
1401-1404.

. Denver DR, Morris K, Lynch M, Thomas WK (2004) High mutation rate and

predominance of insertions in the Caenorhabditis elegans nuclear genome.
Nature 430: 679-682.

. Friedberg EC, Walker GC, Siede W (1995) DNA repair and mutagenesis.

Washington, D. C.: ASM Press. 698 p.

. Harz K (1975) The orthoptera of Europe II. The Hague: H. H. Junk. 939 p.

59. Bensasson D, Zhang D-X, Hewitt GM (2000) Frequent assimilation of

60.

61.

62.

63.

64.

65.

66.

[=2]
~I

mitochondrial DNA by grasshopper nuclear genomes. Mol Biol Evol 17:
406-415.

Sharpe RG, Harbach RE, Butlin R (2000) Molecular variation and
phylogeny of members of the Minimus group of Anopheles subgenus Cellia
(Diptera: Culicidae). Syst Entomol 25: 263-272.

Schlétterer C, Hauser MT, von Haeseler A, Tautz D (1994) Comparative
evolutionary analysis of rTDNA ITS regions in Drosophila. Mol Biol Evol 11:
513-522.

Kobayashi N, Tamura K, Aotsuka T (1999) PCR error and molecular
population genetics. Biochem Genet 37: 317-321.

Hall TA (1999) BioEdit: A user-friendly biological sequence alignment
editor and analysis program for Windows 95/98/NT. Nucleic Acids Symp
Ser 41: 95.

Sueoka N (1988) Directional mutation pressure and neutral molecular
evolution. Proc Natl Acad Sci U S A 85: 2653-2657.

Thaka R, Gentleman R (1996) R: A language for data analysis and graphics. J
Comput Graph Stat 5: 299-314.

Crawley M] (2002) Statistical computing - An introduction to data analysis
using S-Plus. Chichester: John Wiley & Sons Ltd. 761 p.

. Crawley MJ (2005) Statistics - An introduction using R. Chichester: John

Wiley & Sons Ltd. 327 p.

February 2007 | Volume 3 | Issue 2 | €22



