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Abstract. The pattern of spontaneous mutation can
be inferred from the pattern of substitution in
pseudogenes, which are known to be under very weak
or no selective constraint. We modified an existing
method (Gojobori T, et al., J Mol Evol 18:360, 1982)
to infer the pattern of mutation in bacteria by using
569 pseudogenes from Mycobacterium leprae. In Go-
jobori et al.�s method, the pattern is inferred by using
comparisons involving a pseudogene, a conspecific
functional paralog, and an outgroup functional or-
tholog. Because pseudogenes in M. leprae are unitary,
we replaced the missing paralogs by functional or-
thologs from M. tuberculosis. Functional orthologs
from Streptomyces coelicolor served as outgroups. We
compiled a database consisting of 69,378 inferred
mutations. Transitional mutations were found to
constitute more than 56% of all mutations. The
transitional bias was mainly due to C fi T and
G fi A, which were also the most frequent mutations
on the leading strand and the only ones that were
significantly more frequent than the random expec-
tation. The least frequent mutations on the leading
strand were A fi T and T fi A, each with a relative
frequency of less than 3%. The mutation pattern was
found to differ between the leading and the lagging
strands. This asymmetry is thought to be the cause for
the typical chirochoric structure of bacterial genomes.
The physical distance of the pseudogene from the
origin of replication (ori) was found to have almost no
effect on the pattern of mutation. A surprising simi-

larity was found between the mutation pattern in M.
leprae and previously inferred patterns for such dis-
tant taxa as human and Drosophila. The mutation
pattern on the leading strand of M. leprae was also
found to share some common features with the pat-
tern inferred for the heavy strand of the human
mitochondrial genome. These findings indicate that
taxon-specific factors may only play secondary roles
in determining patterns of mutations.
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Introduction

Sequences under little or no selective constraint, such
as pseudogenes and intergenic regions, have fre-
quently been used to infer the pattern of spontaneous
mutation in eukaryotes (e.g., Gojobori et al. 1982; Li
et al. 1984; Petrov and Hartl 1999; Graur and Li
2000). So far, however, this approach could not be
applied to the vast majority of bacterial genomes,
because in these organisms, functionless intergenic
regions and pseudogenes are either very short or
exceedingly rare (Lawrence et al. 2001). Indirect evi-
dence for asymmetrical mutation patterns in bacteria
was obtained by Rocha and Danchin (2001), who
studied the effects of strand switch on the pattern ofCorrespondence to: Dan Graur; email: dgraur@uh.edu
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substitution in functional genes from Chlamydia and
Bacillus. Although their study indirectly supported
mutational strand asymmetry, the fact that their data
derived from genes under selection essentially means
that their conclusions cannot be extended automati-
cally to patterns of mutation.

Andersson and Andersson (1999) were the first to
infer a bacterial mutation pattern by using pseudog-
enes. Their study was based on 128 substitutions in-
ferred from a sequence-data analysis of a pair of
orthologous pseudogenes from four Rickettsia spe-
cies. We note, however, that since the location of any
of the pseudogenes on either the leading or the lag-
ging time was not known at the time, Andersson and
Andersson (1999) could not determine a strand-spe-
cific pattern of mutation. Moreover, some of the
Rickettsia sequences may have experienced stand
switch during evolution, and hence, the inferred
pattern may have been a mixture of patterns.

The sequencing of the complete genome of
Mycobacterium leprae, with its more than 1100 uni-
tary pseudogenes (Cole et al. 2001), presented us with
the opportunity to compile a large dataset of muta-
tions and, hence, the ability to infer, for the first time,
a strand-specific mutation pattern. On this note, we
also compare the M. leprae pattern with patterns
previously determined for other taxa. Through com-
parisons among distantly related taxa, we aim to
distinguish between universal features of spontaneous
mutation and taxon-specific features.

Materials and Methods

Data

Pseudogene sequences from M. leprae and functional orthologs

from M. tuberculosis were obtained from GenBank entries

NC_002677 and NC_00962, respectively. Outgroup orthologs from

Streptomyces coelicolor were obtained from GenBank entry

NC_003888. Genes residing on plasmids were not used. Each

M. leprae pseudogene was matched to its ortholog from M.

tuberculosis according to the annotations in the M. leprae genome

file. A total of 971 pairs of pseudogenes and corresponding M.

tuberculosis orthologs was collected. The identification of the ac-

tinomycetale S. coelicolor as the closest outgroup to the M. leprae/

M. tuberculosis clade was accomplished by using 971 M. tubercu-

losis protein orthologs as queries in BLAST searches (Altschul et

al. 1990) against a database of 131 fully sequenced bacterial ge-

nomes (http://www.ncbi.nlm.nih.gov/genomes/static/eub_g.html;

August 2003). The cutoff e value for the BLAST search was set to

0.001. The highest number of BLAST hits (668 of 971) was ob-

tained with S. coelicolor. A distant second was Mesorhizobium loti,

with 526 hits. The choice of S. coelicolor as the closest outgroup

taxon is in agreement with current knowledge of the phytogeny of

domain Bacteria (e.g., Brown et al. 2001). Our study is, therefore,

based on a set of 668 multiple alignments, each consisting of three

homologous sequences. The total length of the alignments

(excluding gaps) was 536,014 nucleotides.

Pattern of Substitution in the Pseudogenes of
M. leprae

In Gojobori et al.�s (1982) method of inferring the pattern of

mutation, three aligned sequences are used: a pseudogene, a func-

tional paralog from the same organism, and a functional ortholog

from an outgroup taxon. Since the pseudogenes of M. leprae are

unitary (i.e., they lack functional paralogs), the method had to be

modified. Instead of a conspecific ingroup paralog, we used a

functional ortholog from the closely related M. tuberculosis, and as

outgroup we used a functional ortholog from S. coelicolor (Fig. 1).

We note, however, that the topological relationships among the

sequences used in this study are identical to those in Gojobori et al.

(1982) and, therefore, our modified method seems appropriate for

its purpose. Each group of three homologous sequences were

aligned with ClustalW (Thompson et al. 1994). Each alignment was

screened for identifiable substitution events. In cases where the

nucleotides occupying homologous sites in the M. tuberculosis and

S. coelicolor sequences were identical, but different from the

nucleotide in the pseudogene sequence from M. leprae, the type and

direction of the substitution event in the lineage leading to the

pseudogene could be unambiguously inferred. For example, sup-

pose that at a certain site, A, G, and G are found at homologous

positions in M. leprae, M. tuberculosis, and S. coelicolor, respec-

tively. Then, the most parsimonious explanation would be that G

Fig. 1. A tree for inferring
the pattern of nucleotide
substitution in unitary
pseudogenes. The dashed line
a implies ‘‘nonfunctional.’’ In
cases where the nucleotides
occupying homologous sites in
the Mycobacterium
tuberculosis and Streptomyces
coelicolor sequences are
identical, but different from
the nucleotides in the
pseudogene sequence from
Mycobacterium leprae, the
type of substitution in lineage
a can be unambiguously
inferred.
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was the ancestral character state and that a G fi A substitution

occurred along the branch leading to the M. leprae pseudogene. As

in the original Gojobori et al. (1982) method, the pattern of

nucleotide substitution was normalized. Thus, the pattern of sub-

stitution is listed as 12 relative substitution frequencies (fij) repre-

senting the expected number of base changes from the ith type

nucleotide to the jth type among every 100 substitutions in a se-

quence in which the four nucleotides are equally frequent.

We compiled 569 aligned triplets, each consisting of one

pseudogene from M. leprae, a functional homolog from M.

tuberculosis, and a functional outgroup homolog. For each

pseudogene we calculated an individual substitution pattern. Each

triplet was classified as either leading or lagging according to the

location of the pseudo-sense strand of the unitary pseudogene in

M. leprae and the sense strand of the orthologous gene in M.

tuberculosis. Only sets of sequences in which the M. leprae pseud-

ogene and the orthologous M. tuberculosis gene were on the same

strand were used for further analysis. Triplets containing sequences

from alternate strands in M. leprae and M. tuberculosis were dis-

carded, since substitution patterns inferred from such sequences

would reflect neither the pattern of mutation on the leading strand

nor that on the lagging strand, and thus, strand asymmetry in

mutation patterns may go undetected.

For calculating the pattern for the entire genome, all individual

patterns were converted to patterns on the leading strand. That is,

if the pseudo-sense sequence was on the leading strand, then the

pattern was added ‘‘as is’’ to the total, whereas if the pseudo-sense

was on the lagging strand, then the inferred pattern for the pseudo-

antisense, which is on the leading strand, was added. For example,

each C fi T substitution on the lagging strand was registered as a

G fi A substitution. The pattern for the entire genome was cal-

culated as a weighted average of the individual patterns for the

pseudogenes. The standard deviation of each type of substitution

was calculated as the weighted standard deviation of that type in all

pseudogenes. The weights in both calculations were the number of

informative sites in the alignment.

Position Effects

We tested whether or not the distances from the origin of replica-

tion (ori) influence the pattern of substitutions in pseudogenes. The

ORILOC program (Frank and Lobry 2000), which uses AT and

GC cumulative skews at third-codon positions (Lobry 1996), was

used to predict the positions of ori in M. leprae. A skew,

SX=Y = (fX ) fY) / (fX + fY), is a measure of inequality between

the frequency of nucleotide X and that of nucleotide Y on a strand

(fX and fY). The absolute values of the cumulative skews were used

to compare the strengths of the GC and AT skews. Distances of

pseudogenes from ori were calculated by using the midpoint of each

pseudogene sequence. Correlations between the 12 relative fre-

quencies of substitutions and the distance from ori were tested with

the Spearman nonparametric test (Zar 1999). The Bonferroni

adjustment (Hoppe 1993) was used to correct for multiple com-

parisons.

Interspecific Comparisons of Mutation Patterns

The inferred pattern of mutation in M. leprae was compared to

those in (1) human mitochondrial DNA, (2) Rickettsia, (3) Dro-

sophila melanogaster, (4) mammalian nuclear genomes, and (5)

human nuclear DNA. The human mitochondrial DNA pattern was

calculated from the data of Tanaka and Ozawa (1994). In Tanaka

and Ozawa�s (1994) original paper, substitution frequencies were

not normalized by the nucleotide frequencies and they were cal-

culated for the light strand. We normalized their data and con-

verted the results to the heavy strand. The pattern of mutation in

Rickettsia was taken from Andersson and Andersson (1999). The

mammalian pattern was calculated from data of Gojobori et al.

(1982) and Li et al. (1984). The patterns of mutation in the nuclear

genomes of Drosophila and humans were taken from Petrov and

Hartl (1999) and Graur and Li (2000), respectively.

The mitochondrial strand-specific mutation pattern is available

in the literature, and hence, we could use the relative frequencies of

all 12 possible mutations in the comparisons. The remaining

comparisons could not be performed in a straightforward manner

since the strand specificity (leading or lagging) was not known. For

such cases, we used strand nonspecific patterns. Converting a

strand-specific pattern into a strand-nonspecific pattern was

achieved by pooling together complementary mutations from the

two strands. For example, by pooling together the frequencies of

C fi T and its complementary G fi A, we obtained a joint fre-

quency for C::G fi T::A. This joint frequency is valid for the

double strand and is, therefore, strand nonspecific. The pooling of

complementary mutations yields a set of 6 relative frequencies in-

stead of the 12 relative frequencies in the unreduced set.

In all comparisons, we used contingency table tests to determine

whether or not any two patterns are statistically identical (Zar

1999). The contingency table test requires the frequencies, rather

than the proportions, of the different substitutions. These counts

were obtained by multiplying the substitution pattern by the total

number of identified substitutions. Correlation coefficients were

employed as measures of similarity among patterns. The propor-

tions of the different mutation types were arcsine transformed (Zar

1999).

Results

Of the 668 groups of aligned sequences, the M. leprae
pseudogenes and the M. tuberculosis orthologs were
concordant with respect to strand in 569 cases. The
remaining 99 instances, in which the strand locations
of the two orthologs were discordant, were excluded
from the analysis. The M. leprae pseudogene and the
M. tuberculosis ortholog were both located on the
leading strand in 328 cases. A total of 40,281 muta-
tions was inferred from this group. In 241 cases, both
the pseudogene and the M. tuberculosis functional
ortholog were located on the lagging strand. A total
of 29,097 mutations was inferred from this group.

The overall inferred pattern of mutation for the
leading strand is shown in Table 1. The pattern is
clearly nonrandom. It reveals a bias of transitions
over transversions. Transitions constitute more than
56% of all inferred mutations, as opposed to the one-
third expectation under equal probabilities for all
mutations. The transitional bias is mainly due to
C fi T and G fi A. The frequencies of the different
mutation types vary considerably from one another.
C fi T is the most frequent mutation on the leading
strand, constituting more than a quarter of all
mutations, as opposed to the 8.3% expectation under
equal probabilities for all mutations. The next most
frequent mutation (G fi A) constitutes a mere 15.8%
of all mutations. These two mutations are the only
ones that are significantly more frequent than the
random expectation. The least frequent mutations on
the leading strand are A fi T and T fi A, each with
relative frequencies of less than 3%. The asymmetri-
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cal nature of the pattern is evident if we consider the
frequencies of complementary mutations. One such
example is the complementary couple, C fi T and
G fi A. On the leading strand, C fi T constitutes
26.6% of all mutations, while G fi A constitutes only
15.8%. Under no-strand-bias conditions, it is ex-
pected that complementary mutations will be equally
frequent. Similar inequalities were seen for other
complementary mutations as well.

In the last column in Table 1, we list the relative
frequencies of all mutations from A, T, C, and G to
any other nucleotide. The pattern reveals that not all
nucleotides are equally mutable. C is the most
mutable nucleotide on the leading strand, with a
relative frequency of 42.5%, as opposed to a random
expectation of 25%. The relative frequency of muta-
tions from G (31.3%) is also well above the random
expectation. The pattern shows that A and T are the
least mutable, with relative frequencies of 14.7 and
11.5%, respectively. The last column in Table 1
indicates that complementary bases are not equally
mutable. For example, on the leading strand, C mu-
tates 1.4 times more often than its complementary G.
In the bottom row, we list the relative frequencies of
all mutations that result in A, T, C, or G. We note
that 38.0% of all mutations result in T, while only
16.6% of all mutations result in C. The asymmetric
nature of the pattern is also revealed in a second
comparison between complementary nucleotides;
38.0% of all mutations result in T, while only 25.3%
result in the complementary A.

The cumulative AT skew was found to be stronger
than the GC skew (Fig. 2). This difference was shown
in a contingency-table test to be statistically signifi-
cant. The positions of ori and ter in M. leprae were
predicted to be at nucleotide positions 1,563 and
1,706,741, respectively. The predicted position of ori
agrees with empirical findings (Salazar et al. 1996). Of
the 12 correlations between the relative mutation

frequencies and distance from ori, only one was
found to be statistically significant after the Bonfer-
roni correction. A negative correlation with distance
from ori was found for G fi T transversions on the
leading strand. The absolute correlation coefficient,
however, was very small, so that less than 2% of the
variability was explained by the distance from ori.

Figure 3 shows a comparison between the pattern
of mutation on the leading strand in M. leprae and
that on the H strand of human mitochondria. A
contingency table test reveals that the mutation pat-
terns are not identical (p < 0.001). However, a cor-
relation test shows that the patterns are significantly
correlated, with a coefficient of determination (r2) of
�0.62 (p = 0.002). The two patterns share several
features in common. First, the most frequent muta-
tion in both cases is C fi T. Second, a strong tran-
sitional bias is observed. In both cases, the
preponderance of transitions is ascribed mainly to
C fi T transitions. The two patterns also exhibit
some notable differences. For example, transitions
are much more common in the mitochondria (91%)
than in M. leprae (56%).

Figure 4a shows a comparison between the strand-
nonspecific mutation patterns of M. leprae and
Rickettsia. A contingency table test reveals that the
mutation patterns are not identical (p < 0.001). On
the other hand, a correlation test shows that the
patterns are highly correlated (r2 = 0.83, p = 0.13),
indicating that the patterns share similar features.
First, G::C fi A::T is the most prevalent mutation in
both bacteria. Second, the least frequent mutation in
both species is A::T fi T::A, constituting less than
5% of all substitutions. Third, in both bacterial taxa,
transitions occur more frequently than expected. Fi-
nally, a bias toward substitutions resulting in A or T
is evident in both bacteria.

Figure 4b shows a comparison among the strand-
nonspecific mutation patterns of M. leprae,

Table 1. Pattern of substitution in pseudogenesa

To

From A T C G Total

A — 2.9 ± 2.4 3.7 ± 2.4 8.1 ± 3.4 14.7

(3.1 ± 2.6) (4.0 ± 2.7) (8.7 ± 3.7) (15.8)

T 2.1 ± 1.8 — 5.9 ± 2.9 3.5 ± 2.5 11.5

(2.2 ± 2.0) (6.3 ± 3.2) (3.7 ± 2.7) (12.2)

C 7.4 ± 2.6 26.6 ± 6.1 — 8.5 ± 2.8 42.5

(7.1 ± 2.9) (25.7 ± 6.3) — (8.6 ± 3.2) (41.4)

G 15.8 ± 4.1 8.5 ± 2.6 7.0 ± 2.3 — 31.3

(15.6 ± 4.6) (8.1 ± 2.8) (6.9 ± 2.7) (30.6)

Total 25.3 38.0 16.6 20.1

(24.9) (36.9) (17.2) (21.0)

aTable entries are the inferred percentage and the standard deviation of nucleotide changes from i to j on the leading strand of the M. leprae

genome. The calculations are based on 69,378 substitutions from 569 pseudogenes. Transitions are in boldface. Values in parentheses were

obtained by excluding all CG dinucleotides from the comparison.
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Drosophila (Petrov and Hartl 1999), mammals (Go-
jobori et al. 1982; Li et al. 1984), and human (Graur
and Li 2000). The mutation patterns of M. leprae
differs from those inferred for Drosophila, mammals,
and human. The p values were <0.001 in all com-
parisons. Correlation tests, however, indicated that
the eukaryotic patterns share common features with
the M. leprae pattern. The determination coefficients
were 0.72 (p = 0.036), 0.80 (p = 0.017), and 0.88
(p = 0.006) for the comparisons between M. leprae
and human, Drosophila, and mammals, respectively.

A few features are common to all mutation pat-
terns: (1) C::G fi T::A is the most prevalent substi-
tution, (2) transitions occur more frequently than

expected under the assumption that all mutations are
equiprobable, (3) the transitional bias is mainly due
to C::G fi T::A, and (4) mutations resulting in A or
T occur more frequently than mutations resulting in
G and C.

Discussion

We must first establish that the pattern of substitu-
tion derived from the unitary pseudogenes of
M. leprae is indeed directly representative of the
pattern of mutation. The most basic concern is that
our collection of pseudogenes represents newly inac-
tivated genes. If this is so, then a substantial fraction
of the substitutions may have occurred while the
genes were still functional. Such substitutions are
obviously useless in inferring the pattern of mutation.
To rule out this possibility we compared the rates and
patterns of substitution at the three codon positions.
The average ratio of the rates of substitution at the
third codon position to those at the first and second
positions in functional genes have been shown by de
Miranda et al. (2000) to be approximately 8.0. The
comparable ratio in our pseudogene compilation is
1.4. Therefore, the vast majority of substitutions in
pseudogenes are inferred to have occurred post-
mortem. Without making very strong assumptions on
relative rates of substitution, it is, unfortunately,
impossible to estimate the exact proportions of the
substitutions that have occurred before or after
nonfunctionalization. Notwithstanding the rates of
substitution, we observe that the pattern of substi-

Fig. 2. Absolute AT and GC
cumulative skews in the M. leprae
genome.

Fig. 3. Mutation patterns inferred for M. leprae and for the hu-
man mitochondria. The M. leprae and mitochondrial patterns are
shown by black and gray bars, respectively.
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tution (12 categories) is essentially the same in the
three codon positions, with the possible exception of
the C-to-G category (Table S1 and Fig. S2, Supple-
mentary Material). An additional concern in this
study is the possibility of misidentification of substi-
tutions due to either multiple hits or the use of the
parsimony principle (e.g., Eyre-Walker 1998 and
references within). The degree of sequence divergence
in our study is very low, so that the problem of
multiple hits and misidentification should be very
minor.

In the literature, several factors have been postu-
lated to affect the pattern of substitution in the ab-
sence of functional or structural constraints. For
example, it has been suggested that GC content may
be an adaptation to environmental conditions (e.g.,
temperature) and that selection may act globally on
GC content and GC skew (e.g., Forsdyke 1995).
Exhaustive studies in bacteria have found absolutely

no evidence for selective pressures affecting GC
content or skew (e.g., Galtier and Lobry 1997). In
mammals, GC-content evolution was found to be
affected by biased gene conversion (Galtier et al.
2001). We do not expect such an effect in M. leprae,
since we are dealing with unitary pseudogenes, i.e.,
genomic sequences that do not have similar-sequence
pairs, which can convert them or be converted by
them. Finally, we consider the effect of transcription-
couple repair, which is known to affect substitution
patterns (e.g., Francino et al. 1996). This factor is
unlikely to affect our study, since as far as we know,
the unitary pseudogenes that we have used are not
transcribed. In summary, we agree with Petrov and
Hartl�s (1999) statement: ‘‘The pattern of nucleotide
substitutions in unconstrained sequences is expected
to be congruent with the pattern of point mutation.’’

The completely sequenced M. leprae genome
contains more than 1100 unitary pseudogenes (Cole

Fig. 4. Mutation patterns compared to that
inferred in M. leprae. aM. leprae Rickettsia patterns
are shown by black and gray bars, respectively.
b M. leprae, Drosophila, mammals, and human
patterns are shown by black, dark gray, light gray,
and white bars, respectively.
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et al. 2001), an unprecedented exceptional number
within domain Bacteria, even if one takes into
account pathogenic bacteria such as Bordetella and
Yersinia (Parithill et al. 2003; Liu et al. 2004), with
358 and 220 pseudogenes, respectively. The M. leprae
pseudogenes are thought to have originated from
‘‘reductive evolution’’ and, hence, lack functional
paralogs. M. tuberculosis is phylogenetically the
closest bacterium to M. leprae that has been fully
sequenced so far (Cole et al. 1998). A comparison
between the genome of M. leprae and that of the
congeneric M. tuberculosis shows that the vast
majority of pseudogenes from M. leprae have func-
tional orthologs in M. tuberculosis (Cole et al. 2001).
From a compilation of 69,378 inferred mutations
from 569 pseudogenes, we derived a mutation pattern
that, as far as we know, is the first strand-specific
pattern to be inferred for a bacterial genome.

The mutation pattern is strongly asymmetrical
between the two replicating DNA strands. In par-
ticular, we observe significant deviations from Parity
Rule 1 (PR1; Sueoka 1995), i.e., complementary
mutations occur at different frequencies. In addition,
we note that for a single strand (either leading or
lagging), the frequencies of transitions between pyr-
imidines (CMT) are different from those between
purines (GMA) and that mutations from and to a
nucleotide occur at different frequencies than those of
the complementary nucleotide.

In transcribed sequences the mutation pattern can
also be asymmetrical between the sense and the
antisense strands (Francino and Ochman 1997).
Transcription-induced mutation can affect our results
if some of the pseudogenes are still transcribed or if a
considerable proportion of pseudogenes was non-
functionalized only recently. Although we have no
information about transcription in M. leprae pseud-
ogenes, indirect evidence shows that only a minor
role may be ascribed to transcription. If transcrip-
tion-induced mutation is indeed prevalent in pseud-
ogenes, then considerable differences should be
observed between the pseudo-sense and the pseudo-
antisense sequences. The largest dissimilarity is ex-
pected in the frequency of C fi T substitutions, due
to cytosine deamination on the nontranscribed strand
(Francino and Ochman 1997). Our analysis shows
that this is not the case. The two patterns on the
leading strand for the pseudo-sense and pseudo-
antisense sequences are similar (r2 = 0.96, p <
0.001). Moreover, the dissimilarity in C fi T fre-
quencies is fairly small, 2.5%. The dissimilarity in
C fi T frequencies between the sense and the anti-
sense at third codon positions in M. leprae coding
genes is much higher, 8.8% (results not shown).

We now address the question of generality: Is the
pattern inferred for Mycobacterium leprae represen-
tative of domain Bacteria? M. leprae is an untypical

bacterium in innumerable respects. In particular, the
exceptional abundance of pseudogenes in M. leprae,
the very trait that allowed us to study the pattern of
mutation, may be indicative of M. leprae being an
idiosyncratic organism representative of no other
taxon. An ‘‘ordinary’’ bacterium (Is Escherichia coli
ordinary?) may have been a more suitable choice for
inferring a representative ‘‘bacterial’’ pattern.
Unfortunately, however, a study such as ours cannot
be done in E. coli.

The mutation pattern is expected to influence
genomic base composition. However, since the pat-
tern of spontaneous mutation is often obscured in
functional DNA regions, compositional effects
should be more evident in noncoding regions in the
genome, which are under no selective constraint. By
using the formula of Tajima and Nei (1982), the ex-
pected frequencies of A, T, C, and G on the leading
strand at equilibrium are 0.29, 0.44, 0.11, and 0.15,
respectively. Thus, noncoding sequences are expected
to become AT rich at equilibrium. The AT contents
of the genes and pseudogenes of M. leprae are 40 and
44%, respectively. Similar differences in base com-
positions between genes and pseudogenes have been
observed in other organisms (Gojobori et al. 1982;
Petrov and Hartl 1999; Graur and Li 2000). How-
ever, although the AT content of pseudogenes is
closer to the equilibrium frequency than that of the
protein-coding genes, the nucleotide composition in
M. leprae seems to be nowhere near equilibrium. A
possible explanation for this phenomenon may be the
very young age of the pseudogenes. A similar
departure from equilibrium was observed in Escher-
ichia coli and Salmonella enterica (Ochman 2003).

Bacterial genomes characteristically show an
asymmetry in base composition between the twoDNA
strands, with G being more common than C and T
being more common than A on the leading strand
(Lobry 1996; Rocha et al. 1999). This structure is re-
ferred to as chirochoric. For most bacteria, the abso-
lute values of theGC skew tend to be higher than those
of the AT skew (Frank and Lobry 1999). In M. leprae
the cumulative AT skew is stronger than the cumula-
tiveGC skew (Fig. 2). The existence of chirochores can
be explained by either mutation, selection, or both (see
Frank and Lobry 1999). The asymmetrical mutation
pattern in noncoding sequences strongly supports the
mutationist view. In particular, it seems that cytosine
deamination may be responsible for the pattern of
mutation. According to this hypothesis, cytosine is
susceptible to hydrolytic deamination, especially in
single strands, where it deaminates 140 times faster
than in double strands (Lindahl 1993). During DNA
replication, the leading strand, which serves as a tem-
plate for synthesizing the lagging strand, is temporarily
in the single-strand state. As a result, cytosines on the
leading strand deaminate, yielding many C fi T
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mutations. Cytosine is also susceptible to deamination
when in the double-strand state, albeit to a lower ex-
tent. Deamination of cytosine in the double strand will
affect both strands equally. Deamination of cytosine
on the lagging strandwill result inG fi Amutations in
the leading strand. This may explain the fact that
G fi A mutations are second in rank in terms of fre-
quency of occurrence. Thus, the two most frequent
mutations on the leading strand can be explained by
cytosine deamination.

Several studies have suggested a positional effect
on the pattern of mutation (e.g., Sharp et al. 1989).
Mira and Ochman (2002) studied the distance effect
in a variety of bacterial genomes. They found a weak
negative correlation between the distance from ori
and the rates of some substitution types in myco-
bacteria (e.g., AMG, AMC, and AMT). The cor-
relations proved significant only when third-codon
positions were used. No such correlations were seen
when pseudogenes were used. We note, however, that
Mira and Ochman (2002) did not correct for multiple
tests, and hence, some correlations may be artifacts.
As in Mira and Ochman�s (2002) study, we also find
that the frequency of GMT is negatively correlated
with the distance from ori. We emphasize, however,
that the distance from ori only explains a miniscule
part of the variation in rates of mutations.

The M. leprae pattern was compared with patterns
previously inferred for other taxa. In comparing be-
tween the two strand-specific mutation patterns, that
of M. leprae and that of human mitochondria, we
find that the patterns are not identical but are similar.
In particular, both patterns show a strong bias of
transitions over transversions, mostly due to C fi T.
This similarity is puzzling since both strands of the
mitochondrial DNA are thought to replicate contin-
uously, i.e., both strands resemble the bacterial
leading strand as far as replication is concerned.
However, if we disregard mode of replication and
focus our attention on the amount of time that each
strand spends as single strand, a key similarity
emerges. The heavy (H) strand remains in the single-
strand state until synthesis of the light (L) strand
begins. Thus, the mitochondrial H strand and the
bacterial leading strand spend a significant period of
time in the single-stand state during DNA replica-
tion. This period may be crucial in determining the
pattern of mutation.

The Rickettsia pattern is based on only two
pseudogenes, and hence, it is treated with some cau-
tion. The comparison between the mutation pattern
of M. leprae and that of Rickettsia indicates that the
mutation pattern may be conserved within domain
Bacteria. The patterns are not identical but have
many features in common. Some of these common
features are quite surprising if we consider that the
two genomes have quite different nucleotide compo-

sitions. In both patterns, a bias toward substitutions
resulting in A or T is evident. In M. leprae, 63% of all
substitutions result in either A or T, In Rickettsia,
72% of all substitutions result in either A or T. The
similarity is emphasized when comparing equilibrium
frequencies. The AT equilibrium frequencies in
Rickettsia and M. leprae are roughly 75% (Andersson
and Andersson 1999) and 73%, respectively.

Further comparisons between the M. leprae pat-
tern and various eukaryotic patterns reveal that the
similarity in mutational patterns extends well beyond
domain Bacteria. The fact that the patterns of M. le-
prae, mammals, and Drosophila are similar is not a
trivial observation. Petrov and Hartl (1999) have
previously argued that the pattern of substitution is
almost identical in mammals and Drosophila despite
the great evolutionary distance. Our finding of a
roughly similar mutation pattern in M. leprae extends
the rule beyond Kingdom Animalia and supports the
hypothesis that the mutation pattern is fairly con-
served across at least two domains of life. We note,
however, that although the patterns are similar, the
mechanisms that are thought to be responsible for the
pattern of mutation are different between Eucarya
and Bacteria. For example, G::C fi A::T is the most
frequent mutation in all organisms studied so far. In
living cells the high frequency of G::C fi A::T is
thought to originate from elevated levels of cytosine
deamination when in the single-strand state (Lindahl
1993). However in some eukaryotes, the high fre-
quency of G::C fi A::T is thought to originate also
from the deamination of methylated cytosines (e.g.,
Graur and Li 2000). We tested whether the deami-
nation of methylated cytosines in CpG pairs may ac-
count for the prevalence of G::C fi A::T in M. leprae.
The inferred pattern after excluding all CpG pairs in
the ancestral sequence (Table 1) was almost identical
to that inferred using all nucleotides (r2 > 0.999, p <
0.0001). We therefore conclude that deamination of
methylated cytosines in CpG dinucleotides has no
effect (Fig. 1 in Supplementary Material).

Petrov and Hartl (1999) suggested two alternative
explanations that can account for a conserved
mutation pattern across distant taxa: (1) the pattern
is conserved by purifying selection, i.e., the pattern of
mutation is an adaptation, or (2) the pattern is
determined mainly by intrinsic properties of the DNA
molecule. Since it is inconceivable that all organisms
are currently subject to similar selection regimes, our
finding of a similar pattern in M. leprae supports two
possible explanations. The first explanation is that the
similarity may be due to selection on mutational
patterns early on in the evolution of life. If this is the
case, then the similarity is a symplesiomorphy, a
shared ancestral character. Alternatively, the simi-
larity may be due to universal features related to
DNA structure and DNA replication.
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Fig. S2. Inferred pattern of mutation
in M. leprae by ‘‘codon’’ position.

Table S1. Relative substitution patterns by ‘‘codon’’ position

Position A�T A�C T�A T�G C�A C�G G�T G�C A�G T�C C�T G�A

1 3.15 3.71 2.20 3.59 8.08 6.43 8.92 5.22 8.14 5.91 28.41 16.22

2 3.18 4.84 2.35 4.35 7.66 6.00 8.54 5.43 9.09 6.12 27.11 15.33

3 3.08 3.13 1.98 3.09 6.69 10.43 7.81 8.13 9.92 7.42 23.66 14.66

Fig. S1. Inferred pattern of mutation in M. leprae. The pattern on
the leading strand is marked by black bars. The pattern of the
leading strand inferred after exclusion of CpG pairs in the ancestral
sequences is marked by gray bars.
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