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a b s t r a c t

The DNA strands in most prokaryotic genomes experience strand-biased spontaneous mutation,

especially C-T mutations produced by deamination that occur preferentially in the leading strand. This

has often been invoked to account for the asymmetry in nucleotide composition, typically measured by

GC skew, between the leading and the lagging strand. Casting such strand asymmetry in the framework

of a nucleotide substitution model is important for understanding genomic evolution and phylogenetic

reconstruction. We present a substitution model showing that the increased C-T mutation will lead to

positive GC skew in one strand but negative GC skew in the other, with greater C-T mutation pressure

associated with greater differences in GC skew between the leading and the lagging strand. However,

the model based on mutation bias alone does not predict any positive correlation in GC skew between

the leading and lagging strands. We computed GC skew for coding sequences collinear with the leading

and lagging strands across 339 prokaryotic genomes and found a strong and positive correlation in GC

skew between the two strands. We show that the observed positive correlation can be satisfactorily

explained by an improved substitution model with one additional parameter incorporating a general

trend of C avoidance.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Many studies have documented strand asymmetry in eubac-
terial genomes associated with their single-origin mode of
genome replication (Frank and Lobry, 1999; Karlin, 1999; Lobry,
1996; Lobry and Sueoka, 2002; Rocha et al., 1999). In general,
there is an excess of (G+T) in the leading strand and an excess of
(A+C) in the lagging strand in many prokaryotic genomes
examined (Francino and Ochman, 1997; Freeman et al., 1998;
Grigoriev, 1998; McLean et al., 1998; Perriere et al., 1996), with the
bias generally attributed to strand-biased deamination (Frank and
Lobry, 1999; Frederico et al., 1990; Lindahl, 1993; Lobry and
Sueoka, 2002; Sancar and Sancar, 1988). The strand compositional
asymmetry is strong enough to identify the location of the
bacterial origin of replication whose flanking sequences change
direction in GC skew (Frank and Lobry, 2000; Green et al., 2003;
Lobry, 1996; Worning et al., 2006; Zhang and Li, 2003; Zhang and
Zhang, 2003). GC skew correlates with the distribution of inverted
repeats (Achaz et al., 2003) and essential genes (Rocha and
ll rights reserved.
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Danchin, 2003) and associates with amino acid composition
(Mackiewicz et al., 1999).

Because of the difficulty in identifying strand affiliation of
individual genes during its evolutionary history, it is difficult to
study the effect of strand bias based on conventional methods
using observed substitution patterns. Instead, within-genome
indices have been developed to characterize strand bias (Lobry,
1996; Morton and Morton, 2007). One simple index to measure
the strand bias in nucleotide composition in a genome is the GC
skew (Lobry, 1996) which now exists in two versions differing
only in sign, one being (C�G)/(C+G) (Fujimori et al., 2005; Lobry,
1996) and the other being (G�C)/(G+C) (Blattner et al., 1997;
Chambaud et al., 2001; Contursi et al., 2004; Grigoriev, 1998),
where C and G designate the number of nucleotides cytosine and
guanine, respectively. To avoid confusion, we explicitly define

AC ¼
G� C

Gþ C
(1)

We further designate AC.LE and AC.LA as AC for leading and lagging
strands, respectively. In general, AC.LE4AC.LA (Lobry, 1996; Lobry
and Sueoka, 2002), and a number of contributing factors involving
specific types of mutation and selection have been proposed
(Frank and Lobry, 1999) and quantitatively assessed (Morton and
Morton, 2007).
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Fig. 1. Expected change of AC.LE and AC.LA for genomes with different values of x

(the part of C-T mutations due to deamination). Computed with a ¼ 0.0002 and

b ¼ 0.0001.
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Casting the strand bias in the framework of a nucleotide
substitution model is important for our understanding of genomic
evolution and phylogenetic reconstruction in prokaryotic gen-
omes because none of the existing substitution models for
phylogenetic reconstruction has taken the strand-biased substitu-
tion into consideration. We present substitution models showing
that an increased C-T mutation pressure on the leading strand
will lead to a positive AC in the leading strand and a negative AC in
the lagging strand. Greater C-T mutation pressure is associated
with greater differences in AC between the leading and the lagging
strands. We further demonstrate that empirical results of AC.LE and
AC.LA are inconsistent with the substitution model invoking the
strand-biased C-T mutation only and require an alternative
substitution model incorporating a tendency toward C avoidance/
shortage in coding sequences.

We define the vector of the four nucleotide frequencies, P(t),
and the transition probability matrices for the leading and the
lagging strand (designated by MLE and MLA, respectively), as

PðtÞ ¼ ½PAðtÞ PGðtÞ PCðtÞ PT ðtÞ� (2)

MLE ¼

A G C T

A � a1 a2 a3

G a1 � a4 a5

C a2 a4 � a6 þ x

T a3 a5 a6 �

2
6666664

3
7777775

(3)

MLA ¼

A G C T

A � a1 a2 a3

G a1 þ x � a4 a5

C a2 a4 � a6

T a3 a5 a6 �

2
6666664

3
7777775

(4)

where ai values are the transition probabilities and the diagonal
elements of MLE and MLA are subjected to the constraint of each
row sum equal to 1. The symbol x in matrix MLE and MLA indicates
the increased probability of C-T transitions in the leading strand
and the consequently increased probability of G-A transitions on
the lagging strand. It is positive, can vary across genomes, and
may be substantially larger than a1 or a6 as indicated in previous
studies on bacterial genomes (Lobry, 1996; Lobry and Sueoka,
2002; McInerney, 1998), vertebrate mitochondrial genomes
(Reyes et al., 1998; Tanaka and Ozawa, 1994; Xia, 2005; Xia
et al., 2006) and viral genomes (Xia and Yuen, 2005). If x ¼ 0, then
the two transition probability matrices in Eqs. (3) and (4) are
symmetrical, and the equilibrium nucleotide frequencies will be
all equal to 1/4. In the terminology of Morton and Morton (2007),
the parameter x represents the replication-dependent effect that
differ between the leading and lagging strands.

The dynamic behavior of the Markov chain specified in Eqs. (3)
and (4) follows the equation below:

Pðt þ 1Þ ¼ PðtÞM (5)

To obtain equilibrium frequencies of P(t), which is convention-
ally designated as pi (where i ¼ 1, 2, 3, 4 corresponding to the four
nucleotides), we solve Eq. (5) by setting P(t+1) ¼ P(t) and
imposing the constraint of SP(t) ¼ 1. This yields the equilibrium
frequencies for the leading and lagging strands:

pA:LE ¼
ða1a3 þ a1a5 þ a3a4 þ a3a5Þxþ C1

C2xþ 4C1

pG:LE ¼
ða1a3 þ a1a5 þ a2a5 þ a3a5Þxþ C1

C2xþ 4C1
pC:LE ¼
C1

C2xþ 4C1

pT:LE ¼
a1a3 þ a1a5 þ a2a5 þ a3a5 þ a1a2 þ a1a4 þ a2a4 þ a3a4Þxþ C1

C2xþ 4C1

C1 ¼ a1a2a3 þ a1a2a5 þ a1a2a6 þ a1a3a4 þ a1a3a6 þ a1a4a5 þ a1a4a6 þ a1a5a6

þ a2a3a4 þ a2a3a5 þ a2a4a5 þ a2a4a6 þ a2a5a6

þ a3a4a5 þ a3a4a6 þ a3a5a6

C2 ¼ 3ða1a3 þ a1a5 þ a3a5Þ þ 2ða2a5 þ a3a4Þ þ a1a2 þ a1a4 þ a2a4 (6)

pC:LA ¼
ða2a3 þ a2a5 þ a2a6 þ a3a6Þxþ C1

C0xþ 4C1

pT:LA ¼
ða1a3 þ a1a5 þ a3a4 þ a3a5Þxþ C1

C0xþ 4C1

pA:LA ¼
ða2a3 þ a3a6 þ a2a5 þ a2a6 þ a5a4 þ a4a3 þ a4a6 þ a5a6Þxþ C1

C0xþ 4C1

pG:LA ¼
C1

C0xþ 4C1

C0 ¼ 3ða3a6 þ a2a3 þ a2a6Þ þ 2ða4a3 þ a5a2Þ þ a4a6 þ a5a6 þ a5a4

(7)

where C1 and C2 are specified in Eq. (6). Note that Spi ¼ 1. From
the equilibrium frequencies above, we can obtain AC for leading
and lagging strands

AC:LE ¼
Z1x

Z2 þ Z1x

Z1 ¼ a2a5 þ a1a3 þ a1a5 þ a3a5

Z2 ¼ 2ða1a2a6 þ a4a3a2 þ a4a3a6 þ a4a2a5 þ a1a6a5

þ a1a3a6 þ a1a4a3 þ a1a2a5

þ a1a4a5 þ a1a6a4 þ a5a4a3 þ a1a3a2 þ a3a5a6

þ a3a5a2 þ a4a2a6 þ a2a5a6Þ

AC:LA ¼ �
Y1x

Y2 þ Y1x

Y1 ¼ a3a2 þ a2a5 þ a2a6 þ a3a6

Y2 ¼ 2a2a3a4 þ 2a2a1a6 þ 2a6a3a4 þ 2a3a6a1 þ 2a5a6a1

þ 2a3a6a5 þ 2a4a1a6 þ 2a4a3a1

þ 2a4a5a1 þ 2a4a3a5 þ 2a2a4a6 þ 2a2a3a1

þ 2a2a5a1 þ 2a2a5a6 þ 2a2a3a5 þ 2a2a4a5 (8)

If we assume that a1 ¼ a6 ¼ a and a2 ¼ a3 ¼ a4 ¼ a5 ¼ b in
Eqs. (3) and (4), then Eq. (8) is reduced to

AC:LE ¼
x

4aþ 4bþ x

AC:LA ¼ �AC:LE (9)
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Eq. (9) shows that strand bias expressed in the form of AC will
disappear when x approaches 0, but AC.LE will increase with x,
approaching 1 when x approaches infinity. Similarly, AC.LA will
approach �1, as x approaches infinity (Fig. 1). This can explain the
previous empirical documentation of AC.LE4AC.LA (Lobry, 1996;
Lobry and Sueoka, 2002). Moreover, AC.LE and AC.LA are expected to
be distributed equally above and below zero given Eq. (9), but may
be asymmetrical given the more general Eq. (8). In any case, the
two are expected to be negatively correlated. This prediction can
be easily tested with empirical data.
2. Empirical test of the mutation-based model

The data set we used consists of 339 bacterial chromosomes
(corresponding to 136 genera and 226 bacterial species). The
r = 0.4913
P = 0.0000
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Fig. 2. Positive correlation between AC.LE and AC.LA across genomes, with

r ¼ 0.4913, n ¼ 339 and po0.000001. The straight line indicates where

AC.LE ¼ AC.LA.
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Fig. 3. AC.LE and AC.LA are both positively correlated with genomic AC, with AC.LE (blue dot
predicted origin (ori) and terminus (ter) of replication were taken
from the ‘Origin of Replication’ table of the Genome Atlas
Database, Center for Biological Sequence Analysis, BioCentrum-
DTU, Technical University of Denmark, Denmark, http://www.cbs.
dtu.dk/services/GenomeAtlas/show-kingdom.php? kingdom ¼
Bacteria (Hallin and Ussery, 2004; Worning et al., 2006). This
allows us to classify each CDS according to whether it is collinear
with the leading or the lagging strand.

The bacterial genome .ffn files containing the FASTA formatted
entries of all CDSs in each chromosome were downloaded from
the NCBI ftp server, ftp://ftp.ncbi.nih.gov/genomes/Bacteria/. AC.LE

and AC.LA for each species (genome) were computed by pooling all
CDSs in the leading strand and the lagging strand, respectively.
Thus, we are not studying differences in AC among genes within
the leading or within the lagging strand. Also, our use of
CDSs eliminates the complication of transcription-coupled bias
(Francino et al., 1996) because the transcription-coupled bias is
expected to be the same for protein-coding genes, regardless
which strand the gene is located.

Our results (Fig. 2) are interesting in two ways. First, AC.LE is
generally larger than AC.LA, which is expected from the mutation-
only substitution model presented above. Second, a strong
positive correlation exists between AC.LE and AC.LA, which is not
expected from the mutation-only substitution model above which
predicts a negative correlation. Thus, our substitution model
based on biased C-T mutation on the leading strand and biased
G-A mutation on the lagging strand is insufficient to explain the
empirical observation.

A plot of AC.LE and AC.LA versus genomic AC (Fig. 3) shows that
both AC.LE and AC.LA are highly significantly and positively
correlated with genomic AC. Furthermore, the greater the genomic
AC, the greater the difference is between AC.LE and AC.LA.
3. Replication-independent effect: C avoidance

A positive correlation between AC.LE and AC.LA indicates shared
factors operating on both strands. At present, only a deficiency in
867x + 0.0258
2 = 0.8844
 = 0.0000

y = 0.5962x -0.032
R2 = 0.4966
p = 0.0000

ome AC

0.10 0.15 0.20 0.25 0.30

s) increasing with genomic AC faster (having a greater slope) than AC.LA (pink dots).

http://www.cbs.dtu.dk/services/GenomeAtlas/show-kingdom.php?
http://www.cbs.dtu.dk/services/GenomeAtlas/show-kingdom.php?
ftp://ftp.ncbi.nih.gov/genomes/Bacteria/
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C usage has been documented almost universally in a variety of
organisms (Rocha and Danchin, 2002; Xia et al., 2006). Two
factors may have contributed to C deficiency. First, a relatively low
intracellular cytosine availability in both eukaryotes and prokar-
yotes has long been reported. For example, in the exponentially
proliferating chick embryo fibroblasts in culture, the concentra-
tion of ATP, CTP, GTP and UTP, in the unit of (mol�10�12 per 106

cells), is 1890, 53, 190, and 130, respectively, in 2 h culture, and
2390, 73, 220, and 180, respectively, in 12 h culture (Colby and
Edlin, 1970). The protozoan parasite, Trypanosoma brucei, exem-
plifies C-limitation in mammalian blood. The parasite has lost its
ability to synthesize ATP, GTP and TTP, but maintains its de novo

synthesis pathway for CTP. Inhibiting its CTP synthetase effec-
tively eradicates the parasite population in the host (Hofer et al.,
2001). This suggests that little CTP can be salvaged from the host.
C-limitation appears to be a general feature in bacterial species,
and a biochemical explanation has been offered to explain the
general C-limitation in bacterial species (Rocha and Danchin,
2002). Given the low C availability, an organism with its RNA
containing few C’s may have a selective advantage over an
organism with its RNA containing many C’s.

The other factor that has been postulated to contribute to C

deficiency is the inherent high mutation rate of C. Spontaneous
deamination C to U or methylated C to T dominates chemical
processes leading to the decay of DNA and RNA (Frederico et al.,
1990, 1993; Lindahl, 1993; Sancar and Sancar, 1988). The single-
stranded mRNA is particularly prone to mutations caused by the
spontaneous deamination (Francino and Ochman, 2001) because
the deamination rate is about 100 times higher in single-stranded
nucleotide sequences than in double-stranded ones (Frederico
et al., 1990). Thus, an organism with increased C usage may suffer
from reduced reliability of its RNA products and consequently
have a reduced fitness. These two factors might have contributed
to long genes having reduced C usage (Omont and Kepes, 2004;
Xia et al., 2006).
4. Substitution model incorporating C avoidance

We accommodate the hypothesized C avoidance by adding a y

parameter to the transition probability matrices in Eqs. (3) and (4)
to obtain

MLE ¼

A G C T

A � a1 a2y a3

G a1 � a4y a5

C a2 a4 � a6 þ x

T a3 a5 a6y �

2
6666664

3
7777775

(10)

MLA ¼

A G C T

A � a1 a2y a3

G a1 þ x � a4y a5

C a2 a4 � a6

T a3 a5 a6y �

2
6666664

3
7777775

(11)

where 0pyp1. If y ¼ 1, then there is no C avoidance and the two
M matrices in Eqs. (10) and (11) are reduced to those in Eqs. (3)
and (4). In the terminology of Morton and Morton (2007), the
parameter y represents the replication-independent effect that is
shared by both the leading and lagging strands.

Now again solving for pi, we have

pA:LE ¼
a2a4a6y2 þ C3yþ a3a4xyþ C4xþ C5

a2a4a6y3 þ a2a4xy2 þ C6y2 þ C7xyþ C8yþ 3C4xþ 3C5

pG:LE ¼
a2a4a6y2 þ C3yþ a2a5xyþ C4xþ C5

a2a4a6y3 þ a2a4xy2 þ C6y2 þ C7xyþ C8yþ 3C4xþ 3C5
pC:LE ¼
a2a4a6y3 þ C3y2 þ C5y

a2a4a6y3 þ a2a4xy2 þ C6y2 þ C7xyþ C8yþ 3C4xþ 3C5

pT:LE ¼
a2a4xy2 þ a2a4a6y2 þ C3yþ ða1a2 þ a1a4 þ a2a5 þ a3a4Þxyþ C4xþ C5

a2a4a6y3 þ a2a4xy2 þ C6y2 þ C7xyþ C8yþ 3C4xþ 3C5

C3 ¼ a1a2a6 þ a1a4a6 þ a2a3a4 þ a2a4a5 þ a2a5a6 þ a3a4a6

C4 ¼ a1a3 þ a1a5 þ a3a5

C5 ¼ a1a2a3 þ a1a2a5 þ a1a3a4 þ a1a3a6 þ a1a4a5 þ a1a5a6

þ a2a3a5 þ a3a4a5 þ a3a5a6

C6 ¼ a1a2a6 þ a2a5a4 þ 3a2a4a6 þ a2a5a6 þ a2a3a4 þ a1a4a6 þ a3a4a6

C7 ¼ 2a3a4 þ a1a2 þ a1a4 þ 2a2a5

C8 ¼ 3C3 þ C5 (12)

pA:LA ¼
a2a4a6y2 þ ða2a6 þ a4a6Þxyþ C3yþ ðC11 þ a5a2 þ a5a6 þ a5a4Þxþ C5

a2a4a6y3 þ a2a6xy2 þ C6y2 þ C9xyþ C8yþ C10xþ 3C5

a4 y x a6þ ða5 a6þ a5 a4þ a5 a2Þx

pG:LA ¼
a2a4a6y2 þ C3yþ C5

a2a4a6y3 þ a2a6xy2 þ C6y2 þ C9xyþ C8yþ C10xþ 3C5

pC:LA ¼
a2a4a6y3 þ C3y2 þ a2a6xy2 þ ða2a3 þ a2a5 þ a3a6Þxyþ C5y

a2a4a6y3 þ a2a6xy2 þ C6y2 þ C9xyþ C8yþ C10xþ 3C5

pT:LA ¼
a2a4a6y2 þ a2a6xyþ C11xþ C3yþ C5

a2a4a6y3 þ a2a6xy2 þ C6y2 þ C9xyþ C8yþ C10xþ 3C5

C9 ¼ a2a3 þ a2a5 þ 2a2a6 þ a3a6 þ a4a6

C10 ¼ a5a2 þ 2a3a6 þ a5a6 þ a5a4 þ 2a3a2 þ 2a3a4

C11 ¼ a2a3 þ a3a4 þ a3a6 (13)

where C3–C8 are defined in Eq. (12).
These equilibrium frequencies lead to the AC.LE and AC.LA for the

leading and the lagging strands, respectively:

AC:LE ¼
�a2a4a6y3 þ ða2a4a6 � C3Þy

2 þ ðC3 � C5Þyþ a2a5xyþ C4xþ C5

a2a4a6y3 þ ða2a4a6 þ C3Þy2 þ ðC3 þ C5Þyþ a2a5xyþ C4xþ C5

AC:LA ¼
�a2a4a6y3 þ ða2a4a6 � C3Þy

2 � a2a6xy2 � C12xyþ ðC3 � C5Þyþ C5

a2a4a6y3 þ ða2a4a6 þ C3Þy2 þ a2a6xy2 þ C12xyþ ðC3 þ C5Þyþ C5

C12 ¼ a2a3 þ a2a5 þ a3a6 (14)

where C3�C11 are defined in Eqs. (12) and (13).
To see how the incorporation of C avoidance would change the

correlation patter between AC.LE and AC.LA, we may simplify the
situation by assuming a1 ¼ a6 ¼ a and a2 ¼ a3 ¼ a4 ¼ a5 ¼ b. This
reduces Eqs. (13) and (14) to

pA:LE ¼ pG:LE ¼
1

yþ 3

pT:LE ¼
ayþ xyþ aþ xþ 2b

4ayþ yxþ 2byþ ay2 þ 3aþ 3xþ 6b

pC:LE ¼
yðaþ 2bþ ayÞ

4ayþ yxþ 2byþ ay2 þ 3aþ 3xþ 6b
(15)

pT:LA ¼ pC:LA ¼
1

yþ 3

pA:LA ¼
2aþ byþ 2xþ b

6aþ 3xþ 3bþ 2ayþ xyþ 4byþ by2

pG:LA ¼
2aþ bþ by

6aþ 3xþ 3bþ 2ayþ xyþ 4byþ by2
(16)

AC:LE ¼ �
ay2 þ 2by� a� x� 2b

ay2 þ 2ayþ 2byþ aþ xþ 2b
(17)

AC:LA ¼ �
by2 þ 2ayþ xy� 2a� b

by2 þ 2byþ 2ayþ xyþ 2aþ b
(18)

AC.LE and AC.LA both increases with decreasing y, i.e., with
increasing C avoidance (Fig. 4). Three predictions can be derived
from this new model concerning AC.LE and AC.LA. First, the stronger
the strand-biased mutation, the greater the difference is between
AC.LE and AC.LA. Second, with C avoidance in both strands, AC.LE and
AC.LA become positively correlated for genomes experiencing
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AC.LA, x = 0.0001
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different degrees of C avoidance. Third, when C avoidance is weak
(when y is close to 1), the positive correlation between AC.LE and
AC.LA are approximately linear. The empirical result (Fig. 3) is
consistent with this new model incorporating C avoidance.
-0.5
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Fig. 6. Relationship between AC.LE and AC.LA at the third codon site.
5. Different pattern among the three codon sites

The formulation of C avoidance, in addition to strand-biased
mutation, suggests differences among the three codon sites. The
second codon site should be strongly constrained by amino acid
usage and should be most resistant to mutation and C avoidance .
In fact, alanine (coded by GCN) and serine (coded by UCN) are the
most frequently used amino acids in most of the prokaryotic
genomes. This implies that C will be overused at the second codon
site (resulting in negative AC). In contrast, the third codon site
should be most mutable and most susceptible to C avoidance.

The plot of AC.LE and AC.LA for the first and second codon sites
(Fig. 5) reveals several interesting patterns. First, AC.LE is
consistently greater than AC.LA for both the first and the second
codon position. Thus, the strand-biased mutation is visible even in
these two highly conserved codon sites. Second, AC.LE and AC.LA for
the second codon site are constrained within a relatively narrow
range and are both negative. This is consistent with the fact that
the second codon site is strongly constrained by amino acid usage,
especially by alanine and serine codons with a middle C. Second,
AC.LE and AC.LA for first codon site are both positive, with their
variances significantly greater than those for second codon site by
the variance ratio test (F ¼ 2.7118, DF1 ¼ DF2 ¼ 338, p ¼ 0.0000
for AC.LA and F ¼ 4.6508, DF1 ¼ DF2 ¼ 338, p ¼ 0.0000 for AC.LE).
Third, the points for second codon sites are closer to the straight
line than those for the first codon site, indicating that the effect of
strand-biased mutation is more visible in the first codon site than
that in the second codon site. To confirm this, we performed a
paired-sample t-test between D1 ( ¼ AC1.LE–AC1.LA) and D2

( ¼ AC2.LE–AC2.LA), where the subscripts 1 and 2 indicate codon
site. The means are 0.0575 and 0.0339, respectively, for the first
and second codon sites, and differ significantly with t ¼ 17.6,
DF ¼ 338, p ¼ 0.0000.

AC.LE is much greater than AC.LA for the third codon site relative
to the difference for the first and second codon site (Fig. 6), with
D3 ( ¼ AC3.LE–AC3.LA) significantly greater than both D1 and D2. This
is expected because the third codon site should be the most
susceptible to the strand-biased mutation pressure. AC3.LE and
AC3.LA are also positively correlated, but the correlation is much
weaker than that between AC1.LE–AC1.LA or between AC2.LE–AC2.LA,
with r ¼ 0.1332 and p ¼ 0.0166.

How well is the strand-biased substitution model applicable to
mitochondrial genomes is unknown because mitochondrial DNA
(mtDNA) replication does not involve leading or lagging strand
(Bogenhagen and Clayton, 2003; Clayton, 1982, 2000; Shadel and
Clayton, 1997). During mtDNA replication, the L-strand is first
used as a template to replicate the daughter H-strand, while the
parental H-strand was left single-stranded for an extended period
because the complete replication of mtDNA takes nearly 2 h
(Clayton, 1982, 2000; Shadel and Clayton, 1997). Spontaneous
deamination of both A and C (Lindahl, 1993; Sancar and Sancar,
1988) occurs frequently in human mitochondrial DNA (Tanaka
and Ozawa, 1994). Deamination of A leads to hypoxanthine that
forms stronger base pair with C than with T, generating an A.T-
G.C mutation. Deamination of C leads to U, generating C.G-U.A
mutations. Among these two types of spontaneous deamination,
the C-U mutation occurs more frequently than the A-G
mutation (Lindahl, 1993). In particular, the C-U mutation
mediated by the spontaneous deamination occurs in single-
stranded DNA more than 100 times as frequent as double-
stranded DNA (Frederico et al., 1990). Note that these C-U
mutants will immediately be used as a template to replicate the
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daughter L-strand, leading to a G-A mutation in the L-strand
after one round of DNA duplication. Therefore, the H-strand, left
single-stranded for an extended period during DNA replication,
tend to accumulate A-G and C-U mutations and become rich in
G and T, while the L-strand will become rich in A and C. The strand
bias exhibits strong effect on codon usage bias and tRNA evolution
(Xia, 2005). A similar strand-biased model may also be needed in
modeling mitochondrial genomic evolution.

If genes switch between the leading and the lagging strands
during evolution, then different strand-specific substitution
models should be used along different branches in a phylogenetic
analysis. How this should be implemented is still under
investigation.

In summary, our comparative genomic analysis strongly
suggests that both mutation and selection have acted to shape
the strand asymmetry in bacterial genomes. This proposed
substitution model that incorporates both strand-biased mutation
and selection against C usage appears to be sufficient for the
observed pattern and is expected to improve molecular phyloge-
netic reconstruction involving prokaryotic genomes.
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