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ABSTRACT

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
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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

G-C
=Ccsc (1)

We further designate Ac g and Ac ;4 as Ac for leading and lagging
strands, respectively. In general, Ac;g>Acia (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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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 g and
Acia 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 M;r and M, respectively), as

P(t) = [Pa(t) Ps(t) Pc(t) Pr(t)] (2)
i A G C T 7
A e a1 a as
M= |G ai e a4 as 3)
C a, ag e ag+x
T a3 as ag

i A G C T17
A ° a; a, das
Ma= |G a1 +x e as as (4)
C a, a, e dg
T as as Qg e

where q; values are the transition probabilities and the diagonal
elements of M;r and M;, are subjected to the constraint of each
row sum equal to 1. The symbol x in matrix Mg and M4 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 a; or ag as indicated in previous
studies on bacterial genomes (Lobry, 1996; Lobry and Sueoka,
2002; Mclnerney, 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 = 0, then
the two transition probability matrices in Eqgs. (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 Egs. (3)
and (4) follows the equation below:

P(t+1)=P(HM (5)

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

(a1a3 + a;as + asay + asas)x + Cq

T =
ALE Gox+4G

- _ (@103 + 0105 + 4505 + A3a5)X + G
GLE Cox + 4C;

rep = S
: Cox + 4C;

P a,03 + a1ds + ay0as + asas + a0y + a104 + A204 + A304)X + Cq
: Cox + 4C;

Ci = a10203 + 010205 + 010206 + 010304 + (10306 + 10405 + 010406 + 010506

+ (0304 + 20305 + (20405 + (20406 + A2050g
—+ 30405 + A30406 + A3050¢

Cy = 3(a1a3 + a1as + A30s) + 2(A205 + A304) + A105 + A104 + 0204 (6)

_ (a2a3 + 405 + axa6 + a3ag)X + Cy

TICIA

COX+4C1
S (@103 + a105 + az3a4 + a3as)x + Cq
’ Cox +4C4
s = (axa3 + az0ag + ax0s + Az0g + As504 + A403 + A406 + As506)X + Cq

Cox +4C4
TGIA = E X T 4G,
Co = 3(a30c + G203 + A206) + 2(A4a3 + A50z) + (405 + As0s + A5y
(7)
where C; and C, are specified in Eq. (6). Note that n; = 1. From
the equilibrium frequencies above, we can obtain Ac for leading
and lagging strands

Z1x
Acte = 7y + 71X
Z1 = 305 + 0103 + a10as + asds
Zy) = 2((1] a06 + (40303 + Q40306 + Q40205 + 410605
+ a10a30¢s + a10403 + A10305
+ 010405 + 410604 + A50403 + 01030 + 430506
+ a30s0a; + a40,06 + A20506)
Yix
Y +Yix
Y, = asay + axas + axag + asag
Y, = 2a,a3a4 + 20,0106 + 2060304 + 2030501 + 2050601
+ 2as3ag0s + 2a4010g + 2040304
+ 2a4a5a1 + 2040305 + 20,0406 + 20,030,
+ 2a,a5a1 + 20,0506 + 20,0305 + 2020405 (8)

AC.LA =

If we assume that a;=dg=o and a =a3=a4=0as=f in
Egs. (3) and (4), then Eq. (8) is reduced to
b
At = g T apx
Acia = —Acie (9)
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Fig. 1. Expected change of Acir and Acia for genomes with different values of x
(the part of C—T mutations due to deamination). Computed with « = 0.0002 and
B = 0.0001.
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