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Abstract. The relationship between the silent substi-
tution rate (K,) and the GC content along the genome is
a focal point of the debate about the origin of the iso-
chore structure in vertebrates. Recent estimation of the
silent substitution rate showed a positive correlation be-
tween K, and GC content, in contradiction with the pre-
dictions of both the regional mutation bias model and the
selection or biased gene conversion model. The aim of
this paper is to help resolve this contradiction between
theoretical studies and data. We analyzed the relationship
between K, and GC content under (1) uniform mutation
bias, (2) a regional mutation bias, and (3) mutation bias
and selection. We report that an increase in K with GC
content is expected under mutation bias because of either
nonequilibrium of the isochore structure or an increasing
mutation rate from AT toward GC nucleotides in GC-
richer isochores. We show by simulations that CpG
deamination tends to increase the mutation rate with GC
content in a regional mutation bias model. We also dem-
onstrate that the relationship between K, and GC under
the selectionist or biased gene conversion model is posi-
tive under weak selection if the mutation selection equi-
librium GC frequency is less than 0.5.
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Introduction

The relationship between the silent substitution rate (K,)
and the GC content of the genome is a focal point of the
debate about the origin of the isochore structure in ver-
tebrates (Bielawski et al. 2000; Hurst and Williams
2000). Isochores (for review see Bernardi 2000) were
defined as regions with a homogeneous GC content and
thought to be a common feature of the genomes of am-
niotes (Hughes et al. 1999). Analysis of the sequence of
the human genome has ruled out a strict notion of iso-
chores as compositionally homogeneous as defined by
Bernardi (2000) but the genome clearly contains large
regions of a distinctive GC content [International Human
Genome Sequencing Consortium (IHGSC) 2001]. We
retain the word “isochore” to designate these “GC con-
tent domains” (IHGSC 2001). Currently, three hypoth-
eses compete to account for the emergence of the iso-
chore structure: regional mutation biases along the
genome (Sueoka 1988; Wolfe et al. 1989; Holmquist and
Filipski 1994; Francino and Ochman 1999), biased gene
conversion (Holmquist 1992; Eyre-Walker 1993), and
selection over GC nucleotides (Bernardi et al. 1985; Eyre
Walker 1999). The molecular processes able to generate
regional mutation biases along the genome are not iden-
tified yet. One hypothesis discussed considers that a re-
gional mutation bias could occur because of a variation
in the relative concentration of GC versus AT nucleo-
tides during replication (Wolfe et al. 1989; Gu and Li
1994). This model predicts an inversed “u” or “v” rela-
tionship between K and the equilibrium GC content of
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the sequence (Gu and Li 1994). But this model relies on
the assumption that equally GC-rich isochores replicate
at the same moment, which has not been confirmed by
experimental observations (Eyre Walker 1992). On the
other hand, if there is selection pressure favoring a high
GC content, K, is expected to decrease with GC content
for most of the parameter values of mutation and selec-
tion coefficients (Hurst and Williams 2000). This pre-
diction also holds for the biased gene conversion model
of the isochore structure, as biased gene conversion and
selectionist models lead to equivalent modeling assum-
ing independence between selected sites (Nagylaki
1983).

Recent estimation of K, by a maximum-likelihood
method (Goldman and Yang 1994; Yang and Nielsen
1998) showed a positive correlation between K, and GC
content (Bielawski et al. 2000; Hurst and Williams
2000), in contradiction to the predictions of both the
regional mutation bias model of Gu and Li (1994) and
the selectionist or biased gene conversion model. Here
we report the relationship between K, and GC content
under (1) a uniform mutation bias model, (2) a regional
mutation bias model, and (3) a selectionist or biased gene
conversion model and discuss the rationale of the param-
eter space leading to an increase in K, and GC content.

Uniform Mutation Bias Model

The directional mutation pressure theory was introduced
by Sueoka (1962) to explain the homogeneity within
genomes of bacterial species and the heterogeneity be-
tween bacterial species. This theory was also proposed to
explain the isochore structure in the genome of verte-
brates (Sueoka 1988). Let us call v the rate of mutation
from GC to AT nucleotides and u the mutation rate from
AT to GC nucleotides. Theoretically, # and v depend on
base frequencies, however, if strand symmetry is as-
sumed (that is, A = T and G = C), this dependency
vanishes. Supporting this hypothesis, strand symmetry
has been observed in primate sequences (Francino and
Ochmann 2000). So if we call f the frequency of GC in
a sequence, and ignoring the other types of mutations
(transversions between A and T and between G and C),
an assumption supported by data analysis [they represent
less than 6% of the total number of substitutions in re-
peated elements (IHGSC 2001)], at any generation, the
number of mutations m is

m=v+u(l-f) =u+fv-u (D)

The equilibrium GC frequency f* is given by (Sueoka
1962)

5= ullu+v) 2)

If there is no selection, the substitution rate is expected to
be equal to the neutral mutation rate if Nm < 1, where N
is the effective population size (Kimura 1968).

From Eq. (1) it follows that K increases with fif v >
u, that is, f* < 0.5, and decreases with fif v < u (f* > 0.5).
So if we assume that there is only one constant biased
mutation rate for the genome so that f* < 0.5 [the average
GC content of the human genome is 0.41 (IHGSC
2001)], K, is expected to increase with the GC content
along the genome. But in this case, the GC-rich isochores
are expected to disappear.

The isochore structure is known to have evolved dif-
ferently among the vertebrates. For example, the iso-
chore structure of the rodent genome is attenuated com-
pared to the isochore structure of the human genome: the
GC-richer regions are less rich and the AT-richer regions
are GC richer (Mouchiroud et al. 1988). It is therefore
possible that the GC content of isochores keeps on
changing in mammalian species. A previous analysis of
substitution in three retropseudogenes concluded that the
GC content of the analyzed sequences was at equilibrium
(Casane et al. 1997). But a wider study on the pattern of
nucleotide substitution in repeated elements (IHGSC
2001) provides strong support for a nonequilibrium iso-
chore structure on a larger sample. Assuming equilib-
rium base composition, under any model of evolution,
the number of substitutions toward AT should equal the
number of substitutions toward GC. The analyses reveal
that there is an overall substitution bias from GC to AT
substitutions, increasing in the GC-poorer regions. The
rate of substitution leads to f* < 0.5 for each class of GC
content (IHGSC 2001), so that a positive relationship
between K, and GC content is expected. Abondoning the
equilibrium hypothesis has important consequences, as
most of the estimations of the substitution rates between
sequences assume that the base content of the sequence
is at equilibrium (e.g., Yang 1994). Furthermore, the re-
jection of the regional mutation bias hypothesis to ex-
plain the isochore structure (Eyre Walker 1999) no
longer holds if an equilibrium GC content is not achieved
(Eyre Walker 1997): assuming equilibrium, the number
of polymorphic sites segregating toward AT should
equal the number of polymorphic sites segregating to-
ward GC, but nonequilibrium could well explain the bi-
ased polymorphism pattern.

Regional Mutation Bias Model

Now if one assumes that the isochores result from re-
gional mutation patterns along the genome (Sueoka
1988; Wolfe et al. 1989; Holmquist and Filipski 1994),
then the mutation rate in each region at equilibrium GC
content, m;*, is given by

K = m = il + v) = 2vf% = 2, (1 = ) )
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Fig. 1. Evolution of the relative substitution rate R with the biased

mutation equilibrium GC content f*. GC mutates toward AT at rate v
and AT mutates toward GC at rate u. R is the substitution rate divided
by the substitution rate at f* = 0.5 [from Eqs. (3) and (4); see text).

The mutation rate thus depends on two parameters, u;
and v;, and there are infinite possibilities for the evolu-
tion of m;* with f;*. Let us consider three very simple
cases. Let us assume that u; is constant over the genome
and equals u and that the difference in GC content arises
through the variation of v, From Eq. (3) this gives that
the substitution rate Kg* is a decreasing function of the
equilibrium GC content. The reciprocal case is to assume
that v is constant along the genome but that u; varies.
Then the substitution rate is an increasing function of the
equilibrium GC frequency (Fig. 1). A last special case is
to assume that u; and v; vary along the genome but that
their sum is constant, u; + v; = c. In this case the sub-
stitution rate is a second-order polynomial of f* reaching
a maximum when f = 0.5.

K = 2¢f*(1 = f7) 4)

We are not aware of any molecular mechanism suggest-
ing such variations of u; or v,. Under a model where v is
constant, one expects fewer mutations in AT-rich re-
gions; this is supported by the positive (though weak)
correlation between nucleotide diversity and GC content
(International SNP Map Working Group 2001). At this
point, we have demonstrated that the regional mutation
bias model should not be restricted to an inverted-“u”
relationship between Kg and GC content (Gu and Li
1994).

CpG Deamination and Mutation Rate

Hurst and Williams (2000) proposed that the increase of
Kg and GC content could be due to the CpG deamination
process. We tested this assumption by assuming regional
mutation rates u; and v; along the genome and an addi-
tional mutation rate for CpG dinucleotides: k. CpG
deaminations are expected to occur at a 10-fold higher
rate than other mutations (Gianelli et al. 1999). Under
such a mutation model the equilibrium GC frequency,
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Fig. 2. Evolution of the relative mutation rate R with the CpG deami-

nation rate k at equilibrium base frequencies. Squares: u'/(u’ +v') =
0.6. Diamonds: ul/(u + v) = 0.4. R is the relative mutation rate com-
pared to the mutation rate for k = 0 (for k = 0 the mutation rate from
a CpG dinucleotide to a TpG dinucleotide is equal to the mutation rate
from C to T).

g*, cannot be estimated analytically (Duret and Galtier
2000) and we checked by simulation the overall mutation
rate at equilibrium base frequencies. We found that for u;
<v; (f* <0.5) the mutation rate decreases with increasing
k (Fig. 2). This is paradoxical, as one may expect an
increase in the overall mutation rate when a new muta-
tion rate is added. This is because for u; and v; so that f*
< 0.5, the mutation rate increases with the GC frequency
f[Eq. (1)]. CpG deamination decreases the equilibrium
GC frequency g* < f* (g* is obtained from AT <> GC
and CpG — TpG or CpA mutations). At base frequency
equilibrium, the expected CpG in the sequence is very
low so that the increased mutation of CpG dinucleotides
is not sufficient to compensate for the decreased muta-
tion due to the lower GC content. On the contrary, when
u; and v, are such that f* > 0.5, the mutation rate increases
with decreasing GC content [Eq. (1)]. The CpG muta-
tions decrease f'so that the increase in mutation due to the
decrease in GC content, and the CpG mutations both
contribute to an increase in the mutation rate relative to
the mutation rate without special CpG mutations. In con-
clusion, CpG deamination tends to decrease the mutation
rate in GC-poor regions and to increase the mutation rate
in GC-rich regions, so that it could well explain an in-
crease in the mutation rate with GC content, assuming
that u and v are such that without deamination, the mu-
tation rates are similar in different GC regions [if the
mutation rate decreases with the GC content (Fig. 1),
CpG deamination will reduce the increase but not nec-
essarily reverse it into a positive relationship].

Selection or BGC

The rate of substitution S is equal to the product of the
number of mutations by generation by the probability of
fixation of each mutation. Let us call p the probability of
fixation of a mutation from AT to GC and ¢q the prob-
ability of fixation of a mutation from GC to AT. Then the
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average rate of substitution is (Eyre Walker and Bulmer
1995)

S =ull-f)p+vfg=u+flvg—up) ®)

so that the relationship between the synonymous substi-
tution rate and the equilibrium GC content depends on
the sign of vg — up. The rate of substitution from AT
toward GC is up and the rate of substitution from GC
toward AT is vp. The selection model becomes equiva-
lent to the mutation bias model by replacing u by up and
v by vgq. The equilibrium GC frequency at mutation se-
lection drift equilibrium f* in a diploid population of
effective population size N, assuming that Nu < 1 and Nv
< 1, is (Li 1987)

4Ns
up e

fr= (6)

vgtup y/u+ M

s is the selection coefficient for GC nucleotides; for the
biased gene conversion model s is replaced by c, the rate
of biased gene conversion from AT toward GC (Na-
gylaki 1983). If vg — up > 0, S increases with f*; other-
wise, S decreases with f*. Now if one assumes that v =
u (no mutation bias), as g < p, S decreases with increas-
ing f* (Eyre-Walker and Bulmer 1995). Interestingly,
when there is a bias in the mutation rates in opposition to
the effect of selection, S increases with f* as long as v/u
> p/q, that is, the mutation bias is greater than the ratio of
the probability of fixation of a GC compared over the
probability of fixation of an AT mutation.

Following Eyre-Walker and Bulmer (1995), we as-
sume that the mutation rates u < s and v < s and

1- 8—25

T (7
1—e*

9= (®)

Substituting for g and p in Eq. (5) enables us to define the
range of parameters s and v/u for which there is an in-
crease in Ky with GC content f of a sequence (Fig. 3).
Comparison with the corresponding values of f* shows
that a positive correlation between K¢ and f* occurs only
if the selection mutation equilibrium frequency f* is
lower than 0.5, as the line v¢ = up corresponds to an
equilibrium value of f* = 0.5. If one assumes that all the
regions of the genome are at mutation selection equilib-
rium, then the relationship between Ky and GC is an
inverted “u”, the maximum mutation rate being reached
for f* = 0.5 (for fixed v/u the relationship between Kg
and f* can be inferred by following a horizontal line in
Fig. 3).

So if we want to explain the observed relationship
between K¢ and GC content (Bielawski et al. 2000; Hurst
and Williams 2000), we have to assume that the selection

0.8

v/u

O = N W R LA OO
L .

o

8107 104

61075

4107
S

21075

Fig. 3. Evolution of the sign of vg — up in the parameter space s and
vu (N = 10%. vg — up > 0 for a positive relationship between Kg and
f (see text). Dashed lines: Isoclines for which the equilibrium GC
frequency at selection mutation equilibrium is f* = 0.4, 0.5, 0.6, and
0.8. Bold line: vq = up corresponds to f* = 0.5.

mutation equilibrium GC frequency is lower than 0.5,
again raising the question about how GC-rich isochores
have emerged. Dunn et al. (2001) suggested that the lack
of correlation between Kgq and codon usage in Dro-
sophila could be due to a release of selection on codon
usage in Drosophila simulans. So, again, the positive
correlation can be explained by a nonequilibrium struc-
ture of the isochores.

Conclusion

We have shown that a regional mutation bias model ex-
plain the observed positive correlation between the rate
of silent substitution and the GC content if the equilib-
rium GC content is due to the variation of the mutation
from AT to GC. CpG deamination tends to increase the
overall mutation rate in GC-rich regions and decrease the
mutation rate in GC-poor regions. Thus, if the other mu-
tation rates responsible for the variation of GC content
along the genome do not produce a decrease in the mu-
tation rate with GC content, CpG deamination will pro-
duce a positive correlation between Kg and GC content.
The selectionist (or biased gene conversion) model can
explain the positive correlation only if the mutation se-
lection GC frequency is lower than 0.5. We suggest that
there are many arguments favoring the more simple hy-
pothesis that the isochore structure is not at equilibrium.
The potential nonequilibrium of the isochore structure is
a challenging hypothesis for future work, as the equilib-
rium property is the starting assumption for most param-
eter estimations (Kg) and the test of the evolutionary
models of isochore evolution (Eyre Walker 1999). Non-
equilibrium of isochore structure would even raise the
difficulty of studying the processes by which the iso-
chore structure originated.
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