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ABSTRACT

Rates and patterns of synonymous and nonsynonymous substitutions have important implications for
the origin and maintenance of mammalian isochores and the effectiveness of selection at synonymous
sites. Previous studies of mammalian nuclear genes largely employed approximate methods to estimate
rates of nonsynonymous and synonymous substitutions. Because these methods did not account for major
features of DNA sequence evolution such as transition/transversion rate bias and unequal codon usage,
they might not have produced reliable results. To evaluate the impact of the estimation method, we
analyzed a sample of 82 nuclear genes from the mammalian orders Artiodactyla, Primates, and Rodentia
using both approximate and maximum-likelihood methods. Maximum-likelihood analysis indicated that
synonymous substitution rates were positively correlated with GC content at the third codon positions,
but independent of nonsynonymous substitution rates. Approximate methods, however, indicated that
synonymous substitution rates were independent of GC content at the third codon positions, but were
positively correlated with nonsynonymous rates. Failure to properly account for transition/transversion
rate bias and unequal codon usage appears to have caused substantial biases in approximate estimates of

substitution rates.

T is well known that synonymous substitution rates
vary among mammalian nuclear genes (BERNARDI
et al. 1993; WoLFE and SHARP 1993; MOUCHIROUD et
al. 1995). Investigations of this variation, however, are
complicated by nonuniform patterns of base composi-
tion among different regions of the mammalian ge-
nome. Mammalian genomes are structured into large
regions (>300 kb) of distinct and homogeneous nucleo-
tide composition known as isochores (BERNARDI 1993).
Both natural selection (BERNARDI and BERNARDI 1986;
GAUTIER and MoUCHIROUD 1998; EYrReE-WALKER 1999)
and mutation pressure (FrLipskr 1988; Wovrre and
SHARP 1993; FraNcINO and OcHMAN 1999) have been
hypothesized as important mechanisms for the origin
and maintenance of isochores. Consequently, the rela-
tionship between synonymous rate and nucleotide com-
position has been the subject of debate (e.g., BERNARDI
et al. 1993).

Most studies report that genes with high GC content
have lower silent substitution rates than genes with inter-
mediate GC content (FiLipski 1988; TicHER and GRAUR
1989; WOLFE et al. 1989; WoOLFE and SHARP 1993; EYRE-
WALKER 1994). However, others (M1vATA et al. 1982;
BERNARDI ef al. 1993; MATAssI et al. 1999) concluded
that synonymous substitution rates are independent of
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nucleotide composition. Recently, SMITH and HURST
(1999) analyzed a large sample of mouse and rat genes
and found a significant positive correlation when maxi-
mum likelihood (ML) was used and no correlation when
approximate methods were used. SMITH and HURST
(1999) suggested that this methodological bias hin-
dered further investigation of the relationship between
synonymous rate variation and GC content.

A number of authors have reported that synonymous
and nonsynonymous rates are positively correlated in
mammalian genes (GRAUR 1985; L1 et al. 1985; WOLFE
and SHARP 1993; MoOUCHIROUD et al. 1995; OHTA and
INA 1995; MARALOWSKI and Bocuskr 1998; SMITH and
HursT 1999). This observation, taken together with pat-
terns of within-gene rate variation, recently led ALVAREZ-
VALIN et al. (1998) to hypothesize that selection is acting
to enhance translational accuracy in mammals. How-
ever, this interpretation of the correlation between syn-
onymous and nonsynonymous substitution rates also is
controversial (EYRE-WALKER 1991; SmMITH and HURST
1999). SmiTH and HursT (1999) hypothesized that se-
lection for RNA structure and tandem substitutions,
rather than translational accuracy, dominates the evolu-
tion of silentsites of rodent genes. Further investigations
of selection at synonymous sites will require more reli-
able estimates of substitution rates.

To date, most studies of mammalian genes have em-
ployed approximate methods of estimating substitution
rates. Although such studies intended to examine the
effect of nucleotide content, their estimation proce-
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dures ignored unequal nucleotide frequencies. Most
approximate methods also ignored the transition/ trans-
version rate bias. Recent studies suggest that ignoring
the transition/transversion rate bias or codon usage bias
could lead to systematically biased estimates of substitu-
tion rates (INA 1995; YANG and Ni1eLseEN 1998, 2000). A
method that accounts for those features of DNA se-
quence evolution is ML. By employing a codon model
of substitution, the ML method also uses probability
theory to correct for multiple hits and weight evolution-
ary pathways between codons (GoLDMAN and YANG
1994; Musk and Gaut 1994).

The objective of this study was to evaluate differences
between ML and approximate methods and to evaluate
their impacts on hypothesis testing. We compiled a sam-
ple of 82 homologous genes from three mammalian
orders and estimated the rates of synonymous and non-
synonymous substitution for each gene using the ML
method and two popular approximate methods (NE1
and GojoBoORI 1986; Ina 1995). These data were used
to evaluate the sensitivity of testing the following two
null hypotheses: (i) the rate of synonymous substitution
is independent of nucleotide composition, and (ii) the
rate of synonymous substitution is independent of the
rate of nonsynonymous substitution. ML analysis indi-
cated that synonymous substitution rates were positive-
ly correlated with GC content at third codon positions
but were independent of the nonsynonymous rate. Ap-
proximate methods, however, indicated opposite rela-
tionships, i.e., synonymous substitution rates were inde-
pendent of GC content at third codon positions but
were positively correlated with the nonsynonymous rate.
The differences were found to be due to the failure
of approximate methods to properly account for the
transition/transversion rate bias and unequal codon fre-
quencies.

MATERIALS AND METHODS

Sequence data: We analyzed the aligned sequences of 82
nuclear genes from the mammalian orders Artiodactyla, Pri-
mates, and Rodentia. The data set is a composite of 49 genes
analyzed by Onra (1995) and 48 genes analyzed by ALVAREZ-
VALIN et al. (1998). The total number of genes in our analysis
is 82 because 7 genes were used by both studies and because
8 genes were excluded due to regions of ambiguous alignment.
Small differences between studies in number of codons ana-
lyzed are due to removal of initiation codons and minor adjust-
ments to alignments.

Nucleotide composition and synonymous codon usage:
G + C content at third codon positions (GC3) and codon
usage bias, measured using the effective number of codons
(ENG; WriGHT 1990), were calculated for each gene. ENC
ranges from 20 to 61 with a smaller value indicating a greater
bias. GC3 and ENC were computed using the program Codon
W written by John Penden. Tests of compositional homogene-
ity among mammalian orders were conducted for each gene
using chi-square tests of contingency tables of nucleotide
counts.

Estimation of the numbers of synonymous (ds) and nonsyn-

onymous (dy) substitutions per site: ML analysis was per-
formed using the PAML package (YANG 1999). The models
account for transition/transversion rate bias (k) and codon
usage bias (see YANG and NIELSEN 1998 for details). We used
two models to determine equilibrium codon frequencies. The
first model used the nucleotide frequencies at the three posi-
tions of the codon and had 3 X (4 — 1) = 9 parameters. The
second model used empirical estimates of 61 codon frequen-
cies and had 60 parameters. Likelihood ratio tests comparing
those two models (d.f. = 60 — 9 = 51) were significant for
81 of the 82 genes (data not shown). Analyses of substitution
rates using both models were similar and hence only results
obtained using empirical estimates of codon frequencies are
presented.

Likelihood ratio tests of the assumption that the nonsynony-
mous/synonymous rate ratio (w = dy/ds) is homogeneous for
all three mammalian lineages were performed by comparing
two models of dy/ds ratios (YANG and NIELSEN 1998). Model
0 assumed the same ratio (w,) for all three branches of the
artiodactyl, primate, and rodent tree, whereas model 1 allowed
independent dy/ds ratios (w,, wp, wg) for the three branches.
Twice the log-likelihood difference under these two models
was compared to a x? distribution with d.f. = 2. This constitutes
a likelihood ratio test of the strict neutral hypothesis. Model
1 also was used to obtain lineage-specific estimates of ds and
dy for each gene.

Estimates of ds and dy also were computed pairwise between
sequences using the approximate methods of NE1 and Gojo-
BORI (1986) and INa (1995). The PAML package (YANG 1999)
was used to implement the method of NErI and GoOjJoBORI
(1986) and Ina’s program (distsl, available at ftp.nig.ac.jp)
was used to implement method 1 of INa (1995). To facilitate
comparison of approximate and ML methods, we also esti-
mated ds and dy in a pairwise fashion between the three orders
of mammals using ML (GoLpmAN and YANG 1994).

ML estimation can be performed under different model
assumptions. We thus changed the models to investigate the
effects of nucleotide (codon) frequencies and transition/
transversion rate bias on estimation of ds and dy. If one com-
pares a model in which k is fixed to 1 (the rate of transition
is set equal to the rate of transversion) to a model without
such a constraint, the difference in ds and dy indicates the
bias that arises from failure to account for the transition/
transversion ratio. Likewise, if one compares a model in which
codon frequencies are assumed to be equal (1/61) to a model
where codon frequencies are free parameters, the difference
in dsand dy indicates the bias that arises from failure to account
for unequal codon usage.

RESULTS

Nucleotide (codon) usage bias and transition/trans-
version bias are common features of mammalian DNA
sequence evolution: GC content at third codon posi-
tions (GC3) varied greatly among genes, ranging from
29 to 96%. Consistent with the suggestion that most
mammalian genes are located in GCrich isochores
(BERNARDI 1993), we observed that the majority of
genes (60%) were GC rich (GC3 > 60%) at third codon
positions. Only a small proportion of genes (5%) were
AT rich (AT3 > 60%) at third codon positions. Mean
values of GC3 were 65, 62, and 62% for artiodactyl,
primate, and rodent genes, respectively.

Consistent with patterns of nucleotide bias, codon
usage also varied greatly among genes, with ENC rang-
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ing from small values indicating highly biased codon
usage (e.g., primate neurophysin 1 = 30.8) to large values
indicating unbiased codon usage (e.g., rodent trans-
forming growth factor 1 = 60.4). Mean values of ENC
were 46.8, 47.6, and 49.6 in artiodactyls, primates, and
rodents, respectively. ML estimates of the transition/
transversion rate ratio, K, indicated that a transition bias
was also present in all the sampled genes (Table 1).
Collectively, these data show that transition/transver-
sion bias and biased nucleotide (codon) frequencies
are common features of DNA sequence evolution in
mammalian genes.

Lineage-specific estimation of substitution rates by
maximum likelihood: Results of ML analyses using
model 0 (one dy/ds ratio) and model 1 (lineage-specific
dy/ds ratios) are presented in Table 1. Using a likeli-
hood ratio test, homogeneity of dy/ds ratio was rejected
for 33 (40%) of the sampled genes (Table 1). Further-
more, there were 6 genes in the primate lineage (CD3
€ antigen, growth hormone receptor, insulin-like growth
factor 1, interleukin 6 receptor, interleukin 7, osteopon-
tin) and one gene in the artiodactyl lineage (interleukin
2) for which dy/ds ratios were >1.0. Because positive
selection could adversely affect our investigation (MAKA-
LOWSKI and BoGuskI 1998), gene and lineage combina-
tions for which the dy/ds ratio was >1 were excluded
from further analysis.

Values of dy and ds were estimated separately for the
artiodactyl, primate, and rodent lineages using model
1 (Table 1). Estimates of ds for these lineages were
positively correlated (artiodactyl vs. primate, # =
0.1343, P = 0.0013; artiodactyl vs. rodent, # = 0.2993,
P<0.0001; primate vs. rodent, #* = 0.2632, P< 0.0001).
Similarly, estimates of dy were correlated between lin-
eages (artiodactyl vs. primate, # = 0.5758, P < 0.0001;
artiodactyl vs. rodent, ¥ = 0.6401, P < 0.0001; primate
vs. rodent, ¥ = 0.5763, P < 0.0001). These findings are
consistent with previous reports that substitution rates
were variable among genes, and genes with higher sub-
stitution rates in one lineage tended to have higher
rates in other lineages as well (BULMER et al. 1991;
MouUCHIROUD et al. 1995).

Hypothesis testing using maximum-likelihood esti-
mates of substitution rates: The null hypothesis that
the rate of synonymous substitution is independent of
nucleotide composition was evaluated by linear regres-
sion of lineage-specific estimates of ds and GC3. There
was a significant positive correlation between ds and
GC3, with # = 0.45, 0.27, and 0.26 in artiodactyls, pri-
mates, and rodents, respectively. Because results were
similar for all three lineages, only results for artiodactyl
genes are presented in Figure 1.

Because nonstationary genes could have negative im-
pacts on analyses of substitution rates (LANAVE el al.
1984; SACCONE et al. 1989; MoucHIROUD and GAUTIER
1990), each gene was tested for homogeneity of nucleo-
tide frequencies. Chi-square tests at third positions of

the codon indicated significant heterogeneity among
lineages in 27 (33%) of the genes (Table 1). Reanalysis
of the subset of genes defined by homogeneity of nucle-
otide frequencies also yielded a significant positive rela-
tionship between ds and GC3 (artiodactyls, ¥ = 0.5053,
P < 0.0001; primates, * = 0.2351, P = 0.0004; rodents,
7 = 0.4225, P < 0.0001). This finding indicated that
a positive correlation between ds and GC3 was not a
consequence of including genes that were nonstationary
for nucleotide frequencies.

The null hypothesis that synonymous and nonsynony-
mous substitution rates are independent was evaluated
by linear regression of lineage-specific estimates of ds
and dy. In the artiodactyl and rodent lineages, the corre-
lation between ds and dy did not differ significantly
from zero (Figure 2, a and b). Primate genes, however,
exhibited a significant positive correlation between ds
and dy (Figure 2c). This plot has an outlier gene (growth
hormone), and MakarL.owskr and Bocuski (1998) dem-
onstrated that outliers could have adverse effects on
linear regression of ds and dy. When growth hormone
was removed, the correlation between ds and dy did not
differ significantly from zero (Figure 2d). Reanalysis of
artiodactyl and rodent lineages to the exclusion of other
outlier genes had no effect on the inferred relationship
between ds and dy (data not shown). Given that previous
analyses of growth hormone indicated episodes of posi-
tive selection (OHTA 1993; WaALLIS 1996), we excluded
it from further analyses.

The null hypothesis that synonymous and nonsynony-
mous substitution rates are independent was retested
by using ds and dy estimated from the subset of genes
defined by homogeneous dy/ds ratios. None of the com-
parisons exhibited a significant correlation (artiodac-
tyls, ¥ = 0.0297, P = 0.2367; primates, »* = 0.0304, P =
0.2418; rodents, ¥ = 0.0025, P= 0.7318). Similar results
also were obtained from reanalysis of the subset of genes
defined by stationary nucleotide frequencies (artiodac-
tyls, # = 0.0003, P = 0.9074; primates, #* = 0.0284, P =
0.2525; rodents, ©* = 0.0013, P = 0.7919). These results
indicate that lack of a correlation between ds and dy was
not a consequence of including genes with nonstation-
ary nucleotide frequencies or with variable dy/ds ratios
among lineages.

Hypothesis testing using approximate estimates of
substitution rates: The two null hypotheses were tested
using two approximate methods (NEI and GOJOBORI
1986; Ina 1995). Consistent with some previous analyses
that used approximate methods (MivaTa et al. 1982;
BERNARDI et al. 1993; MATASST et al. 1999; SMITH and
HursT 1999), the correlation between ds estimated be-
tween a pair of lineages and the average GC3 between
the same pair of lineages did not differ significantly
from zero. Also consistent with previous analyses based
on approximate methods (GRAUR 1985; L1 et al. 1985;
WOoLFE and SHARP 1993; MOUCHIROUD ¢/ al. 1995; OHTA
and INa 1995; MARALOWSKI and BoGuskr 1998; SmMITH
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FIGURE 1.—The relationship between ML estimates of ds
and GC3 in artiodactyl genes.

and HursT 1999), there was a significant positive corre-
lation between ds and dy. Because results were similar
for all three comparisons, only comparisons between
artiodactyl and primate genes are presented in Figure 3.
These findings indicate that approximate and ML meth-
ods led to exactly opposite conclusions.

Pairwise estimation of ds and dy using maximum likeli-
hood is consistent with lineage-specific estimation of ds
and dy: Approximate methods are applicable only to
pairwise sequence comparisons, whereas ML results dis-
cussed above were obtained from joint analysis of all
sequences on a phylogeny. To facilitate direct compari-
son of approximate and ML methods, ds and dy were
re-estimated in a pairwise fashion between the sampled
lineages using ML (GoLDMAN and YANG 1994). In all
three pairwise comparisons, estimation of substitution
rates via ML yielded results similar to those obtained by
using lineage-specific estimates of substitution rates; i.e.,
a significant positive correlation was observed between

J. P. Bielawski, K. A. Dunn and Z. Yang

ds and GC3, and a nonsignificant correlation was ob-
served between dy and ds (Figure 3, c¢ and f). These
findings indicate that comparisons could be made be-
tween approximate and ML methods by utilizing ML to
estimate dy and dsin a pairwise fashion between lineages.

Reconciling differences between methods: We have
shown that transition/transversion bias is a common
feature of DNA sequence evolution in these genes. The
approximate method of NEI and Gojosor1 (1986) ig-
nores the transition/transversion bias by assuming rate
equality. We changed the parameters of the codon
model to investigate the effects of this assumption on
the estimation of ds and dy (see MATERIALS AND METH-
ops). The effect of ignoring the transition/transversion
rate bias was consistent underestimation of the numbers
of synonymoussites (S; Figure 4a). Because transitions at
third codon positions are more likely to be synonymous
than transversions, ignoring the transition/transversion
bias leads to underestimation of S and overestimation
of dy (L1 et al. 1985; PAMiLo and BranchHr 1993; INa
1995; YANG and NIELSEN 1998).

We also have shown that biased nucleotide (codon)
frequencies were characteristic of the sampled genes.
Both the methods of NEI and Gojosor1 (1986) and INa
(1995) ignore this feature of DNA sequence evolution.
We changed the parameters of the codon model to
investigate the effect of this assumption on estimation
of ds and dy (see MATERIALS AND METHODS). Ignoring
codon bias had the opposite effect to ignoring the transi-
tion/transversion bias, in that Swas consistently overesti-
mated (Figure 4b). These results indicate that the num-
ber of synonymous sites (S) available to mutation was
restricted to varying degrees by biased codon usage.
Because approximate methods (NEI and GOJOBORI
1986; Ina 1995) assume unbiased codon usage, counts
of the number of synonymous substitutions will be mea-
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FIGUrRe 3.—The relationship between pairwise estimates of ds and mean GC3 (a—c) and the relationship between pairwise
estimates of ds and dy (d—f). All plots represent a pairwise comparison between artiodactyl and primate genes. Pairwise estimates
of substitution rates were computed by using the approximate methods of NI and GojoBorI (1986) and INa (1995) and also

by using ML (GoLDMAN and YANG 1994).

sured against too large a number of synonymous sites,
and therefore ds will be underestimated. Because the
total number of sites is fixed in a gene, the bias in
estimation of nonsynonymous sites (V) is opposite to
that of S.

To understand why different methods produced dif-
ferent results concerning the correlation of ds with GC3
or dy, we examined the following two summary statistics:
(i) the ratio of the approximate estimate of ds to the
ML estimate of ds (ds ratio) and (ii) the ratio of the
approximate estimate of dy to the ML estimate of dy (dy
ratio). Plots of the ds ratio and dy ratio against GC3
illustrate the complexity of the biases involved in ap-
proximate estimation of ds and dy (Figure 5). For genes
with highly biased nucleotide (codon) usage (GC3 >
60%), both approximate methods were consistent with
our earlier analysis of codon models that ignored nucle-
otide (codon) frequencies (Figure 4b) in that ds was
underestimated and dy was overestimated (Figure 5).
However, when nucleotide (codon) bias was weak
(GC3 < 60%), the two approximate methods differed
in the direction of bias, with the method of NEI and
GoJoBORI (1986) overestimating ds and underestimat-
ing dy (Figure 5a) and the method of INa (1995) under-
estimating ds and overestimating dy (Figure 5b).

Estimates of ds and dy by the method of NE1 and
GojoBoRri1 (1986) were affected differently in genes with

high and low codon bias (Figure 5a) because this
method ignores both the transition/transversion rate
bias and codon usage bias, and these two features of
DNA sequence evolution have opposite effects on esti-
mation of ds and dy (Figure 4). The method of INa
(1995) overestimated ds and underestimated dy in genes
with both weak as well as strong codon usage bias be-
cause this method overcorrects for the transition/trans-
version rate bias (YANG and NIELSEN 1998), thereby
producing bias in the same direction as when codon
usage is highly biased. For both methods, codon usage
bias had the largest effect on approximate estimation
of ds and dy (Figure 5).

To understand the difference between methods con-
cerning the ds and dy correlation, we examined the
relationship between ds ratios and ML estimates of dy
and the relationship between dy ratios and ML estimates
of ds. Although approximate methods produced highly
biased estimates of ds (Figure 5), there was no significant
correlation between this bias (ds ratio) and dy (e.g.,
artiodactyl vs. primate: Ne1 and GojoBor1 1986, # =
0.025, P = 0.1539; Ina 1995, * = 0.017, P = 0.2505).
However, there was a significant positive correlation
between the dy ratio and ds (e.g., artiodactyl vs. primate:
Ner and GojoBori 1986, # = 0.227, P < 0.0001; Ina
1995, # = 0.258, P < 0.0001). These findings suggest

that approximate estimation of dy could interpose a
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FIGURE 4.—Bias in the estimated number of synonymous
sites (S) when (a) transition/transversion ratio (k) is ignored
and (b) when unequal codon frequencies are ignored. Data
presented in (a) were estimated using two models with equal
codon frequencies (1/61), and in one model k was a free
parameter and in the other model k = 1 (transition and
transversion rates assumed to be equal). Data presented in
(b) were estimated using two models with k = 1, where one
model used empirical codon frequencies and the other model
assumed equal codon frequencies (1/61).

positive correlation between estimates of nonsynony-
mous and synonymous substitution rates.

The preceding analyses suggested that failure of the
approximate methods to properly account for the transi-
tion/transversion rate bias and unequal codon usage
has resulted in seriously biased estimates of substitution
rates. These biases appear to be the source of conflict
between the methods. To test this prediction, we re-
tested the two null hypotheses using substitution rates
estimated from a codon model that was modified to
ignore biased nucleotide (codon) frequencies and tran-
sition/transversion ratio. Linear regression of substitu-
tion rates estimated using this codon model yielded
results that fit the prediction, ¢.e., there was no signifi-
cant correlation between ds and GC3 (e.g., artiodactyl
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Ficure 5.—Bias in (a) the method of NEI and GOJOBORI
(1986) and (b) the method of INA (1995) as compared to
ML. Data represent pairwise comparisons between artiodactyl
and primate genes. Bias was measured using the ratio of the
approximate estimate of ds to the ML estimate of ds (ds ratio)
and the ratio of the approximate estimate of dy to the ML
estimate of dy (dy ratio). “NG” indicates the method of NEI
and GojoBORI (1986), “Ina” indicates method 1 of INa (1995),
and “ML” indicates the maximum-likelihood method of GoLD-
MAN and YANG (1994).

vs. primate: #* = 0.027, P = 0.137), and there was a
significant positive correlation between ds and dy (e.g.,
artiodactyl vs. primate: #* = 0.124; P = 0.001).

DISCUSSION

Synonymous substitution rate is positively correlated
with nucleotide composition: Mammalian genomes ex-
hibita degree of structure in the form of long (>300 kb)
compositionally homogenous regions of DNA known as
isochores (BERNARDI 1993). The well-known correlation
between GC content at third codon positions of a gene
and GC content of the isochore in which that gene
resides, permits us to study substitution rates at the level
of the isochore (MoOUCHIROUD et al. 1991; BERNARDI
1995; CrLAY et al. 1996). Our results indicate that synony-



Substitution Rates in Mammals 1307

mous substitution rates differ among isochores and
therefore among different regions of the mammalian
genome. Furthermore, the most GC-rich isochores ap-
pear to have the highest synonymous substitution rate.
These results are significant because arguments against
a mutation-based hypothesis for the origin and main-
tenance of isochores have relied, in part, upon the as-
sumption that synonymous substitution rates do not
differ among regions of the mammalian genome (BERr-
NARDI ¢f al. 1993; MOUCHIROUD et al. 1995).

The hypothesis that synonymous substitution rates
vary among different isochores was originally proposed
by WoOLFE et al. (1989). Moreover, WOLFE et al. (1989)
found remarkably similar rates of silent substitution in
six physically linked genes in mouse and rat. Support
for the hypothesis of WOLFE et al. (1989) can be found
in other studies. MATASSI et al. (1999) investigated syn-
onymous substitution rates among genes lying within
one centimorgan of each other in mouse and human.
Synonymous substitution rates among these neigh-
boring genes were more similar than among genes that
were farther apart on the chromosome (MATASSI el al.
1999). The results of our study, taken together with
those of WOLFE et al. (1989) and MaTAssI et al. (1999),
suggest that the perceived gene specificity of synony-
mous substitution rate reflects, at least in part, region-
specific effects on the rate of synonymous substitution.

Marasst et al. (1999) also investigated GC3 content
of genes within one centimorgan of each other and
found that the same sets of neighboring genes were
more similar to each other in GC content than genes
found farther apart on the chromosome. However, in
contrast to our study, MATASSI et al. (1999) did not
find a significant correlation between ds and GC3 and
hypothesized that regional similarities in both synony-
mous substitution rates and nucleotide composition
were evolving independently of each other. Values of
dsused in their correlation analysis were estimated using
the approximate method of Li (1993). Because this
method is similar to the method of Ina (1995) in that
it does not account for biased nucleotide (codon) fre-
quencies, their estimates might be biased.

Our results have important implications for the hy-
pothesis of ALVAREZ-VALIN el al. (1998) that selection
is acting to enhance translational accuracy in mammals.
If selection is acting to enhance translational accuracy,
then we should observe a negative correlation between
nucleotide (codon) bias and synonymous substitution
rate (AkasHI 1994). Our finding of a positive correlation
between ds and GC3 suggests that synonymous codon
usage in mammals is not subject to this type of selective
constraint. In support of AkAsHI (1994), a negative cor-
relation between synonymous substitution rate and co-
don bias has been observed in Drosophila, bacteria, and
yeast (SHARP and L1 1987, 1989; SHIELDS el al. 1988;
MorivaMA and GojoBorr 1992; PoweLL and MORI-

vAMA 1997), and in these taxa codon usage also matches
tRNA abundance.

The results of this study do not preclude a role for
selection in the maintenance of mammalian isochores.
It has been suggested that selection might be acting
regionally to elevate GC content (BERNARDI ef al. 1985,
1988). In this hypothesis, selection acts to elevate GC
content in regions of the genomes of warm-blooded
vertebrates as a means of protecting DNA from heat
degradation (BERNARDI et al. 1985, 1988). In support
of this hypothesis, EYRE-WALKER (1999) reported that
patterns of silent site variation in major histocompatibil-
ity genes of mammals were not consistent with neutral
expectations, but were consistent with the influence of
selection on nucleotide composition. However, FRAN-
ciNo and OcHMAN (1999) recently reported that inter-
specific variation in two globin pseudogenes that reside
in different isochores was consistent with the effect of
differential GC mutation pressure. Although data pre-
sented here are not sufficient to resolve this long-stand-
ing controversy, our conclusion that synonymous sub-
stitution rates vary among different isochores, taken
together with the recent findings of FRANCINO and OcH-
MAN (1999), suggest at least a partial role for mutation
in the maintenance of mammalian isochores.

Synonymous substitution rate is independent of non-
synonymous substitution rate: SmiTH and HURsT (1999)
estimated substitution rates between pairs of rat and
mouse genes and found that the correlation between
ds and dy obtained from ML was less than neutral expec-
tations (OHTA and INA 1995), whereas the correlation
obtained from approximate methods was greater than
neutral expectations. In this regard the results of their
study are compatible with ours. However, the findings
of SmiTH and HursT (1999) differ from ours in that a
positive correlation between ML estimates of ds and dy,
although less than neutral expectations, was significant.
The reason for this difference is unclear.

A potential source of correlation between ds and dy
is variation among loci in codon usage and base frequen-
cies. The significant correlation between ds and dy indi-
cated by the approximate methods, which ignore codon
usage bias, disappeared after we corrected for codon
usage and base frequencies. Results of simulation stud-
ies (YANG and NieLsEN 1998, 2000) support the view
that the differences among methods observed in the
present study may be attributed to biases in estimation.

What is clear from both this study and the study of
SmitH and HursT (1999) is the sensitivity of such
analyses to the estimation method and to assumptions
concerning the transition/transversion rate bias and
nonrandom codon usage. Unbiased estimation of substi-
tution rates is a critical aspect of reliably measuring the
effectiveness of selection at synonymous sites.

This study was supported by a Biotechnology and Biological Sciences
Research Council grant (31/G10434) to Z.Y.
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