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A simple model based on mutation and selection explains trends
in codon and amino-acid usage and GC composition within and
across genomes 
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Abstract

Background: Correlations between genome composition (in terms of GC content) and usage of
particular codons and amino acids have been widely reported, but poorly explained. We show
here that a simple model of processes acting at the nucleotide level explains codon usage across a
large sample of species (311 bacteria, 28 archaea and 257 eukaryotes). The model quantitatively
predicts responses (slope and intercept of the regression line on genome GC content) of
individual codons and amino acids to genome composition. 

Results: Codons respond to genome composition on the basis of their GC content relative to
their synonyms (explaining 71-87% of the variance in response among the different codons,
depending on measure). Amino-acid responses are determined by the mean GC content of their
codons (explaining 71-79% of the variance). Similar trends hold for genes within a genome.
Position-dependent selection for error minimization explains why individual bases respond
differently to directional mutation pressure.

Conclusions: Our model suggests that GC content drives codon usage (rather than the converse). It
unifies a large body of empirical evidence concerning relationships between GC content and amino-
acid or codon usage in disparate systems. The relationship between GC content and codon and
amino-acid usage is ahistorical; it is replicated independently in the three domains of living organisms,
reinforcing the idea that genes and genomes at mutation/selection equilibrium reproduce a unique
relationship between nucleic acid and protein composition. Thus, the model may be useful in
predicting amino-acid or nucleotide sequences in poorly characterized taxa.
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Results and discussion
Empirical relationships between GC content and
codon/amino-acid frequency
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Figure 1
Only some codons and amino acids respond to GC content.
(a) Plot of codon frequency within coding sequences versus
total GC content, for the arginine codons CGA (white
squares) and CGC (black circles) in bacteria and archaea.
Linear regression lines are shown in black for CGC and gray
for CGA. (b) A similar plot for the amino acids threonine
(white squares) and arginine (black circles) in bacteria and
archaea. The plots show that whereas CGC and arginine
clearly correlate with GC content, CGA and threonine do
not. The three relevant parameters for the response, slope,
intercept and correlation coefficient, are all highly correlated
with each other (see Table 1).
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Table 1

Pairwise correlations between measures of response to genome GC content

Amino acids (n = 21) Codons (n = 64)

Archaea/bacteria Eukaryotes Archaea/bacteria Eukaryotes

Slope Intercept Slope Intercept Slope Intercept Slope Intercept

Slope — 0.95 — 0.96 — 0.90 — 0.91

Correlation coefficient 0.92 0.96 0.96 0.98 0.90 0.97 0.94 0.94

All pairs of measures are highly correlated. Critical values: for amino acids (n = 21 including stop codons), r of 0.9 corresponds to P = 3 x 10-8. For
codons (n = 64), r of 0.9 corresponds to P = 5 x 10-24. The x intercept is transformed as x’ = 1/(50% - x) to minimize the effects of extreme values with
large errors: this occurs for codons and amino acids with very flat slopes.
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Figure 2
Codon and amino-acid responses are determined by their
individual GC content. (a) Plot of response to GC content
(here, the slope of the regression of absolute frequency in
coding sequences on genome GC content) versus
composition of the 21 codon sets (20 amino acids and
termination) for archaea/bacteria (black symbols, thick lines)
and eukaryotes (white symbols, thin lines). (b) A similar plot
for the 64 codons. Note that, of the three measures of
response, the slope is the least highly correlated with codon
or amino-acid composition (see Table 2). For amino acids the
composition is the mean GC content of their codons (a). For
codons (b,c) the composition is the difference (�GC)
between the codon’s GC content and the mean GC content
for all codons encoding the corresponding amino acid. (c) A
response-composition plot of the 64 codons showing
response within genomes rather than between them, for a
bacterium (Synechocystis, black symbols, thick line), an
archaean (Archaeoglobus, gray symbols, gray line), and a
eukaryote (Drosophila, white symbols, dashed line). The gray
line is almost coincident with the thick line; the points are
clustered along the abscissa because the structure of the
code restricts the possible GC content of the codon sets.
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Figure 3
The codon response to genome GC content varies with
position. A re-plot of GC3 versus GC1, GC2 from [4], using
the additional sequence data now available. Each point
represents an organism, classified by domain: archaea, gray;
bacteria, black; eukaryotes, white. GC1, diamonds; GC2,
squares. Lines are model I least-squares regressions. Where
GC3 = 0%, the remaining %GC in position 1 and position 2
is assumed to represent constant sites (that is, those fixed
by selection to remain G or C). Similarly, where GC3 =
100%, the remaining %AT in position 1 and position 2 is
assumed to represent constant sites where A or T have
been fixed.
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Table 2

Correlations between composition and response to GC content

Amino acids Codons

Correlation Archaea/ Eukaryotes Archaea/ Eukaryotes
with: bacteria bacteria

Slope 0.842 0.853 0.840 0.849

Intercept 0.878 0.886 0.931 0.910

Correlation 0.886 0.887 0.934 0.922
coefficient

Amino acids: correlation of each measure of response with mean codon
GC content. Codons: correlations with difference between GC content
and mean GC content of synonymous codons. See also Figure 2.
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Table 3

Responses of GC1 and GC2 to changes in GC3, by domain

n R2 Slope ± SE Y at GC3 = 0 ± SE Y at GC3 = 100 ± SE

Bacteria 311 GC1 0.91 0.370±0.007 0.367±0.004 0.737±0.003

GC2 0.80 0.219±0.006 0.291±0.004 0.510±0.003

Archaea 28 GC1 0.85 0.38±0.03 0.35±0.02 0.73±0.02

GC2 0.60 0.16±0.03 0.30±0.01 0.45±0.01

Eukaryotes 257 GC1 0.57 0.24±0.01 0.402±0.008 0.643±0.007

GC2 0.38 0.15 ±0.01 0.334±0.007 0.482±0.006

Because there is error in both axes, but there should be a definite causal relationship between GC3 and GC1 or GC2, we use model I regression to
predict specific values of GC1 or GC2 from a set value of GC3, and thus to calculate the most likely proportion and GC content of constant sites [73].
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Figure 4
Predicted versus actual responses for sets of codons with identical composition. Each line is the sum of eight codons with the
same GC content (by position). Each solid circle is a species. Lines of open circles are the theoretical predictions based on
the four-parameter model. (a) All-GC (blue) and all-AT (red) codons in prokaryotes. (b) Codons with two G or C and one
A or T, the minority base being at the first (blue), second (green), or third (red) position. Note that the third-position slope is
actually of opposite sign to the first- and second-position slopes. The orange line is what would be expected if there were no
position dependence (that is, P(GC)2P(AT) as in [56]). (c) As in (b), but for codons with two A or T and one G or C. In this
case, the orange line is P(AT)2P(GC). (d) As in (c), but for eukaryotes. (e) As in (d), but now each point is a randomly
chosen gene in Drosophila.
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Figure 5
Comparison of predicted versus actual codon responses.
Both bacteria/archaea (black) and eukaryotes (white) show a
very good fit between the model and the data (in this case,
predicted slopes along the x axis and actual slopes along the
y axis). The slope is 1 and passes through the origin in both
cases, indicating that the model is an unbiased predictor of
codon usage trends. See Table 4 for other comparisons.
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Table 4

Concordance between predictions and data

Archaea/bacteria Eukaryotes

Amino acids/codons Observed Four-parameter 24-parameter Observed Four-parameter 24-parameter

Observed Slope - 0.89 0.93 - 0.88 0.92

Intercept - 0.91 0.92 - 0.90 0.91

Four-parameter Slope 0.83 - 0.95 0.80 - 0.96

Intercept 0.82 - 0.99 0.80 - 0.98

24-parameter Slope 0.90 0.94 - 0.85 0.95 -

Intercept 0.86 0.96 - 0.80 0.95 -

Each entry is the correlation coefficient between the predicted and observed values for the 64 codons (above the diagonal) or 21 amino acid sets (below
the diagonal) for archaea and bacteria (left) and eukaryotes (right). See Figure 5 for an example (the graph for the first entry on the second column: note
that the graph shows R2, not R). 
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Table 5

Violations of Chargaff’s rule and rate constancy

|slope A/B| |slope E| Error

T1 0.251 0.248 6.591

C1 0.421 0.382 4.640

A1 0.466 0.334 2.474

G1 0.296 0.201 3.930

T2 0.095 0.126 7.738

C2 0.221 0.217 5.256

A2 0.333 0.254 11.984

G2 0.207 0.163 7.487

T3 0.938 0.986 0.065

C3 1.108 1.212 0.065

A3 0.917 1.051 0.076

G3 0.746 0.825 0.082

|slope AB| is the absolute value of the change of a given nucleotide at a
given position (relative to total coding sequence GC content) in
archaea/bacteria; |slope E| is the corresponding slope in eukaryotes. Error
is a measure of the average consequence of a change in a particular base
at a particular codon position (for example, T1 is T at the first position,
using a methodology based on [69]. See text for explanation.
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