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Department of Genomics, Faculty of Biotechnology, University of Wrocław, Wrocław, Poland
mwcleo@gmail.com, blazej@smorfland.uni.wroc.pl, pamac@smorfland.uni.wroc.pl

Keywords:

Codon, Evolution, Metropolis-Hastings Algorithm, Monte Carlo Simulations, Mutation, Nucleotide Composition, Protein Coding Sequence, Rate Matrix, Selection, Substitution, Transition, Transversion.

Abstract:

Protein coding sequences are characterized by specific nucleotide composition in three codon positions as
a result of mutational and selection pressures. To analyse the impact of mutations and different transition/transversion ratio on three codon position in protein coding sequences, we elaborated a model of genome
evolution based Monte Carlo simulation. Selection was applied against stop translation codons and modified Metropolis-Hastings algorithm to maintain typical nucleotide composition of particular codon positions.
The simulations were performed on genomes consisting of bacterial gene sequences. We used a series of
nucleotide substitution matrices assuming different transition/transversion ratio and nucleotide stationary distribution characteristic of the real mutational pressure. The simulations showed exponential decrease in the
number of eliminated genomes with the growth of the transition/transversion ratio. The same trend was also
observed both for accepted and to lesser extent for rejected mutations. The third codon positions much more
mutations accepted than rejected because of very similar composition to the mutational stationary distribution,
whereas the first positions accumulated the smallest number of mutations and rejected the most as a result of
strong selection on its nucleotide composition. The obtained results showed different response of three codon
positions on mutational pressure related with their characteristic nucleotide composition.

1

INTRODUCTION

One of characteristic features of protein coding sequences resulting from their coding and functional requirements is their triplet (codon) structure, which is
related to a specific nucleotide composition of three
codon positions (Wong and Cedergren, 1986; Anderson and Kurland, 1990; Zhang and Zhang, 1991;
Gutierrez et al., 1996; Cebrat et al., 1997a; Cebrat
et al., 1998; Wang, 1998). There are two forces, mutation pressure and selection constraints, which can
change or maintain this composition (Frank and Lobry, 1999).
The first two codon positions are usually subjected to strong selective constraints although some
influence of replication-associated mutational pressure was also observed (McLean et al., 1998; Cebrat et al., 1999; Mackiewicz et al., 1999a; Tillier
and Collins, 2000; Kowalczuk et al., 2001b). Generally, the first codon positions of protein coding sequences are rich in purines, guanine (G) and adenine
(A), whereas the second positions are poor in guanine
and contain more cytosine (C) and adenine. The dom-

inance of purines, and particularly guanine in the first
codon position and their deficiency in the second position can ensure the correct reading frame of transcripts during translation by interaction of nucleotides
in the first codon positions of mRNA with also periodically distributed cytosines in rRNA (Trifonov, 1987;
Lagunez-Otero and Trifonov, 1992; Trifonov, 1992).
In support of this, highly expressed genes are characterized by increased usage of codons starting from
guanine and to lesser extent from adenine, which does
not depend on the overall G+C content in the genome
(Gutierrez et al., 1996; Pan et al., 1998; Akashi,
2003; Das et al., 2005). This composition reflects
also the frequent usage of acidic amino acids coded
by GAN codons (Karlin and Mrazek, 1996) as well as
glycine, alanine and valine in coded proteins (Karlin
et al., 1992). It was found that these amino acids are
very common in products of highly transcribed genes
(Jansen and Gerstein 2000, Akashi 2003, Marin et al.
2003). The excess of purines in the coding sequences
(Shepherd, 1981; Smithies et al., 1981; Karlin and
Burge, 1995; Cebrat et al., 1997b; Freeman et al.,
1998) was also explained by their less susceptibility to
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mutations than pyrimidines (Hutchinson, 1996). During transcription process, the sense strand of genes
stays longer in the single-stranded state. Therefore,
it is more exposed than the antisense strand, which
is preferably repaired and protected by proteins (Mellon and Hanawalt, 1989; Hanawalt, 1991). Changes
in the second position in codons are generally more
conserved than in the first one because mutations in
the former more often lead to changes in hydrophobicity and polarity of coded amino acid residues.
On the other hand, the third codon positions are
most of all subjected to accumulations of mutations
because most nucleotide substitutions in these sites
usually do not change coded amino acid residues or
their properties. However, not all substitutions are
necessarily neutral. Some preferences in usage of
synonymous codons (i.e. coded the same amino acid)
were observed in highly expressed genes, which is
positively correlated with tRNA content in cells and
the rate of translation (Ikemura, 1981; Ikemura, 1985;
Bennetzen and Hall, 1982; Sharp and Cowe, 1991;
Kanaya et al., 1999). The third codon position are
usually rich in pyrimidines, particulary in thymine
(T), probably as a result of the most frequent point
mutation, deamination of cytosine and its homologue
5-methylcytosine to uracile, which finally leads to
substitution C to T (Echols and Goodman, 1991; Lindahl, 1993; Kreutzer and Essigmann, 1998).
There are two types of point mutations happening
in protein coding sequences: transitions (substitution
between the same chemical types of nucleotides, between purines and between pyrimidines) and transversions (substitution between the different types of nucleotides, between purines and pyrimidines). Transitions are usually several times more often observed
in real sequences than transversions although the expected ratio is 1:2 if all substitutions are equally likely
(Wakeley, 1996). This bias results from higher rate of
chemical changes between nucleotides with the similar structure and more common transition substitutions introduced during replication of genetic material. Moreover, transitions more rarely cause changes
in coded amino acids or their properties, therefore are
more often accepted than transversions.
To study the influence of mutations and different transition/transversion rate on accumulation of
substitutions in three codon position of protein coding sequences, we elaborated Monte Carlo simulation
model of genome evolution. As a selection module,
we applied selection against occurrence of stop translation codons and a modified Metropolis-Hastings algorithm to keep nucleotide composition characteristic
of a given codon position by acceptance or rejection
of introduced mutations.
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2

MATERIALS AND METHODS

The simulations were carried out for two million steps
on the population of 72 individuals that represented
protein coding sequences from bacterial genome of
Borrelia burgdorferi. This genome is very suitable for
mutation simulation studies (Kowalczuk et al., 1999;
Błażej et al., 2012) because shows very strong compositional bias related to differently replicated leading/lagging DNA strands (McInerney, 1998; Mackiewicz et al., 1999b). Moreover, it has the determined mutational pressure associated with DNA
replication (Kowalczuk et al., 2001a). In our simulation, each individual consisted of 333 gene sequences, with the total length of 353, 035 bp, lying on the leading strand. The sequences and their
annotations were downloaded from NCBI database
(http://www.ncbi.nlm.nih.gov).
Table 1: The substitution rate matrix P corresponding to
HKY85 model, used in simulations. A nucleotide in the
column is substituted by a nucleotide in the row. πx is the
stationary frequency of a given nucleotide, whereas α corresponds to the transition rate.

A
C
G
T

A
πA
απA
πA

C
πC
πC
απC

G
απG
πG
πG

T
πT
απT
πT
-

The applied Monte Carlo simulations consisted of
two stages: mutation of gene sequences and selection of individuals in population. The mutations were
introduced into the sequences according to the Poisson process with average equal to one mutation per
genome. Nucleotide substitutions (mutations) were
generated by a probability matrix P (Table 1) described by the HKY85 model (Hasegawa et al., 1985).
This model distinguished transversion and transition
rates as well as assumed that a given substitution was
proportional to the stationary frequency of nucleotide
πx that was created by this substitution. The stationary distribution of nucleotides was the same as for the
empirical matrix describing mutational pressure for
the leading strand in B. burgdoferi genome (Table 2),
which was also used in these simulation for comparison.
We decided to use the modified model of nucleotide substitution because it enabled easy implementation of various transition rates α and, simultaneously, inclusion of the assumed stationary distribution. We tested different values of α from 0.1 to 10
with the step of 0.1. For all cases, transversion rate
was fixed to 1 and defined only from frequencies of
nucleotides under the stationary distribution π.
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Table 2: The uniformized substitution matrix describing
real mutational pressure for the leading DNA strand in the
B. burgdorferi genome (Kowalczuk et al., 2001a). A nucleotide in the column changes to a nucleotide in the row
with the given probability.

A
C
G
T

A
0.81
0.07
0.16
0.07

C
0.02
0.62
0.01
0.03

G
0.07
0.05
0.71
0.03

T
0.10
0.26
0.12
0.87

matrix P which generates mutation process (see Table 4 as an example).
Table 4: The acceptance-rejection matrices for three codon
positions based on the HKY85 matrix assuming the transition/transversion ratio α=1.1.

A
C
G
T

Every substitution rate matrix was transformed
to jump probability matrix using uniformization
method (Tijms, 2003), see Table 3 as an example.
This approach is generally used to change the original
continuous in time Markov process with non-identical
leaving rates into an equivalent of stochastic process
where transition between each states are generated by
Poisson process with the same fixed rate. This method
is very useful in the simulation of multidimensional
Markov processes.

the second codon position
A
C
G
T
A
1
1 0.91 0.64
C 0.39 1 0.36 0.25
G
1
1
1
0.70
T
1
1
1
1

A
C
G
T

Table 3: The uniformized substitution matrix for the
HKY85 model assuming the transition/transversion ratio
α=1.1 as for the real mutational matrix. A nucleotide in the
column changes to a nucleotide in the row with the given
probability.

A
C
G
T

A
0.79
0.07
0.17
0.08

C
0.02
0.64
0.01
0.03

G
0.07
0.03
0.70
0.03

T
0.12
0.26
0.12
0.86

Two types of selection were applied. One was
against occurrence of termination translation codons.
If one of three possible stop codons occurred inside
a given protein coding sequence then the individual
was removed from the population and replaced by another. The second type of selection was for maintenance of characteristic nucleotide composition in
each of three positions in codon. To do so, we applied for every codon position a modified acceptancerejection method based on Metropolis-Hastings (MH)
algorithm (Chib and Greenberg, 1995). In contrast
to the original MH algorithm that generates a sequence of random samples from a stationary distribution π, we computed acceptance probability for each
nucleotide substitution axy using proposal transition
probabilities and the assumed stationary distribution
of nucleotides in three codon positions, separately:
πy qyx
axy = min(
, 1), πx qxy > 0,
πx qxy
where πx , x ∈ {A,C, T, G} is frequency of nucleotides
in particular codon positions of protein coding sequences, whereas qxy are transition probabilities from

the first codon position
A
C
G
T
1
1
1 0.39
0.62
1
1 0.25
0.52 0.84 1 0.21
1
1
1
1

the third codon position
A
C
G
T
1
1
1
1
0.84 1 0.88 0.85
0.96 1
1
0.96
0.99 1
1
1

Additionally, the acceptance of substitution was
determined by a random variable U with uniform distribution with the range [0, 1]. If U > axy , the substitution of x by y was rejected, otherwise it was accepted.
It allowed to keep characteristic nucleotide composition in three codon position during simulations. For
instance, if πy qyx > πx qxy , it indicated that changes
from nucleotide y to x were too often than from nucleotide x to y, then the move from nucleotide x to
new state y was accepted. An individual in which the
substitution was rejected, was ’killed’ and replaced by
another from the population.

3
3.1

RESULTS AND DISCUSSION
Nucleotide Composition in Three
Codon Positions

Analysed protein coding sequences show characteristic nucleotide composition in three codon positions
(Table 5). The first position is significantly rich in
purines, adenine and guanine. However, it should be
noticed that guanine is two times more frequent in
this position than in others. The second position has
generally more adenine and thymine with comparable frequencies although cytosine reaches the highest
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usage just in this position. The third position is also
AT-rich but thymine significantly dominates. Interestingly, the composition of the third position is strikingly similar to the stationary distribution of empirical mutational matrix, whereas the composition of the
first position significantly differs. It strongly prefers
purines. It indicates that the third codon position is
subjected to the weakest selection pressure then freely
accumulates nucleotide substitutions resulting from
mutations. On the other hand, the global composition of the first position is the least susceptible to the
mutational pressure and is under the strongest selection.

position, which indicates the strongest compositional
trend, i.e. strong preference of some nucleotides (here
purines) than other. The clear trend is also in the third
position, which very well matches the stationary composition generated by the empirical mutational matrix and shows excess of guanine over cytosine and
thymine over adenine. On the other hand, the weakest trend is in the second position, which indicates
that there are no special preferences in nucleotide occurrence in this position. It means that this position
has more balanced frequency of complementary nucleotides, adenine vs. thymine and guanine vs. cytosine.

Table 5: Nucleotide frequency for three positions in codon
and stationary distribution for empirical mutational matrix.

3.2

stationary
1st position
2nd position
3rd position

A
0.32
0.37
0.35
0.31

C
0.06
0.11
0.17
0.07

G
0.14
0.30
0.14
0.14

T
0.48
0.22
0.34
0.48

Simulations of Mutation and
Selection Processes

Simulations for different transition/transversion ratios
(calculated from elements of uniformised probability
matrices) showed that the mean number of individuals
eliminated from populations decreased in exponential
manner with the increase of the ratio (Figure 2). It
indicates a positive effect of the excess of transitions
over transversions on genome survival.
●
●

135000

●
●
●
●

125000
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●
●
●
●
●
●
●
●
●
●
●
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●
●
●●
●
●●
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●●
●●●●●
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●●● ●● ●
●●●● ●●●●● ●
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●

115000

mean number of killed individuals

●

Figure 1: DNA walks, a graphical representation of nucleotide composition in three codon position of protein coding sequence from B. burgdorferi. The walk starts at the first
nucleotide in the fixed codon position and jumps every third
nucleotide to the last one. Every jump begins at the origin of
a Cartesian plane and is associated with a unit shift, which
depends on the nucleotide visited during the walk. The shift
is (0; 1) for guanine, (1; 0) for adenine, (0;-1) for cytosine,
and (-1; 0) for thymine. The vector indicates the stationary
distribution of empirical mutational matrix.

The compositional trends are very well visualised
by DNA walks (Figure 1), which are graphical representation of nucleotide composition in an analysed sequence (Cebrat and Dudek, 1998; Cebrat et al., 1998).
The longest walk is clearly visible in the first codon
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transition/transversion ratio

Figure 2: Mean number of eliminated individuals from population in the relationship to transition/transversion ratio.
The black diamond indicates the empirical mutational matrix.

It is in agreement with the fact that transversions
are more harmful by changing of coded amino acid
than transition in protein coding sequences. The empirical matrix appeared very similar in the number of
eliminated genomes to the HKY85 matrix assuming
the same transition/transversion ratio 1.1. It seems
that the applied HKY85 model is very good approximation of the real mutational matrix (please compare
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rejected
accepted

200000

250000

300000

●

150000
100000

mean number of mutations

350000

Table 3 and Table 2).
The mean number of accepted mutations in all
codon positions was more than two times higher
than the rejected ones (Figure 3). The number of
both mutation types decreased with growth of transition/transversion ratio although the fall was larger
for the accepted mutations. However, in both cases,
the decrease became weaker and finally stabilized for
higher transition/transversion ratios. It indicates that
the increase in the ratio is not necessary to significantly diminish the rejected mutations. Interestingly,
the values obtained for empirical matrix were very
similar to the HKY85 model with the similar transition/transversion ratio. Genomes in the simulations
with the real matrix accepted only slightly less mutations than in the case of the HKY85 model.

●●●●●●
●●●●●●●●●
●●●●●●
●
●●●●●●●●●●●●●●●●●●●●●●●●● ●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

0

1

2

3

4

5

transition/transversion ratio

Figure 3: Mean number of rejected and accepted mutations
in the relationship to transition/transversion ratio. The black
circle and diamond indicate the empirical mutational matrix.

The mean of accepted mutations exceeded the
number of rejected ones in three codon positions
for tested values of transition/transversion ratio (Figure 4). The greatest difference between these numbers was for the third codon positions. The mutations were most frequently accepted and most rarely
rejected in these positions. It results from very high
similarity between nucleotide composition of these
positions with the stationary distribution of the applied mutational matrix (Table 5, Figure 1). It indicates that the third codon positions are subjected to
the weakest selection for the nucleotide composition
and can quite freely accumulated mutations. Actually,
they very well reflect mutational pressure associated
with replication (McLean et al., 1998; Cebrat et al.,
1999). On the other hand, the first codon positions

accumulated the smallest number of mutations and rejected the most in comparison to other positions. Interestingly, the number of accepted and rejected mutations in the first codon positions became very similar when transition/transversion ratio declined. These
strong restrictions on mutation accumulation in the
first positions in our simulations result from the substantial compositional trend in these positions (Figure 1), which significantly deviates from the composition generated by the applied mutational pressure.
As it was reviewed in the Introduction, this specific composition is strongly related with various selection constraints on coding function of protein gene
sequences. The number of mutations for the second
positions had intermediate values between the first
and third positions. In real sequences the second position usually is more conserved than the first one because substitutions in it always change coded amino
acid and very often its physicochemical properties.
However, our simulation considered only the effect
of selection on nucleotide compositions but not restrictions on amino acid substitution. Thus our results
suggest that the selection on nucleotide composition
is weaker in the second codon position than the first
one.
The relationship between the mean number
of accepted or rejected mutations and transition/transversion ratio appeared different for three
codon positions (Figure 4). Similarly to the case
of mutations calculated for all positions (Figure 3),
the number of accepted mutations for third and second codon positions declined rapidly with transition/transversion ratio and then begun stabilised for
large values of ratio. However, the number of accepted mutations for first positions was stable and did
not depend on the ratio. On the other hand, the exponential decrease was observed for the number of
rejected mutations in these positions. In the remaining cases, the number of rejected mutations did not
seem to depend from the transition/transversion ratio.
Only a small increase in the number of rejected mutations was observed for the second and third codon positions. All the results about the number of accepted
and rejected mutations suggest that excess of transitions over transversions has positive effect on maintenance of nucleotide composition characteristic of the
first codon position, whereas negative in the case of
other codon positions.
The differences between numbers of accepted and
rejected mutations for the empirical matrix and the
corresponding HKY85 model were generally very
small (Table 6). The largest deviations were observed
for the third codon positions especially for the number
of rejected mutations. The empirical matrix rejected
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3rd codon position
2nd codon position

accepted
mutations

1st codon position

1st codon position

2nd codon position

rejected
mutations

3rd codon position

Figure 4: Mean number of rejected and accepted mutations in the relationship to transition/transversion ratio for three codon
positions. The diamond, triangle and circle symbols indicate the empirical mutational matrix.

two times more mutations than the HKY85. Nevertheless, the number of these mutations for the third
codon positions were much smaller (five to almost
twenty times) in comparison to other positions.
Table 6: The number of accepted and rejected mutations
in three codon positions for the empirical matrix and the
HKY85 matrix assuming the transition/transversion ratio
α=1.1.

1st
2nd
3rd

3.3

accepted
empirical HKY85
81398
82757
96715
99078
113363
122957

rejected
empirical HKY85
66631
69663
42260
42627
8238
3580

CONCLUSIONS

The obtained results showed that excess of transition over transversion in mutational pressure is generally profitable for the studied genome because mean
number of eliminated individuals decreased exponentially with the growth of transition/transversion ratio (Figure 2). It is well-known that transversions
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are more harmful than transitions because they more
frequently change coded amino acid. However, the
presented results are not trivial because the simulations did not consider any selection on coded amino
acids. Instead of that, we applied independent selection on nucleotide composition in three codon positions. The results indicate that not only genetic code
and amino acid composition but also nucleotide composition typical of the first codon positions are optimized for high transition/transversion ratio. Moreover, these codon positions appeared most conserved
because accepted the least and rejected the largest
number of mutations. Interestingly, the second codon
positions usually considered conserved according to
the effect on amino acid substitution were more tolerant on mutation accumulation in our simulations.
Because the applied model considered selection on
nucleotide composition, it seems that maintenance of
this composition by selection is more important for
the first codon positions than for the second ones. It
would be interesting to check if these conclusions are
universal and valid for other genomes.
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