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Abstraet.  The most generally applicable procedure for
obtaining estimates of the symmetrical, or strand-
nonspecific, directional mutation pressure (up) on pro-
tein-coding DNA sequences is to determine the G+C
content at synonymous codon sites (P,), and to divide
Py, by twice the arithmetic mean of the G+C content at
synonymous codon sites of a large number of randomly
generated, synonymously coding DNA sequences (ﬁsyn).
Unfortunately, the original procedure yields biased
estimates of P, and pp, and is computationally expen-
sive. We here present a fast procedure for estimating
unbiased up, values. The procedure employs direct
calculation of ﬁsyn (zlssyn)Aand two normalization
procedures, one for Py, < Py, and another for Py,
= P, The normalization removes a bias sometimes
caused by codons specifying arginine, asparagine, iso-
leucine, and leucine. Consequently, comparison of pro-
tein-coding genes that are translated using different ge-
netic codes is facilitated.
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Introduction

The molecular evolution of metazoan mitochondrial
DNA has received much attention in recent years. Based
on heterogenous patterns of base composition at various
coding and noncoding parts of this DNA, it has been
concluded that directional mutation pressure has had a
significant impact on the evolution of metazoan mito-
chondrial DNA (Jukes and Bhushan 1986; Andersson
and Kurland 1991; Asakawa et al. 1991, 1995; Osawa
et al. 1992; Jermiin et al. 1994, 1995). Directional mu-
tation pressure occurs when the rate of a nucleotide sub-
stitution (e.g., A — C) differs from that in the opposite
direction (i.e., C — A). This definition is a generalization
of the original definition by Sueoka (1962) which fo-
cuses on mutational bias in terms of A+T or G+C pres-
sure.

Several methods for detecting directional mutation
pressure have been proposed and include analysis of cor-
relations between the G+C content at different codon
sites (Jukes and Bhushan 1986) and between the G+C
content of tRNAs, rRNAs, proteins, and spacers and that
of the total genome (Muto and Osawa 1987). Other
methods involve analysis of correlations between the
relative abundance of particular amino acids and the
G+C content of the complete genome (Suecka 1961ab),
of silent sites (Collins and Jukes 1993), of different po-
sitions (D’Onofrio et al. 1991; Sueoka 1992), and of
codon families (Crozier and Crozier 1993; Jermiin and



Crozier 1994). Recently, Jermiin et al. (1994) proposed
the synonymous sites approach, according to which all
positions in the DNA are divided into synonymous and
nonsynonvmous codon sites and used to calculate the
G+C content at synonymous and nonsynonymous codon
sites (P, and P, respectively). The G+C content at
the synonymous codon sites is then used with a genetic
code to calculate a normalized estimate of the symmetri-
cal directional mutation pressure (u). The advantage of
this method is that the normalization, which removes a
bias induced by threefold-degenerate codon families, fa-
cilitates comparing p, or P, values from genes that are
translated by different genetic codes. The method is com-
putationally expensive. Nonetheless, it has been used
successfully to detect and assess the effect of symmetri-
cal directional mutation pressure on more than a hundred
mitochondrial protein-coding genes (Jermiin et al. 1994).

Recently it became clear that the synonymous sites
approach may lead to incorrect estimates of the G+C
content at synonymous and nonsynonymous codon sites
and hence of symmetrical directional mutation pressure.
Analyzing a 1.2-kbp segment of the G+C-rich elongation
factor 1o gene from Giardia lamblia, we obtained a up,
value larger than 1.0, which is in disagreement with the
theory of directional mutation pressure (Sueoka 1962).
Moreover, we found that the sequence exclusively uses
the CGN codon to specify arginine (with a frequency of
3.54%) whereas the A+T-rich Entamoeba histolytica
equivalent exclusively uses the AGR codon (with a fre-
quency of 4.06%)." This result is reason for concern
because it implies that a synonymous substitution can
occur at a site that is considered nonsynonymous accord-
ing to the synonymous sites approach, and hence P,
values may be biased. The purpose of this paper is to
identify and correct the problems with the synonymous
sites approach so that it estimates correctly the P,
P and pp, values, and to improve the method so that
up can be calculated without the use of time-consuming
computer simulations.

Unbiased Estimation of the p;, Value

In order to identify the error in the synonymous sites
approach, we generated four protein-coding DNA se-
quences (Table 1) and analyzed them using the DMP
program (see Jermiin et al. 1994). When they were ana-
lyzed using the vertebrate mitochondrial genetic code
(isoleucine is coded by a twofold-degenerate codon fam-
ily), the up, values are identical to the Py, values and fall
between 0.0 and 1.0 (Table 2). However, when they were

! The elongation factor lo genes in Giardia lamblia (Hashimoto et al.
1994) and Entamoeba histolyrica {De Meester et al. 1991) were ob-
tained from GenBank {(accession numbers 14342, M92073, and
M34256).
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Table 1. DNA sequences used in this study®

Sequence # Sequence structure P

1 (ATT ATT ATT ATT ATT ATT) g0 0.0000
2 (ATT ATT ATC ATT ATT ATC) 40 0.3333
3 (ATT ATC ATT ATC ATT ATC) g 0.5000
4 (ATC ATC ATC ATC ATC ATC) g0 1.0000

#The four DNA sequences, each containing 1,800 base pairs, were
constructed so that they encode a sequence of isoleucine using any one
of the genetic codes. The G+C content at the synonymous codon sites
(Pyyn) was calculated using the DMP program (Jermiin et al. 1994)

analyzed using the echinoderm mitochondrial genetic
code (isoleucine is coded by a threefold-degenerate
codon family), the up, values differ from the P, values
in all but one case and may become as large as 1.5 (Table
2). The normalization thus works correctly in some cases
because y, values for sequence 1 and 2 equal expected
values (Jermiin et al. 1994). However, the up, value for
sequence 4 is larger than 1.0. Thus, the result indicates
the normalization proposed by Jermiin et al. (1994)
works correctly under some conditions but fails under
others.

The normalization is intended to produce an unbiased
tp value from a P, value which may be biased by
threefold-degenerate codon families. We illustrate the
normalization using a DNA sequence that encodes a
polyisoleucine sequence. The synonymous sites of this
sequence are allowed to mutate at random (thus yp, =
0.5) and therefore will contain equal quantities of T and
C if the sequence is translated by the vertebrate mito-
chondrial genetic code. The mean of the G+C content at
synonymous codon sites of such randomly mutating,
synonymously coding DNA sequences (Issyn) is equal to
0.5; thus transformation of a P, value to its correspond-
ing up, value is direct (Fig. 1A). If the same sequence is
translated by the echinoderm mitochondrial genetic code,
it will contain equal proportions of A, T, and C, and
therefore Fsyn will be equal to 0.333. Under such condi-
tions (Pgy,, 0.5), direct transformation is inappropriate,
and a transformation that takes into account the deviation
of P, from 0.5 is required (note that 0.333 < P, <
0.5—this is a consequence of the structure of threefold-
degenerate codon families). An expansion of the axis is
needed for values of Py, < Psyn whereas a compression
of the axis is needed for values of P, = P, (Fig. 1B).
With respect to the transformation by Jermiin et al.
(1994), multiplying P, values by 1/(2P,,,) yields
correct expansion of the axis for P, < P, (Fig. 10).
However, compression of the axis for Py, = P, never
occurs—the axis continues to expand and up values
larger than 1.0 can therefore be obtained (Fig. 1C).

Based on these results, we propose that the normal-
ization uses the following two equations for generating
unbiased estimates of up (conditions in brackets):
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Table 2. Comparison of pp values obtained after normalization using the vertebrate and echinoderm mitochondrial genetic codes®
Jermiin et al. (1994) This study

Sequence # Poyn 1y, {verteb.) Hp (echino,) o (verteb.) iy (echino,)

i 0.0000 0.0000 0.0000 0.0000 0.0000

2 0.3333 0.3333 0.5000 0.3333 0.5000

3 0.5000 0.5000 0.7500 0.5000 0.6250

4 1.0000 1.0000 1.5000 1.0000 1.0000

* The four sequences and the Py,

values are from Table 1. The yy, values were obtained using the normalization proposed by Jermiin et al. (1994)

and that proposed in this paper. For the present study, equation (1) was used for sequences 1 and 2 where equation (2) was used for sequences 3
and 4. Note that u, values for sequences 3 and 4 in the sixth column differ from corresponding values in the fourth column
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Transformation of P, values to py, values—arrows illustrate
relationships between P, values to their comesponding uy, values
(transformation of Py, _is represented by a heavy arrow). A Transfor-
mation is direct when P, 0.5, in which case p, Py, B Trans-
formation is indirect when P, 0.5, in which case g, Py, except
when P, equals 0.0 or 1.0. Indirect transformation requires expansion
of the axis when Py, < P, and compression of the axis when P, =
Py, C Indirect transformation proposed by Jermiin et al. (1994). Note
axis expand regardiess of their position in

that all values on the P,
, and therefore that py values larger than 1.0 can be

Fig. 1.

e syn
relation to Py,

obtained.
_ P Syn -
o= 5 [for all Py, < Pg,.1 (1)
syn
(1-P,.) -
(1—pp) = E(—l—:_jl—) [for all Py, = P, (2)
syn.

Equations (1) and (2) have expanding and compressing
properties, respectively, when 13Syn < 0.5, and therefore
yield transformations between P, and up, values that are
identical to those illustrated in Fig. 1B. Application

of the revised normalization is illustrated in Table 2, and
we conclude that normalization using equations (1) and
(2) yields yy, values that are in agreement with the theory
of directional mutation pressure (Sueoka 1962).

Unbiased Estimation of the P, Value

The synonymous sites approach is based on correct sepa-
ration of sites in a protein-coding DNA sequence into
synonymous and nonsynonymous codon sites. In order to
achieve this partition the codon family was treated as a
unit and sites within each codon family were defined
either as synonymous or nonsynonymous (Jermiin et al.
1994). This means that only third codon sites are con-
sidered synonymous (except ATG and TGG in nuclear
genes and mitochondrial genes of plants, AAG and ATG
in mitochondrial genes of echinoderms, and ATG in mi-
tochondrial genes of euascomycetes). The drawback of
this approach is that first codon sites in codons specify-
ing arginine or leucine sometimes are considered non-
synonymous when in fact they are synonymous. For ex-
ample, two identically coding DNA sequences could
have different P, values if the first codon sites of their
leucine codons contained T and C, respectively,” and this
is considered undesirable.

We propose to include the first codon position of
codons specifying arginine and leucine as a synonymous
site whenever appropriate.’ Our reason is that the genetic
codes specify whether a single nucleotide substitution at
those sites will allow a change between codon families to
occur without also changing the corresponding protein
sequence. The proposed change improves the synony-
mous sites approach because it eliminates a bias previ-
ously induced on P, and because differences between

2 Except yeast mitochondrial DNA, which only uses the TTR codon to
specify leucine.

3 This happens when codons specifying arginine are translated by the
universal genetic code or the mitochondrial genetic codes in plants,
yeast, or euascomycetes and when codons specifying leucine are trans-
lated by the universal genetic code or the mitochondrial genetic codes
in vertebrates, arthropods, nematodes, echinoderms, plants, or euasco-
mycetes.



P, values now always will be associated with compo-
sitional differences among the corresponding protein se-
quences. We note that this classification of synonymous
and nonsynonymous codon sites now is identical to the
commonly used classification of degenerate and nonde-
generate codon sites.

Direct Calculation of the py, Value

The determination of unbiased up, values relies on pre-
cise estimates of ISSyn. Previously, this has been achieved
by time-consuming computer simulation. In order to im-
prove precision and speed concurrently, we present a
direct method for calculating P, Let C,, C, Cy, and Cy
be clusters of 2, 3, 4, and 6 synonymous codons, respec-
tively, and let N,, N5, N,, and Ng be the frequencies of
C,, Cs, C,, and Cg, respectively.* The precise estimate of
P, —denoted P, —can be calculated as

syn syn
P 1 Ny+ N, 1 N,
Syn_2N6+N4~+~N3+N2+3N6+N4+N3+N2
7 N,

TNt N, + N5+ N, )

where the factors one-half, one-third, and seven-twelfths
denote the G+C content at randomly mutating (thus i,
= ().5) synonymous codon sites in DINA sequences that
contain exclusively C, and C,, C;, and Cy, respectively.
Applying equation (3) to the sequences in Table 1, we
get Issyn = 0.5 if they are trans}ated by the vertebrate
mitochondrial genetic code and P, = 0.333 if they are
translated by the echinoderm mitochondrial genetic code.
These two values are almost identical to their corre-
sponding I_’Syn values, which were determined by simu-
lation.

An Example

The unbiased pp, value from a protein-coding DNA se-
quence can be calculated as follows. Determine the
observed G+C content of the DNA sequence (P,,.) (ex-
clude the stop codon), the G+C content of a synony-
mously coding sequence in which the synonymous sites
are saturated with G and C (P,,,,), and the G+C content
of a synonymously coding sequence in which the syn-
onymous sites are saturated with A and T (P;,). Fol-
lowing Jermiin et al. (1994), the G+C content at the
synonymous sites (Pgy,) is then given as

“ The two codon families specifying serine cannot be linked by a single
nucleotide substitution and their codon usage frequencies are therefore
included in N, and N, (depending on the genetic code). The same
applies to the codon usage frequency of codons specifying threonine in
yeast mitochondrial DNA.
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(P obs P, min)

Ps n= o P 3
7 (Pmax-Pmin)

)

The G+C content at synonymous sites of a randomly
mutating, synonymously coding sequence (Pyy,) is then
determined using equation (3), and P, is used in equa-
tions (1) and (2) (instead of Py,) to calculate the unbi-
ased pp, value. The variance of the yp, value follows the
binomial distribution and is given by

1~ )
o) =21 )

where b is the number of synonymous codon sites in the
sequence (Sueoka 1962).

We illustrate the calculation of yp and its variance
by using the published part of the Giardia lamblia elon-
gation factor 1o (Hashimoto et al. 1994). The values of
Popes Poin» and P, are equal to 0.6481, 0.3316, and

0.6498, respec:tively,5 and hence Py equals 0.9947. The
values of N,, N5, N,, and Ny are equal to 161, 30, 150,
and 37, respectively, and therefore ﬁsyn equals 0.4949.
Using the normalization of Jermiin et al. (1994), we get
Mo = 1.0049 and o} (up) = -1.3 x 107, which is
impossible according to statistical theory and in conflict
with the theory of directional mutation pressure (Sueoka
1962). However, normalization as proposed in this paper
yields pp, = 0.9946 and o} (up) = 1.4 x 107
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