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Estimation of the numbers of synonymous and

ronsynonymous substitutions with special

reference to viral
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In studies of molecular evolution, it is of great importance to estimate the
numbers of synonymous (d S) and nonsynonymous (dN) substitutions per site

separately. In particular, accurate estimation of ds and dN is essential for a
statistical test for the neutral theory of molecular evolution because ds > dN is

expected under the neutral mutation hypothesis. Various methods for estimating
dS and dN have ever been proposed. Among them, Miyata and Yasunaga's

(MY) methods, Li, Wu, and Luo's (LWL) method, and Nei and Gojobori's (NG)
method have been widely used. Recently, Pamilo and Bianchi and Li proposed
another (PBL) method for estimating ds and dN. However, properties of these

methods are poorly understood.
In this study, first, I proposed a method of computer simulations to
evaluate the accuracies of methods for estimating ds and dN . Moreover, 1

developed new methods for estimating ds and dN‘ The new methods take into

account a transition/transversion-bias. By the simulation method, I evaluated the
accuracies of the MY, LWL, NG, and PBL methods and the new methods. In
addition, by the NG and PBL methods and the new methods, I analyzed
statistically nucleotide sequences of the hemagglutinin 1 (HA1) gene of human
influenza A viruses (H1 subtype). In the analysis, the nucleotide sequences were
divided into antigenic and nonantigenic sites, and then the nucleotide diversities
for antigenic and nonantigenic sites of the HA1 gene were computed at
synonymous and nonsynonymous sites separately. The main purpose of the
analysis is to clarify whether or not positive selection operates on antigenic sites
of the HA1 gene. I summarize the results obtained in this study as follows.

(1) The MY, LWL, and NG methods give overestimates of d < and

underestimates of dN. This result calls for reexaminations of some genes. This

is because evolutionary pictures of genes have often been discussed on the basis
of results obtained by the MY, LWL, and NG methods, which are favorable for
the neutral theory of molecular evolution. The major cause for the biased
estimation of d s and dN is that these three methods underestimate the number (.S)

of synonymous sites and overestimate the number (N) of nonsynonymous sites.

The biased estimation of S and N result from the assumption of equal mutation




rates of the four nucleotides. As the transition/transversion ratio at the mutation
level increases, the extents of the biased estimation of ds’ dN’ S, and N become

larger.
(2) The PBL method gives better estimates of ds and dN than those

obtained by the MY, LWL, and NG methods. Although the PBL method
originally does not estimate S and N, we can estimate Sand N if we assume that
nucleotide mutations follow Kimura's 2-parameter model. Under such an
assmption, I derived formulae for estimating S and N by the PBL method.
Estimates of S'and N obtained by the formulae are better than those obtained by
the MY, LWL, and NG methods.

(3) The new methods also give better estimates of ds and dN than those

obtained by the MY, LWL, and NG methods. In addition, estimates of .S and N
obtained by the new methods are reasonably accurate. Moreover, the number of
inapplicable cases is much smaller for the new methods than for the PBL method.
This indicates that sampling variances of estimates of ds and dN are smaller for

the new methods than for the PBL method.
(4) In some cases, the new methods and the PBL method give biased
estimates of substitution numbers. However, from the number (d3) of nucleotide

substitutions at the 3rd position of codons, we can examine whether estimates
obtained by the new methods are good or not. This is because estimates of d .

obtained by the new methods are strongly correlated with estimates of d3

obtained by Kimura's 2-parameter method; the new methods give good estimates
of ds when estimates of d3 obtained by Kimura's 2-parameter method are

essentially the same for those obtained by methods which consider a nucleotide-
frequency-bias (e.g., Tajima and Nei's method, Gojobori, Ishii, and Nei's
method, Tamura and Nei's method). On the other hand, we cannnot make an
examination of estimates obtained by the PBL method. This is because no clear-
cut relationships were observed between estimates of ds obtained by the PBL

method and estimates of d3 obtained by Kimura's 2-parameter method, mutation

patterns, or the degree of functional constraints.

(5) When there are strong transition/transversion- and nucleotide-
frequency-biases like mitochondrial genes, all of the above methods give biased
estimates of substitution numbers. In such cases, Kondo et al's method is
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recommended to be used for estimating dS , although their method cannot
estimate dN and is time-consuming.

(6) For nonantigenic sites of the HAI gene of human influenza A viruses
(H1 subtype), the nucleotide diversities were larger at synonymous sites than at
nonsynonymous sites. This is consistent with the neutral theory of molecular
evolution. For antigenic sites, however, the nucleotide diversities at
nonsynonymous sites were larger than those at synonymous sites. Thee results
suggest that positive selection operates on antigenic sites of the HA1 gene of
human influenza A viruses (H1 subtyupe). For antigenic sites, the JN /J:q ratios

within and between (sub) groups of human influenza A viruses were not the
same, where 3; and EN are the nucleotide diversities at synonymous and

nonsynonymous sites, respectively. This result can be explained by the following
possibilities: (i) Patterns of evolution of the HA1 gene varied from virus to
virus. Nes may have changed with time, where Ne is the effective population

size of human influenza A viruses and s is the selection coefficient. (ii) Even in
antigenic sites of the HAI gene, the fraction of nondeleterious mutations at
nonsynonymous sites is not so large and nonsynonymous substitutions occur at
restricted sites. If this is the case, the number of nonsynonymous substitutions
between distantly related sequences is underestimated by methods which assume
the uniform substitution rate among nonsynonymous sites. Although it is now
unclear which of the above possibilities is correct, it is likely that positive
selection operates on antigenic sites of the HA1 gene of human influenza A
viruses (H1 subtype). Probably, some of amino acid changes in antigenic sites of
the HA1 gene product are advantageous to escape of human influenza A viruses
from host immune systems. If this is the case, the present study is the first report
that clearly showed advantageous evolution of viruses at the molecular level by
refined statistical methods of molecular evolutionary analyses.
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