A Dissection of Volatility in Yeast
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It has been suggested that volatility, the proportion of mutations which change an amino acid, can be used to infer the level
of natural selection acting upon a gene. This conjecture is supported by a correlation between volatility and the rate of
nonsynonymous substitution (dN), or the ratio of nonsynonymous and synonymous substitution rates, in a variety of
organisms. These organisms include yeast, in which the correlations are quite strong. Here we show that these correlations
are a by-product of a correlation between synonymous codon bias toward translationally optimal codons and dN. Although
this analysis suggests that volatility is not a good measure of the selection, we suggest that it might be possible to infer
something about the level of natural selection, from a single genome sequence, using translational codon bias.

Introduction

Understanding the nature of natural selection on DNA
sequences is one of the central goals of molecular evolution.
Plotkin, Dushoff, and Fraser (2004) and Plotkin et al.
(2004) have recently suggested that it is possible to infer
the level of natural selection, both positive and negative,
acting upon a gene from a single genome sequence.
They suggest that this can be achieved by measuring
“volatility ”—volatility is the proportion of point mutations
in a gene, which do not yield a stop codon, which change
an amino acid. They base their method on the prediction
that genes which have recently undergone amino acid sub-
stitutions should be populated by codons with high volatil-
ity (Plotkin et al. 2004). In support of their thesis they show
that in both Mycobacterium and Saccharomyces species,
there is a correlation between volatility and the rate of non-
synonymous substitution (dN) or the ratio of nonsynony-
nous and synonymous substitution rates (dN/dS). This
correlation is quite strong in yeast, which suggests that vol-
atility might be a useful measure of selection.

The idea that volatility can measure the level of selec-
tion, either positive or negative, on a gene has been criti-
cized on a number of grounds (Dagan and Graur 2004;
Friedman and Hughes 2004; Sharp 2004; Chen, Emerson,
and Martin 2005; Hahn et al. 2005; Nielsen and Hubisz
2005; Zhang 2005). Much of the debate has centered
around the reasons why volatility is not expected to corre-
late to dN and dN/dS. For example, it has been suggested
that volatility is unlikely to measure selection because (1) it
only depends on four or five amino acids (Dagan and Graur
2004; Sharp 2004; Chen, Emerson, and Martin 2005), (2) it
has low variance (Dagan and Graur 2004), and (3) simple
models of evolution fail to yield a correlation between dN/
dS and volatility (Dagan and Graur 2004; Nielsen and
Hubisz 2005; Zhang 2005). However, volatility is corre-
lated to dN/dS (and dN); so much of this discussion, while
interesting is slightly tangential. The crucial question is
why there is a correlation.

Almost all of these critiques point out that volatility is
a measure of codon usage bias. As such, the apparent cor-
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relation between volatility and dN/dS in yeast may, in fact,
as Hahn et al. (2005) suggest, be due to a correlation be-
tween translational codon bias and dN/dS. Although Hahn
et al. suggest that the correlation between volatility and dN/
dS may be due to a correlation between translational codon
bias and selective constraint they do not resolve whether
this is the case. They show that a measure of translational
codon bias, codon adaptation index (CAI), explains more of
the variance in volatility than dN/dS in yeast, but they do
not pursue the matter further. Plotkin, Dushoff, and Fraser
(2005) investigate the partial correlation between dN/dS
and volatility controlling for CAI and show it is significant,
but they fail to give the magnitude of the effect.

It, therefore, remains very unclear if the principle cor-
relation is between dN/dS and translational codon bias, with
the correlation between dN/dS and volatility a by-product
of this, or whether the principle correlation is between dN/
dS and volatility. Also, it might be that both translational
codon bias and volatility separately correlate to dN/dS.

To investigate the matter further, we take advantage of
the fact that in yeast there is a strong correlation between
dN/dS (or dN) and both translational codon bias (Pal, Papp,
and Hurst 2001) and volatility (Plotkin, Dushoff, and Fraser
2004) and that in yeast some of the translational optimal
codons have relatively high volatility while others have rel-
atively low volatility (table 1). It is well established that co-
don bias and gene expression are correlated in yeast (see
e.g., Coghlan and Wolfe 2000). So volatility per amino acid
is expected to increase (Ile, Leu, and Ser) or decrease (Arg
and Gly) with translational codon bias or expression level
(table 1). For example, the most optimal codon in yeast for
argenine is AGA, which has relatively high volatility. If the
principle correlation is between dN/dS (or dN) and trans-
lational codon bias, then we expect AGA usage to be neg-
atively correlated to dN/dS (or dN), but if the principle
correlation is between dN/dS (or dN) and volatility, then
we expect AGA usage to be positively correlated to dN/
dS (or dN).

Our results are unequivocal; in yeast dN/dS (and dN)
is negatively correlated to the use of translational optimal
codons for all amino acids whose synonymous codons dif-
fer in their volatility, even in those whose optimal codons
have high volatility. We further show that the correlation
between dN/dS (or dN) and translational optimal codon
use is universal across all amino acids, including those syn-
onymous codons which do not differ in their volatility. The



Table 1

A Dissection of Volatility 2023

Synonymous Codon Use of Volatility-Affecting Amino Acids

Volatility Average Average Volatility Average Volatility
Optimal of Optimal Volatility Per Per Amino Acid Per Amino Acid
Codon Codon Amino Acid® High Expression” Low Expression”
Arg AGA 0.71 0.6855 0.7065 0.6627
CGT 0.67
Gly GGT 0.67 0.6648 0.6699 0.6632
Ile ATT 0.72 0.7733 0.72 0.7960
ATC 0.72
Leu TTG 0.53 0.5223 0.5243 0.5289
Ser TCT 0.67 0.6895 0.6738 0.6929
TCC 0.67

* Given Relative Synonymous Codon Usage values of Kliman, Naheelah, and Santiago (2003).
° Given Relative Synonymous Codon Usage values of Sharp and Cowe (1991).

observed correlation between dN/dS (or dN) and volatility
is a by-product of the correlation between dN (or dN/dS)
and translational codon bias.

Materials and Methods

We downloaded the gene alignments from the four
yeast species sequenced by Kellis et al. (2003). From these
we excluded all genes which were not present in all the four
yeast species (Saccharomyces cerevisiae, Saccharomyces
paradoxus, Saccharomyces mikatae, and Saccharomyces
bayanus), which did not have start and stop codons in
all species, which had premature stop codons, and which
had frameshifting indels. This left 1,077 genes. This is
smaller than the data set analyzed by Plotkin, Dushoff,
and Fraser (2005) but has less chance of containing pseu-
dogenes.

Plotkin, Dushoff, and Fraser (2004) suggest using
a statistic, volatility P value, to measure volatility. This
is the probability of a gene having the observed volatility
given the average synonymous codon use of the genes in
the genome. The volatility P measure of Plotkin, Dushoff,
and Fraser 2004 is unlikely to be a very good statistic be-
cause it will depend to some extent on gene length (Sharp
2004) and amino acid composition (Dagan and Graur 2004;
Zhang 2005)—any statistic based on probability values de-
pends on sample size, and the variance between synony-
mous codons for volatility differs between amino acids.
To account for these shortcomings, we calculated an alter-
native measure, the average volatility:

Veee = Y Vaa/1,
where

> XiVi
2. X

and X is the number of times codon 1 is used for the amino
acid aa, V;is the volatility of that codon, and n is the number
of amino acids whose synonymous codons differ in their
volatility. When considering amino acids separately we
used V,,, the average volatility per amino acid. Note that
the volatility is only affected by five amino acids whose
synonymous codons differ in their volatility—Arg, Gly,
Ile, Leu, and Ser (the codons of Ile only differ when the
transition:transversion ratio is different from unity). We as-

Vaa =

sume that the transition:transversion ratio = 4.1, to calcu-
late the volatilities of individual codons, as suggested
by Plotkin et al. (http://volatility.cgr.harvard.edu/cgi-bin/
volatility.pl). We compute Plotkin’s volatility P values us-
ing their Web site (http://volatility.cgr.harvard.edu/cgi-bin/
volatility.pl).

We measured translational codon bias per gene and
per amino acid separately. To measure translational codon
bias, we computed the CAI according to Sharp and Li
(1987) with the corrections suggested by Bulmer (1988).
We also calculated the frequency of optimal codons
(Fop) according to the list of optimal codons for S. cerevi-
siae given by Kliman, Naheelah, and Santiago (2003). Vol-
atility values and codon bias statistics were calculated for
the S. cerevisiae sequence because this is the best studied of
the yeasts.

We used PAML (Yang 1997) to compute dN, dS, and
dN/dS for each gene using the F3 X 4 model in which co-
don frequencies are estimated from the nucleotide frequen-
cies at the three codon positions. Because a physical
definition of a site is more appropriate for the measurement
of the synonymous substitution rate (dS), we express dS per
codon (Bierne and Eyre-Walker 2003). We performed all
our analyses on both dN and dN/dS. Although dN/dS is of-
ten regarded as a better measure of the selection acting upon
nonsynonymous sites, it may not be in organisms, like
yeast, in which there is selection on synonymous codon
use. Indeed we note that there is a strong correlation be-
tween dS per codon and codon usage bias in our data (tables
2-4).

Results

Confirming the analysis of Plotkin, Dushoff, and
Fraser (2004), we found a highly significant correlation be-
tween the volatility P value of Plotkin, Dushoff, and Fraser
2004, or average volatility, and dN/dS (or dN) per gene
(table 2). We also confirm the result of Pal, Papp, and
Hurst (2001) that there is a strong correlation between mea-
sures of translational codon bias (Fop and CAI) and dN/dS
(or dN) per gene (table 2).

So, is the observed correlation between volatility and
dN/dS (or dN) due to the correlation between translational
codon bias and dN/dS (or dN) or vice versa? To answer this,
we look at the five volatility-affecting amino acids individ-
ually (table 3). We only observe a positive correlation
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Table 2

Spearman’s Rank Correlation Coefficients Between dN, dN/dS, dS Per Codon, or dS and
Volatility or Translational Codon Usage Bias for Each Gene

Average Plotkin’s

Fop CAI Volatility P value®
dN r = —0.419%%* r = —0.415%%* r = +0.256%%* r = —0.283%%*
dN/dS r = —0.302%%** r = —0.292%%%* r = +0.186%** r = —0.224%%*
dS codon r = —0.349%%* r = —0.346%** r= +0.202%%%* r = —0.205%**

# Remind, Plotkin’s volatility P value relates inversely to volatility.

##% P < 0.001.

between volatility and dN/dS (or dN) for three of the amino
acids (Ile, Leu, and Ser). The two amino acids which show
anegative correlation between volatility and dN/dS (or dN),
opposing the expectation of Plotkin, Dushoff, and Fraser
2004, are those (Arg, Gly) for which high translational co-
don usage (in high expression genes) leads to low volatility
(see table 1). There is also no indication that volatility
affects the correlation; the correlation between translational
codon bias and dN/dS (or dN) is as strong for Arg and Gly,
as for Ile, Leu, and Ser (table 3).

The correlation between translational codon bias and
dN/dS (or dN) is very consistent across amino acids—for
almost every amino acid the correlation is negative and of-
ten significant, and if it is positive, the correlation is small
and nonsignificant (table 4).

Discussion

We have shown that the observed correlation between
dN/dS (or dN) and volatility is an incidental correlation
caused by a correlation between dN/dS (or dN) and trans-
lational codon bias—dN/dS (or dN) correlates negatively
with translational codon bias and volatility, for those amino
acids in which the translationally optimal codons are high in
volatility. This suggests that dN/dS (or dN) is not directly
correlated to volatility and that volatility is therefore not the
best, or even a good, predictor of dN/dS (or dN). This is not
unexpected given recent theoretical work, which suggests

Table 3

Spearman’s Rank Correlation Coefficients Between dN,
dN/dS, and dS Per Codon and Volatility or Translational
Codon Usage Bias for the Five Amino Acids Effecting
Volatility

Fop CAI Volatility
Arg dN —0.4267%** —0.4784%** —0.2957%%*
dN/dS —0.3359%** —0.3673%** —0.2220%**
ds —0.3919%** —0.3780%** —0.2311%**
Gly dN —0.4147%%* —0.4862%** —0.3745%**
dN/dS —0.2855%** —0.3538%** —0.2633***
ds —0.4188%#* —0.4040%** —0.2758%%*
Ile dN —0.3861%** —0.4101%** +0.3936%**
dN/dS —0.2726%** —0.2850%** +0.2783%#*
ds —0.3557%%** —0.3633%** +0.3557%**
Leu dN —0.2847%** —0.4379%** +0.0307 NS
dN/dS —0.1423%* —0.2744%** +0.0534 NS
ds —0.3729%%%* —0.4623%** —0.0176 NS
Ser dN —0.3291%** —0.3598%** + 0.2651%%*
dN/dS —0.2012%** —0.1481%** +0.1915%#*
ds —0.3645%** —0.3637%** +0.2014%**

that volatility will only be a measure of selection under
rather specific conditions (Plotkin et al. 2004).

Our results may seem surprising given that Plotkin,
Dushoff, and Fraser (2005) report a significant partial cor-
relation between volatility P value and dN/dS in yeast using
CAI to control for translational codon bias, a result we can
confirm on our smaller data set (table 5). However, volatil-
ity P value is not normally distributed, so the probability of
the partial correlation is not necessarily accurate, and the

Table 4

Spearman’s Rank Correlation Coefficients Between dN,
dN/dS, and dS Per Codon and Translational Codon Usage
Bias for the Individual Amino Acids Not Effecting Volatility

Fop CAI
Ala dN —0.2157# —0.2919%
dN/dS —0.1005%* —0.1538%+
ds —0.2949% —0.3098 %
Asn dN —0.2636% —0.2828 %
dN/dS —0.1488%* —0.1661 %+
ds —0.2300%+ —0.2450%%
Asp dN ~0.074 NS ~0.0979 NS
dN/dS +0.0029 NS —0.0205 NS
ds —0.0589 NS —0.0690 NS
Cys dN —0.236% —0.2854 %
dN/dS —0.1666%+ —0.191 5%
ds —0.2235% —0.2310%
Gln dN — 02570 —0.2964 %%
dN/dS —0.1584%x —0.1603%*
ds —0.2835% —0.3237 %
Glu dN —0.1535%* —0.1159%+
dN/dS —0.0581 NS —0.0669 NS
ds —0.2416%# —0.2730%%
His dN —0.0061 NS —0.0209 NS
dN/dS +0.058 NS +0.0472 NS
ds —0.0528 NS —0.0748 NS
Lys dN —0.2753 % —0.288
dN/dS —0.1726%% —0.170 1%
ds —0.2248% —0.2484 %
Phe dN —0.161 7+ —0.1975%
dN/dS —0.0902 NS —0.1123%
ds —0.1577%* —0.189 1 #
Pro dN —0.2453 % —0.31 164
dN/dS ~0.1418%* —0.1956%#+
ds —0.2779%x —0.3227 %%
Thr dN —0.3394 4 —0.3748 %%
dN/dS —0.2245% —0.2435 %
ds —0.297 4% —0.3156%+
Tyr dN —0.1607%* —0.2007 5%
dN/dS —0.08 NS —0.1113%
ds —0.1069* —0.1247%
Val dN —0.304 1% —0.3585 %
dN/dS —0.1935%x —0.2401 %
ds —0.2538#x —0.3028 %+

P < 0.01, #* P < 0.001, NS = not significant.

* P <0.05, ¥ P <0.01, #* P < 0.001, NS = not significant.



Table 5

A Dissection of Volatility 2025

Partial Correlations of Measures of Translational Codon Bias and Measures of Volatility

Measures for Each Gene with dN and dN/dS

Partial Correlations

Control for dN dN/dS dN dN/dS
Volatility measures
CAI Fop

Plotkin’s P value —0.273%** —0.112%%* —0.228%** —0.06*

Average volatility —0.330%#%* —0.179%%#%* —0.28%#%* —0.122%%%*
Translational codon bias

Plotkin’s P value Average Volatility
CAI —0.106%%** —0.121%%* —0.005 NS —0.03 NS
Fop —0.145%** —0.150%%*%* —0.015 NS —0.012 NS

* P < 0.05, #* P < 0.001, NS = not significant.

significance of the partial correlation depends critically on
the volatility statistic used. If we use our average volatility
instead of the volatility of Plotkin et al., which will depend
to some extent on gene length and amino acid composition
(see Materials and Methods), then the partial correlation
between dN/dS (or dN) and average volatility, controlling
for translational codon bias, becomes very small and non-
significant, while the partial correlation between dN/dS (or
dN) and translational codon bias remains (table 5). The
strongest correlations, either simple or partial, that we ob-
serve are between translational codon bias and dN/dS (or
dN), which suggests that these are the primary correlations
(tables 2 and 3).

It is also interesting to note that the correlation be-
tween codon bias and dN is consistently stronger than
the correlation between codon bias and dN/dS. This is prob-
ably due to the fact that dS is correlated to codon bias and
that this correlation is due to selection on codon usage bias
and not variation in the mutation rate.

Although volatility does not appear to be a good mea-
sure of selection, Plotkin, Dushoff, and Fraser (2004) may
have been correct in asserting that it may be possible to infer
something about dN in a gene from a single genome se-
quence. A negative correlation between translational co-
don bias and dN has now been described in three
different organisms: enteric bacteria (Sharp 1991; Rocha
and Danchin 2004), Drosophila (Akashi 1994; Betancourt
and Presgraves 2002; Marais et al. 2004), and yeast (Pal,
Papp, and Hurst 2001), and we have shown that the corre-
lation is consistent for all amino acids in yeast. Further-
more, although the basis of this correlation is unknown
and subject to much debate (Betancourt and Presgraves
2002; Marais et al. 2004), at least one of the explanations
is likely to lead to the correlation being widespread. It has
been suggested that the correlation between codon bias and
dN arises through a correlation in the strength of selection
acting upon synonymous and nonsynonymous mutations,
probably as a consequence of selection for translational
accuracy—important amino acid sites in a protein will
be subject to strong selection to be conserved during evo-
lution and to be accurately translated (Akashi 1994). Thus
any genome, in which selection for translational accuracy is
effective, should show the correlation, and it may therefore
be possible to use codon bias, maybe in combination with
other information, such as amino acid composition or struc-

tural data (Tourasse and Li 2000), to predict which genes
are likely to be fast-evolving genes. So, although volatility
has come in for much criticism, Plotkin and colleagues may
have drawn our attention to an approach to an important
problem of some utility.
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