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DNA sequence evolution: the sounds of silence
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SUMMARY

Silent sites (positions that can undergo synonymous substitutions) in protein-coding genes can illuminate
two evolutionary processes. First, despite being silent, they may be subject to natural selection. Among
eukaryotes this is exemplified by yeast, where synonymous codon usage patterns are shaped by selection
for particular codons that are more efficiently and/or accurately translated by the most abundant tRNAs;
codon usage across the genome, and the abundance of different tRINA species, are highly co-adapted.
Second, in the absence of selection, silent sites reveal underlying mutational patterns. Codon usage varies
enormously among human genes, and yet silent sites do not appear to be influenced by natural selection,
suggesting that mutation patterns vary among regions of the genome. At first, the yeast and human
genomes were thought to reflect a dichotomy between unicellular and multicellular organisms. However,
it now appears that natural selection shapes codon usage in some multicellular species (e.g. Drosophila and
Caenorhabditis), and that regional variations in mutation biases occur in yeast. Silent sites (in serine codons)
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also provide evidence for mutational events changing adjacent nucleotides simultaneously.

1. INTRODUCTION

The elucidation of the genetic code revealed that many
sites within genes are potentially ‘silent’, in that they
can undergo ‘synonymous’ nucleotide substitutions
which do not change the polypeptide sequence
encoded. If changes at such silent sites are truly
neutral, we may study them to infer mutation patterns.
However, it is possible to think of ways in which even
synonymous changes can affect fitness (Clarke 1970).
If evidence can be found that silent changes can be
‘heard’ in evolution, this would be an indication of
perhaps the most subtle, and yet pervasive, form of
natural selection. We have used two complementary
approaches to address these questions: analyses of
patterns of synonymous codon usage, and of relative
rates of evolution at silent sites.

There are now a large number of species in which a
sufficient number of genes have been sequenced to
examine codon usage patterns. Such analyses have
revealed that alternative synonymous codons are not
used in equal frequencies, and that patterns of codon
usage vary both among species, and among genes from
the same genome. The question that arises is whether
these differences among genes (and among species)
reflect variation in underlying mutation patterns or the
effects of natural selection (Sharp et al. 1993). In a
small subset of these species there is a sufficient density
of information that it is also possible to ask whether
gene location influences codon usage (Sharp & Matassi
1994).

To investigate evolutionary rates at silent sites it is
necessary to compare quite closely related species:
synonymous substitutions occur rapidly (on an evol-

utionary timescale), and soon reach saturation. As yet,
for many of the species in which codon usage has been
examined, there are not much sequence data from a
sufficiently close relative. In those cases that have been
looked at, the extent of divergence at silent sites varies
among genes, again begging the question whether
these differences reflect variation in underlying mu-
tation rates or in levels of selective constraint.

2. TWO PARADIGMS: SACCHAROMYCES
CEREVISIAE AND HOMO SAPIENS

The budding yeast Saccharomyces cerevisiae is the
eukaryote in which synonymous codon usage has been
most extensively studied. Codon usage varies con-
siderably among yeast genes (Bennetzen & Hall 1982;
Ikemura 1982; Sharp et al. 1986). Multivariate
statistical analyses reveal that there is a single major
trend among genes, and that the position of a gene
along this trend (i.e. the pattern of codon usage in that
gene) is related to its expression level (Sharp & Cowe
1991). At one end of this trend lie highly expressed
genes, such as those encoding ribosomal proteins and
glycolytic enzymes, with very biased codon usage; at
the other extreme are lowly expressed genes, with
much more uniform codon usage. The one or (in some
cases) two codons for each amino acid which are
heavily used in highly expressed genes are those best
recognized by the most abundant tRNAs (Ikemura
1982). Thus, the yeast cell shows a high degree of co-
adaptation of its codon usage and tRNAs, and this
species stands as a paradigm of how natural selection
can influence silent sites in eukaryotic genes.
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It is not yet possible to examine the relative rates of
silent substitution in various yeast genes. The most
closely related species from which a significant number
of gene sequences are known is Kluyveromyces lactis.
Codon usage patterns in K.lactis appear to be essentially
similar to S.cerevisiae (Lloyd & Sharp 1993; Freire-
Picos et al. 1994), but these two species are sufficiently
divergent that silent sites have been almost saturated
with substitutions. An appropriately closely related
species is Saccharomyces douglasii (Adjiri e al. 1994), but
as yet, very few genes from that species have been
studied.

Codon usage also varies considerably among human
genes. However, in contrast to yeast, the patterns of
codon usage in different human genes have not been
related (directly) to any aspects of their expression. In
fact, different genes expressed in similar amounts in the
same tissues (for example, those encoding alpha and
beta globin; Sharp et al. 1993) have quite different
codon usage. Nevertheless, multivariate statistical
analyses reveal that there is a single major trend in
codon usage among human genes. In this case, genes at
one end of the trend are G 4 C-rich at silent sites, while
genes at the other end are relatively A+ T-rich, and
there is a consistent trend in G+ C content between
these two extremes which affects all sets of synonymous
codons (Marin et al. 1989). Because the G+ C content
at silent sites in a gene is correlated with the G+ C
content in the 5" and 3’ flanking regions and introns of
the gene (Aota & Ikemura 1986) this appears to be a
regional effect. In fact, this is consistent with the
‘isochore’ hypothesis (Bernardi e/ al. 1985; Bernardi
1993): the results of fractionation of mammalian
genomic DNA followed by isopycnic ultra-
centrifugation have been taken to indicate that G+ C
content is relatively homogeneous along long (perhaps
300-1000 kb) chromosomal region (‘isochores’), but
varies among regions.

The question then arises as to why different
chromosomal regions should have different G+ C
content. Bernardi has consistently argued (see, for
example, Bernardi 1993) that this must be adaptive,
but admits that the mechanism is ‘elusive’. From a
consideration of population genetics, it is clear that
natural selection cannot control G+ C content at the
individual nucleotide level across the entire human
genome. Others have suggested that isochores may
result from mutation patterns that vary around the
mammalian genome (reviewed in Holmquist & Filipski
1994), and codon usage patterns are consistent with
this hypothesis (Eyre-Walker 1991). Indeed, if natural
selection has shaped the base composition of these large
chromosomal regions, it would most likely act through
influencing mutation rates; again the reason is un-
known, and whether such selection could be effective is
unclear.

Mammals are the eukaryotes in which rates of
synonymous substitution have been most extensively
studied. From the earliest reports, it was clear that
synonymous substitution rates vary much less among
genes than do nonsynonymous rates (Miyata et al.
1980; Kimura 1981). Nevertheless, while this ob-
servation is still valid, synonymous substitution rates
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vary much more than would be expected by chance
alone. For example, among 363 genes compared
between mouse and rat, the standard deviation of
synonymous substitution rates was about twice that
expected (Wolfe & Sharp 1993). Furthermore, this
variation appears to be systematic, in that genes retain
their relative rates in different mammalian lineages
(Bulmer et al. 1991). If synonymous substitutions in
mammalian genes are largely effectively neutral, we
may infer that mutation rates vary systematically
among genes.

3. CODON SELECTION IN METAZOA

Does the difference between yeast, where silent sites
are shaped by natural selection, and mammals, where
they seem to be determined by mutation patterns,
reflect a dichotomy between unicellular and multi-
cellular organisms? (Ikemura 1985). More than 20
years ago it was shown that amino acid usage and
tRNA abundance are highly coadapted in cells in the
silk gland of Bombyx mori (Garel 1974). The posterior
silk gland produces fibroin (which is rich in glycine and
alanine), while the middle silk gland produces sericin
(rich in serine); in each case these proteins are
produced in very large amounts. At the end of the
larval stage of development, the tRNA populations in
each type of cell change appropriately. However, this
is an extreme situation, and appears to be an
adaptation of tRNA pools to the increased requirement
for certain amino acids, rather than any selection of
codon usage.

Another insect, Drosophila melanogaster, is the in-
vertebrate species in which codon usage has been most
extensively studied. As with the species discussed above,
codon usage varies considerably among genes, and the
obvious question is whether the Drosophila genome
follows the yeast or human paradigm (or is different
again). Multivariate analyses again reveal a single
major trend among Drosophila genes, with genes at one
extreme exhibiting strong preference for a restricted
subset of codons (Shields ¢t al. 1988). Assessing gene
expression level in a multicellular organism is rather
more difficult than in yeast, but in Drosophila there does
appear to be a positive correlation between the strength
of codon usage bias in a gene and its expression level.
When sequences are compared among Drosophila
species, the rate of synonymous substitution varies
quite considerably among genes (Sharp & Li 1989;
Moriyama & Hartl 1993). In genes with high codon
usage bias, the extent of silent site divergence is much
lower, consistent with constraint imposed by codon
selection. Thus, it has been deduced that natural
selection shapes codon usage in D.melanogaster (Shields
et al. 1988; Moriyama & Hartl 1993; Sharp & Lloyd
19935).

It has been suggested that the Drosophila genes with
the strongest codon usage bias are not (necessarily)
those expressed at the highest levels, but rather those
encoding proteins whose primary structure is the most
important; that is, selection is for accuracy, rather than
efficiency, of translation (Akashi 1994). More con-
served amino acids, and those in functionally more
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important protein domains, tend to be more often
encoded by optimal codons. The data presented are
quite striking, but there are a sufficient number of
counter-examples to suggest that both accuracy and
efficiency are important in this species (Sharp &
Matassi 1994).

Recently we have investigated codon usage patterns
in a member of another invertebrate phylum, namely
the nematode Caenorhabditis elegans (Stenico et al. 1994).
Codon usage variation among C.elegans genes appears
to be related to gene expression level, in a manner very
similar to Drosophila. A small number of genes,
including representatives with different levels of codon
usage bias, can be compared between C.elegans and
C.briggsae (Kennedy et al. 1993; Stenico et al. 1994). As
in Drosophila, genes with higher codon usage bias
exhibit lower silent site divergence; in this case, genes
with low codon usage bias are almost saturated with
synonymous changes.

To understand why natural selection can influence
codon usage in some metazoa but not others, we need
to consider the population genetic aspects of codon
selection. The selective differences between alternative
synonymous codons are expected to be very small.
Natural selection 1is expected to overcome the
randomizing effects of genetic drift, and thus influence
codon usage, only if the long-term evolutionary
effective population size (N,) is larger than the
reciprocal of the selection coefficient (Wright 1931; Li
1987). We suggested that N, in Drosophila melanogaster
has probably been just larger than this critical value
(Shields et al. 1988). This appears to have been borne
out by a recent analysis (Kliman & Hey 1993).
Natural selection should be less effective in shaping
codon usage in genes located in regions of the genome
with reduced recombination, for two reasons. First,
selection has great difficulty choosing, simultaneously,
the best variants at multiple sites if those sites are
tightly linked (Hill & Robertson 1966). Second, any
effect of natural selection in determining the fate of
alternative synonymous alleles may be swamped by
selection at closely linked sites at which alternative
alleles (e.g. nonsynonymous changes) confer larger
fitness differences (Maynard Smith & Haigh 1974).
The lower the local recombination rate, the more
‘closely linked’ sites there are likely to be. In
D.melanogaster, regions of the chromosome near the
centromeres and telomeres have lower recombination
rates, and genes located in these regions were found to
have lower codon usage bias than other genes (Kliman
& Hey 1993).

4. MUTATION PATTERN VARIATION
AROUND THE MAMMALIAN GENOME

If mutation patterns vary among chromosomal
regions, this should be reflected in variation in both
codon usage and the rate of synonymous substitution.
As noted above, there is considerable variation in
codon usage among mammalian genes: values of the
G + C content at synonymously variable third positions
of codons (GC3g) for human genes range from about
309, to about 909, (Ikemura 1985). If this is indeed
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Figure 1. Mutation rates and patterns. If the ratio of sum of
the rates marked w to the sum of the rates marked s varies
among genes, then G+ C-content at neutral sites will vary
(note that different rates denoted by the same symbol are not
presumed to be equal). If the sum of all 12 rates varies among
genes, then the neutral substitution rate will vary.

caused by mutation patterns, we can infer that the
balance between the sum of the four mutation rates
from A or T to G or G and the sum of the four rates
from Gor G to A or T (figure 1) varies among genes.
If these individual rates vary, then it would perhaps be
surprising if the sum of all 12 rates did not also vary
among genes.

If both mutation rates and patterns vary among
genes, they might be correlated. Initially it seemed that
this was the case, with mammalian genes of in-
termediate G+ C content having faster substitution
rates (Wolfe et al. 1989a), but as more data have
accumulated the observed relation has become pro-
gressively weaker (Bulmer et al. 1991; Wolfe & Sharp
1993). Nevertheless, if mutation rates vary around the
genome, we might expect closely linked genes to have
both similar G+ C contents and similar substitution
rates. Some studies have provided evidence for this
(Ikemura & Aota 1988; Wolfe ¢t al. 1989a; Ikemura et
al. 1990). However, in each case only a small number
of genes were examined, and these often included
members of duplicate gene families; the latter may
have similar evolutionary patterns caused by common
ancestry.

To examine this question in more detail, we have
investigated codon usage (GC3g), and rate of syn-
onymous substitution (Kg) in more than 50 groups of
genes which are tightly linked (located at the same
genetic map position) in both the human and mouse
(or rat) genomes (G. Matassi, C. Gautier & P. M.
Sharp, in preparation). If evolutionary processes are
influenced by genomic location, we would expect genes
within these groups to exhibit rates which are more
similar to each other than to genes from other locations.
We have calculated correlation statistics and then
asked in how many of 10000 simulated datasets (in
which genes were randomly shuffled into groups of
similar sizes to the observed dataset) a similarly large
correlation was found. For both GC3g and Kg, less than
0.19, of the simulation datasets exhibited as high a
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correlation. This was true even when duplicated genes
were excluded. Thus, silent sites in genes located close
to one another evolve in a relatively similar fashion,
suggesting that their mutation patterns are indeed
influenced by chromosome location.

5. MUTATION PATTERN VARIATION IN
OTHER GENOMES

Saccharomyces cerevisiae is the first organism for which
complete chromosome sequences have been deter-
mined. It has therefore been possible to ask whether
the evolution of a yeast gene is influenced by its
genomic position. Following the completion of the
sequence of yeast chromosome IIT (Oliver et al. 1992),
we found that gene location does indeed seem to
influence silent sites (Sharp & Lloyd 19934). This
chromosome is about 315 kb in length, with the
centromere 113 kb from the left end. Genes located in
regions of about 40-60 kb in the middle of each
chromosome arm were found to be more G + C-rich at
silent sites; genes in these regions have an average
GC3g of 46 %,, compared with 36 9%, in the surrounding
regions. The complete sequences of three other yeast
chromosomes have subsequently been published
(Dujon et al. 1993 ; Johnston et al. 1994 ; Feldmann et al.
1994). These chromosomes have similar regions
wherein genes have elevated G+ C content; each of
these chromosomes is longer than chromosome III,
and they have a proportionately larger number of
G + C-rich regions (see figure 2).

Whether this pattern of regional G 4 C differences in
the yeast genome reflects the same evolutionary
process(es) as the isochores found in the mammalian

8-
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Figure 2. G+ C-rich regions in the Saccharomyces cerevisiae
genome. The number of G+ C-rich regions is plotted as a
function of chromosome length, for each of the four
chromosomes with complete sequences published. Data
drawn from: chromosome II (Feldmann ef al. 1994),
chromosome III (Oliver e al. 1992; Sharp & Lloyd 1993);
chromosome VIII (Johnston et al. 1994); chromosome XI
(Dujon et al. 1994).
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genome remains an open question. The only factor, so
far, correlated with base composition in yeast is gene
density: the G+ C-rich regions are also more gene rich
(Dujon et al. 1993; Johnston et al. 1994 ; Feldmann et al.
1994; Sharp & Matassi 1994). This also appears to be
true in the mammalian genome (reviewed in Sharp &
Matassi 1994).

The existence of genomic regions of different G+ C
content in organisms as diverse as mammals and yeast
prompts the question of how widespread this phenom-
enon is. Genes in Drosophila melanogaster vary greatly in
their G+ C content at silent sites, but this can be
largely explained by codon selection; in this species
many of the optimal codons end in C (Shields et al.
1988; Sharp & Lloyd 1993 4). However, it has recently
been reported that, among lowly biased genes, there is
a correlation between G+ C content at silent sites and
in introns (Kliman & Hey 1994), suggesting that there
may be regional effects.

Investigation of whether there are G+ C regions in
the Caenorhabditis elegans genome is also complicated by
the fact that many optimal codons are C-ending
(Stenico et al. 1994). A 2200 kb region of Caenorhabditis
elegans chromosome I1I has been published (Wilson et
al. 1994), but our analyses have (as yet) revealed no
significant evidence for G+ C regionalization in that
genome.

6. DOUBLET MUTATIONS

An unusual type of silent site in serine codons may
reveal a previously unheralded category of mutational
events. The structure of the genetic code is such that
serine is unique in being encoded by two sets of triplets
(TCN and AGY ; N is any base, Y is a pyrimidine) that
cannot be interconverted by one nucleotide mutation.
The likelihood of a single mutational event sim-
ultaneously changing both nucleotides in the first two
positions of a serine codon has been considered to be
very low, and so a switch between one type of serine
codon and the other would require going through
intermediate triplets that encode other amino acids
(TGY for cysteine or ACY for threonine). At sites
where serine is essential to protein function, codon
usage is thus thought to be locked into one set of triplets
or the other (for example, sce Marin et al. 1989). For
example, it has been suggested that the presence of one
or the other type of codon for the serine at the active
site of serine proteases must reflect a fundamental
dichotomy in this family of genes (Brenner 1988).

However, while examining the evolution of ubiquitin
genes we found evidence of several instances of
switching between TCN and AGY codons (Sharp & Li
19874, b). Ubiquitin genes are unusual in a number of
ways. First, they encode an extraordinarily highly
conserved protein. Second, some ubiquitin genes
consist of tandem repeats of the 76 codon unit required
to encode this protein. Within these polyubiquitin
genes, there are numerous nucleotide sequence
variations between the repeats but (with a very small
number of exceptions) these differences are all silent.
Interestingly, some of these silent differences involve
the first two positions of serine codons. For example, a


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Evolution of eukaryotic cellular processes

codon
19 20 57 65

unit 1 TCG TCG TCC TCT
unit 2 TCG TCC AGC TCT
unit 3 TCT TCC TCC AGC
unit 4 TCT TCG TCT AGC

Figure 3. Serine codons at four sites in the four repeat units
of a Neurospora crassa polyubiquitin gene (Taccioli et al. 1989).

tetraubiquitin gene from Neurospora crassa (Taccioli et
al. 1989) encodes four identical protein sequences, each
with four serine residues: at two of these sites there are
serine codon switches among the repeats (see figure 3).
Residue 65 appears to be conserved as serine among
fungi, plants, animals and even a range of protists; the
only exception of which we are aware is Giardia lamblia
(a representative of probably the earliest diverging
eukaryotic lineage; Hashimoto et al. 1994), where
serine is replaced by alanine. Residue 57 is also
conserved as serine among fungi and animals, although
it is replaced by alanine in plants and some protists and
by glutamic acid in Giardia. The various repeats in
polyubiquitin genes undergo concerted evolution
(Sharp & Li 19874, b; Tan et al. 1993), and so it is
remarkable to find both types of serine codon at
homologous positions in different repeat units within
the same gene. Serine codon switches are also seen
within polyubiquitin genes in S.cerevisiae and
Dictyostelium discoideum.

Prompted by this observation we have examined
codon usage at extremely highly conserved serine
residues in a number of other highly conserved
proteins: switches between the two types of serine
codon are surprisingly common (M. Averof & P. M.
Sharp, in preparation). By placing the proteins on
phylogenetic trees we have estimated the minimum
number of switches required to explain the current
distribution of serine codon types. By summing the
total branch lengths in these trees (in terms of time), we
have estimated the rate to be approximately 0.1
switches per site per 10° years. Rates of (single
nucleotide) synonymous substitution have been esti-
mated to be of the order of 1-20 substitutions per site
per 10° years across a range of eukaryotes (Wolfe ¢t al.
19894). Thus, the rate of serine codon switches is very
much higher than would be expected from the
coincidental occurrence of independent nucleotide
substitutions at adjacent sites. This may indicate that
the switches are the result of doublet mutations of the
form T,C«A G, or of C; T+ G,A on the comp-
lementary DNA strand.

A possible explanation that does not invoke doublet
mutation involves two successive, compensatory,
nucleotide substitutions. In an allele with a deleterious
mutation to either a threonine or cysteine codon, a
second mutation reverting to a serine codon would be
advantageous. This ‘reversion’ could be a precise back
mutation, but could also be a forward mutation to the
other type of serine codon. Compensatory substitutions
of this kind are expected to be fixed quickly (Kimura
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1985), so that the intermediate stage of a non-serine
codon may be fleeting, and not observed. However,
this raises the question of how the deleterious non-
serine codon was initially able to persist in the
population.

Another line of evidence suggests that doublet
mutations are indeed more common than might have
been expected. A large region of noncoding DNA from
the beta-globin cluster has been sequenced in a number
of higher primates (Bailey ¢t al. 1992). Within this
region, substitutions at adjacent sites are far more
common than expected (K. H. Wolfe & P. M. Sharp,
unpublished observations). In the absence of any
indication that these sites have any functional im-
portance, we infer that the excess doublet substitutions
have resulted from doublet mutations. In the beta
globin region these do not involve only the types of
mutations seen in serine codons, and of course we
would have had no reason to believe that only
mutations of the form T Ce— A G (or C T GA)
occur at high rates. Rather, we conclude that this
unique category of silent sites in serine codons are
simply highlighting a more general phenomenon.

7. CONCLUSIONS AND PERSPECTIVES

Study of silent sites and silent substitutions has
produced a number of interesting insights into both
subtle natural selection and mutational processes.
Burgeoning gene sequence databases will allow the
generality of these phenomena to be investigated.
Perhaps the most exciting new dimension in molecular
evolutionary studies in the last few years has been the
growing realization that genomic location can
influence the way in which a gene evolves (Sharp &
Matassi 1994). The various rapidly advancing genome
projects will enable this to be examined in more detail,
and may well provide insights as to how this effect is
brought about. It is worth emphasizing that, in
studying the fundamental processes of gene evolution,
and indeed in evaluating the functional importance of
sites in genes (and thus in interpreting the results of
genome sequencing), the comparative analysis of
closely related species can be invaluable. We have
reviewed the results of some such studies above, but for
many of the model organisms that are the subject of
genome projects there has been (as yet) no concerted
effort to determine homologous sequences from a
closely related species.
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