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Chapter 8. Discussion 

 

The story so far 

 

“In this new era of molecular biology, it should not be surprising if evolutionary 

theory is subject to some revision.” 

(Kimura & Ohta 1973) 

 

“For molecular evolution researchers, the genomics revolution has showered us with 

raw data […], enabling us to infer genome-wide evolutionary patterns” 

(Wolfe & Li 2003) 

 

Although research in molecular evolution has recently made the transit ion into 

the post-genomic era, many of the burning questions remain the same as those asked 

over 30 years ago. Today, however, large datasets of both coding and non-coding 

sequence have allowed us to address how evolutionary forces act at the level of whole 

genomes. Mutation, as the major force generating genotypic and ultimately phenotypic 

variation, continues to be of particular interest. Recent articles in high-impact journals 

have demonstrated, for example, the extent to which Darwinian selection drives amino 

acid and protein evolut ion (Clark et al. 2003; Bazykin et al. 2004; Nielsen et al. 2005). 

Given the arguments of neutral theory (Chapter 1) and the peculiarit ies of 

mammalian genomes (Chapter 7), it might seem controversial to suggest that natural 

selection is powerful enough to influence the fate of mutat ions that do not alter amino 

acids. My contr ibution to a ÒrevisionÓ of evolutionary theory has been to show that a 

proport ion of silent sites are indeed under selection, even in mammals. As this implies 

that they must have an impact upon fitness, ÔsilentÕ evolution should be studied under 

the framework of nearly-neutral (rather than str ict ly neutral) theory.  

In Part I  of this thesis, I  reported that rates of evolution in introns and at 

synonymous sites vary across the mammalian genome (Chapter 2). Importantly, local 

similarity in evolut ionary rates is not an artefact of analysing genes exhibiting 

ÒdisparityÓ in the patterns of evolution between the orthologues in each gene pair. Had 

such regional variation not been observed, one would have had to accept the str ictly 

neutral (null) hypothesis that there is one mutat ion rate for all genes, and that 

substitution rates at silent sites provide a measure of the point mutat ion rate (Kumar & 

Subramanian 2002). The finding that silent sites in separate autosomal genes evolve at 

different rates has two interpretations, and these are not mutually exclusive. Firstly, it 

could be caused by variation in the mutation rate across the genome (Filipski 1988; 

Ellegren, Smith & Webster 2003). I f this is the case, it may be due to recombinat ion-
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induced mutagenesis (e.g. Perry & Ashworth 1999; Hellmann et al. 2003). The second 

explanation is that the level of select ive constraint at silent sites differs between genes. 

In Part I I , I  showed that both introns and exonic si lent sites are subject to 

selection (Chapter 3). For introns, the ends are conserved between mouse and rat 

(presumably to preserve sites required for splice site recognit ion), while first introns 

evolve more slowly than the other introns in the same gene (as the former are enriched 

for elements that control gene regulation). After el iminat ing selectively constrained 

intronic sequence, I  then performed another test of neutral ity at si lent sites. Contrary to 

neutral expectations, I  found that introns and synonymous sites differed in their 

patterns of evolution. The main result of the study came from comparing the frequency 

of nucleotide subst itutions at four-fold synonymous and intronic sites, controll ing for 

the relative abundance of the dinucleotide context in which they occur. I  found that A 

and T are relatively unstable at third sites in exons, but that C was particularly stable. 

Under the supposition that most of the remaining intronic sequence evolves neutrally, 

this suggests that codon usage is influenced by selection in murid rodents.  

In Part I I I , I  investigated two mechanistic explanations for observed biases in 

synonymous codon usage. As evidence to support the concept that selection chooses 

codons that maximise the efficiency of protein synthesis (Akashi & Eyre-Walker 1998) 

remains controversial in mammals (see Chapter 7 and Duret 2002), I  examined some 

of the alternat ive models instead. 

Notably, the preference for C at third sites (Chapter 3) can be explained by 

selection to optimise the stabil ity of mRNA secondary structure (Chapter 4). Through 

various randomisation protocols, I  also found that, no matter how one modifies an 

mRNA sequence, real t ranscripts tend to be more stable than expected by chance. For 

example, by simulating evolution and reallocat ing the subst itutions observed in the 

mouse lineage, I  found that had synonymous mutations occurred at different locations 

along mRNAs, they would on average have generated transcripts with lower stability. 

Selection can also act at synonymous sites to maintain efficient spl icing. This 

latter function, explaining observed gradients in codon choice near intron-exon 

junctions, can be split into two models. First, certain codons might be avoided so that 

the spliceosome does not inappropriately recognise them as cryptic splice sites 

(Eskesen, Eskesen & Ruvinsky 2004). Second, exonic spl icing enhancers (ESEs) are 

common near junctions, which might lead to certain codons being preferred (Will ie & 

Majewski 2004). Some effects are expected under both models, so I  identif ied and 

tested their discriminating predictions (Chapter 5). As I  found strong support for the  

latter model, I  then quantified the level of selective pressure on synonymous sites 

required to preserve ESEs (Chapter 6). 
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In the penultimate chapter (Chapter 7), I  reviewed the evidence and highl ighted 

some of the important implications of the finding that synonymous sites are under 

natural select ion in mammals. 

 

Where next? 

 

 Variation in silent site substitut ion rates among regions of the mammalian 

genome is a genuine evolutionary pattern (Chapter 2). To date, no study has been able 

to support Kumar and SubramanianÕs (2002) assertion that there is a single rate shared 

by al l autosomal sequences. Indeed, a recent use of a non-comparative method casts 

further doubt on their claim that regional variat ion can be explained by the analysis of 

orthologues in which members of a pair are evolving disparately. Arndt et al. (2005) 

scanned the human genome for repetit ive elements, comparing them to the ancestral 

Òmaster sequencesÓ to examine the mutations that have accumulated. The authors 

found substantial regional variat ion after analysing each type of substitution 

independently (in l ine with the idea that substitution rates alone do not provide enough 

informat ion on evolut ionary processes, Chapter 3). 

For local similarity, can estimating the scale of the effect provide clues as to 

what causes mutation rates to vary across the genome? Gaffney and Keightley (2005) 

used the substitut ion rate in ancestral repeats to assign a value of 1Mb to the size of the 

Òevolutionary rate unitsÓ (Matassi, Sharp & Gaut ier 1999) of local similarity in the 

murid genome. Like isochores (Eyre-Walker & Hurst 2001), however, these ÒunitsÓ are 

not discrete blocks. The effect decays with distance, so that local similarity cannot be 

detected when block size exceeds 15Mb. Contrary to the suggestion that local similarity 

might be caused by recombinat ion-induced mutation (Chapter 2), the authors do not 

find a correspondence between substitut ion and recombination rates. Nonetheless, 

they suggest that this is sti ll the best mechanist ic explanation. The relat ionship may 

still exist, but is complicated by the two processes occurring at different physical 

(megabase versus kilobase) and temporal scales. Moreover, in humans, the majority of 

recombination is restricted to relatively small ÒhotspotsÓ (Crawford et al. 2004; 

McVean et al. 2004) which can shift in position over relatively short periods of time 

(e.g. since humans and chimps diverged, Ptak et al. 2005). 

The megabase scale for local similarity demonstrates that it is a sub-

chromosomal rather than inter-chromosomal effect. Navarro and Barton (2003) 

suggested that intra-chromosomal variation in rates of evolution can be caused by 

Ôchromosomal speciationÕ, whereby rearrangements (e.g. inversions) reduce gene flow 

and lead to reproductive isolation between individuals. By comparing ~100 human-

chimp genes, the authors found that divergence in rearranged (R) regions was higher 

than in co-linear (C) regions, which might indicate suppressed recombination (i .e. 
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relaxed selection) in the former. However, R>C evolution was also found in the human-

gorilla comparison (Lu, Li & Wu 2003), and a genome-wide human-chimp analysis 

found no difference between the two region types (Mikkelsen et al. 2005). Moreover, R 

and C regions do not differ in their rates of human-chimp expression divergence 

(Zhang, Wang & Podlaha 2004). Hence this model cannot explain regional variation. 

 Introns can contain elements that may regulate gene expression (Chapter 3). 

Whether selection is strong enough to conserve them is another matter, however. 

Keightley et al. (2005) showed that, in the hominid lineage, putative non-coding 

control regions proximal to the 5Õ end of genes (including first introns, Chapter 3) are 

accumulating mildly deleterious mutations. Murids, by contrast, are better able to 

conserve these functional elements. The most likely explanat ion, they suggest, is that 

the strength of purifying selection is weaker in hominids compared to murids. This may 

be due to an order of magnitude difference in their effective population sizes 

(approximately 20,000 versus 600,000, Keightley, Lercher & Eyre-Walker 2005). 

 Functional elements within introns might also be active after splicing. Mattick 

argues that introns are replete with functional non-coding RNAs (ncRNAs), suggesting 

that their role in regulating gene expression (Mattick & Makunin 2005) represents a 

Ònew geneticsÓ (Mattick 2004). Functional transcription units cover at least 50% of the 

human genome, of which a third do not encode proteins (Semon & Duret 2004). I f this 

~15% represents functional ncRNA genes, we may have grossly underest imated the 

proport ion of silent DNA under selection (but see Keightley, Lercher & Eyre-Walker 

2005). At present, however, the identification of ncRNAs is still in its infancy 

(Kapranov et al. 2002; Okazaki et al. 2002; Kampa et al. 2004), as is the development 

of bioinformatics tools to predict their location (e.g. Washietl, Hofacker & Stadler 

2005). Conclusions drawn from indirect tests of neutral ity (Chapters 2 and 3) may need 

to be revised if a large fraction of intronic sequence is under selection, although note 

that such comparative tests can sometimes be uninformative (Chapter 7). 

 Evolution at synonymous sites and codon usage bias was extensively covered in 

the previously (Chapter 7), which described the most recent developments in this area. 

While I  have suggested that non-neutral evolution at synonymous sites wil l pose 

problems for attempts to detect selection on proteins, I  have not discussed potent ial 

solutions. Most notably, can comparing the rates of non-synonymous to (Ka) 

synonymous (Ks) substitutions still be used to infer the level of selection on proteins? 

Plotkin et al. (2004) proposed that Ôcodon volatilityÕ, the proport ion of mutations which 

change an amino acid, can be used to detect select ion upon a single gene. This method, 

however, rel ies on several invalid assumptions (e.g. Chen, Emerson & Martin 2005; 

Hahn et al. 2005; Nielsen & Hubisz 2005). The general consensus has concluded that 

the Òcomparative method rules!Ó (Dagan & Graur 2005). 
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As previously described (Chapter 7), detecting selection on proteins using the 

ratio itself (Ka/ Ks) masks the individual contribut ions of the two rates, with Ka peaks 

being indistinguishable from Ks dips. Identifying the latter may also allow us to predict 

functional regions at synonymous sites, as was retrospect ively shown in BRCA1 (Orban 

& Olah 2001). A prel iminary mouse-rat comparison showed that, in the 11 out of 143 

genes with a significant peak of Ka/ Ks>1, only half of these peaks could be att ributed to 

positive select ion on amino acid changes (L. D. Hurst, unpublished, Chapter 7). I t is 

important to extend this analysis to the scale of whole genomes. Addit ionally, I  can 

imagine a sliding-window method that asks whether there is a major difference 

between Ka and Ks while moving along a gene. The significance of the difference would 

have to be measured relat ive to the rates of evolut ion at other sites within the gene. 

 

Conclusion 

 

Evolution at silent sites in mammals has long been thought to be neutral to 

natural select ion. In this thesis, I  have shown that this assumption is not val id. Rates of 

silent site evolution vary between genes, which in part reflect differences in levels of 

selective constraints. Importantly, synonymous sites do not evolve neutrally. I  have 

provided evidence that synonymous codon usage bias can result from models of 

selection to optimise mRNA stability and spl icing efficiency. 
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