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ABSTRACT

Models of adaptive evolution consider the path that a population takes to a fitness
optimum through a series of beneficial single-nucleotide changes, although synonymous
mutations, which do not alter the amino acid sequence, have been conventionally seen as ‘silent’
changes. However, recent studies have reported the existence of spontaneous adaptive
synonymous substitutions, raising the possibility that this type of mutation is an overlooked
source of adaptive potential. Using site-directed mutagenesis, we constructed and quantified the
Darwinian fitness of 40 synonymous and 71 nonsynonymous individual mutants of a gene
essential for glucose uptake in Pseudomonas fluorescens. The gene in question, gtsB, is the
target of natural selection in an environment where glucose is the growth-limiting factor. Of the
56 beneficial mutations, half were synonymous and covered as wide a range of beneficial fitness
effects as the nonsynonymous sample. Drawing on extreme value theory, we show that the
fitness effects of synonymous mutations correspond to a distribution with a right-truncated tail
belonging to the Weibull domain of the Generalised Pareto Distribution. Moreover, the
distribution of beneficial fitness effects of synonymous mutations is indistinguishable from that

of nonsynonymous mutations, revealing their previously unrecognised adaptive potential.



RESUME

Selon les modeles d’évolution adaptative, la trajectoire qu’emprunte une population pour
arriver a une valeur sélective optimale passe par une série de mutations ponctuelles bénéfiques.
Les mutations synonymes, qui n’entrainent pas de changement d’acide aminé, ont longtemps été
considérées comme étant silencieuses. Toutefois, la découverte récente de mutations synonymes
bénéfiques ayant émergé spontanément suggere que ce type de mutation posseéde un potentiel
adaptatif sous-estimé. Grace a la mutagénese dirigée, nous avons créé et quantifié la valeur
sélective de 40 lignées synonymes et 71 lignées non-synonymes chez Pseudomonas fluorescens,
les mutations touchant un gene essentiel a la capture du glucose. Il s’agit du gene g#sB, qui est
visé par la sélection naturelle dans un milieu ou la croissance de I’organisme n’est limitée que
par la disponibilité du glucose. La moitié des 56 mutations bénéfiques étaient synonymes et
représentaient une gamme de valeurs sélectives bénéfiques aussi large que celle de 1’échantillon
non-synonyme. Guidés par la théorie des valeurs extrémes, nous démontrons que les effets sur la
valeur sélective des mutations synonymes correspondent a une distribution ayant une queue
bornée appartenant au domaine Weibull de la distribution généralisée de Pareto. Notamment, les
distributions des effets sur la valeur sélective des mutations synonymes et non-synonymes
bénéfiques sont indiscernables ’une de 1’autre, suggérant que les mutations synonymes

possedent un potentiel adaptatif insoupgonné.
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CHAPTER 1: GENERAL INTRODUCTION

I. The sounds of ‘silent’ mutations

Evolution occurs when there is a change in allelic frequency over time, which is dependent
on the existence of genetic variability. The point mutation, which modifies a single letter in a
DNA sequence, represents the most basic unit of genetic variability and although minute, this
deviation from a given sequence can have important effects in terms of adaptation or disease
(Chamary et al. 2006; Cuevas et al. 2012; Hunt et al. 2014). Owing to the degeneracy of the
genetic code, all amino acids — apart from methionine and tryptophan — can be encoded by two to
six codons. This leads to two classes of point mutations: those that change the peptide sequence,
known as nonsynonymous mutations, and those that do not, known as synonymous mutations.
Conventionally, only nonsynonymous mutations have been considered in studies of mutational
effects; their effects are generally deleterious. On the other hand, synonymous mutations, which
do not alter the encoded amino acid, have been conventionally referred to as ‘silent’ mutations.
The range and relative frequency of their phenotypic effects, unlike those of nonsynonymous
mutations, have not yet been characterised.

Natural selection acts on this variability in phenotypes to drive evolution. To model
evolution, however, we must bridge the gap between changes to a genetic sequence and
differences in phenotype. This can be done by considering the distribution of fitness effects
(DFE) of available mutations. A DFE is based on the relative frequencies and effect sizes of
deleterious, neutral and beneficial mutations. Microbial systems, which can be genetically
manipulated easily and grown to several generations in a short period of time, offer an ideal

system to test the fitness effects of point mutations. The DFE of nonsynonymous mutations,



which has been characterised — albeit in the genomes of microorganisms and in coding regions of
eukaryotic genomes — is multimodal, with a primary peak around a weakly deleterious mode and
a secondary peak of strongly deleterious effects (Eyre-Walker and Keightley 2007; Hietpas et al.
2011; Bank et al. 2014; Firnberg et al. 2014; Li et al. 2016). These observations are consistent
with the prediction that the wild-type (WT) is well adapted to its environment and that most
mutations therefore reduce fitness and are purged by selection. However, only beneficial
mutations, which are rare, can be adaptive and thus constitute the raw material of natural
selection. Consequently, developing a predictive model of adaptive evolution requires
understanding the underlying DFE from which point mutations are drawn — specifically, to
characterise both the deleterious and beneficial sides, subject to purifying and positive selection
respectively.

Two questions are central to our study: What is the frequency of adaptive mutations of a
given effect size? More specifically, what is the DFE of adaptive synonymous mutations?
Attempts to answer the first question have been framed in terms of nonsynonymous mutations: in
a comprehensive review of the DFE of new mutations, no mention at all is made of the possible
DFE of synonymous mutations (Eyre-Walker and Keightley 2007). Nevertheless, there is clear
evidence they are far from universally neutral: synonymous mutations have been shown to face
purifying selection in diverse systems, from an RNA virus (an incidental observation from a
large bank of single-nucleotide substitutions) (Sanjuan et al. 2004), to the metazoan Drosophila
melanogaster (a genome-wide analysis showed constraints on synonymous sites) (Lawrie et al.
2013), to the bacterium Salmonella typhimurium (synonymous mutations in two non-essential

ribosomal proteins had an average growth rate of 0.92 relative to the ancestor) (Lind et al. 2010).



Additionally, work in the proteobacterium Methylobacterium extorquens demonstrated that
experimentally synthesised synonymous variants of an essential metabolic enzyme had reduced
fitness compared with the WT (Agashe et al. 2013). This study targeted the fae gene, which
encodes a protein in the formaldehyde oxidation pathway, essential for growth on methanol-only
media. Its substrate specificity and high expression level render it useful for fitness
measurements. Although this study did not measure the fitness contribution of individual
mutations, with each allele containing between 46 and 150 single nucleotide substitutions, the
reduced growth rate of all mutant strains compared with the WT clearly indicates that
synonymous mutations in prokaryotes can also be under negative selection.

The evidence that synonymous mutations can face positive selection is sparser. In follow-
up work to the M. extorquens study, the synonymous strains were allowed to evolve and made
fitness gains — approaching WT levels — through compensatory mutations in either the fae coding
sequence or its directly upstream intergenic region (Agashe et al. 2016). Out of nine coding
region single nucleotide polymorphisms (SNPs), four were synonymous and evolved in parallel
in eight replicate populations. The large beneficial fitness effects and high level of repeatability
of these synonymous SNPs suggest that beneficial synonymous mutations likely play an
important and underappreciated role in the adaptive process. However, it is worth noting that
these beneficial mutations arose in the background of fitness-reducing variation, and their
beneficial effects may be due to epistatic interactions with the previously introduced mutations.
They are nonetheless representative of how compensatory mutations can be positively selected
when in a reduced-fitness background. A synonymous mutation has also been shown to provide
antifungal resistance in yeast (She and Jarosz 2018), providing yet more evidence that

synonymous mutations may be underappreciated contributors to adaptation.



The impetus for this project comes from a study by Bailey et al. (2014), who reported the
discovery of two spontaneous, highly beneficial synonymous mutations arising independently
over the course of a selection experiment in Pseudomonas fluorescens SBW25. The mutations
increased relative fitness by 7.25% and 8.73%, on par with the effect of a third independently
arising nonsynonymous mutation (Bailey et al. 2014). All three mutations were located in the
gtsB gene, which encodes a protein essential to glucose uptake, and went to near-fixation within
about 200 generations, the sign of strong positive selection. Initially isogenic, the SBW25
population was perpetuated for over 1000 generations with glucose as the only carbon source in
minimal media; mutations to gtsB show that it is the target of selection in an environment where
glucose is a growth-limiting factor.

These observations are striking in that positively selected synonymous substitutions might
be much more common than previously thought. In this experiment, all three mutations clustered
near the start of the gene: at codons 10 (alanine — threonine), 15 (alanine; CGA — CGC), and
38 (glycine; GGC — GGT). Further genomic analysis showed that in closely related
Pseudomonads, the observed synonymous mutation CGA — CGC at codon 15 was the most
common substitution, occurring in 17/23 related strains (representing, parsimoniously, 3
independent changes). However, only 1/23 related strains showed a substitution at codon 38,
although this was the same synonymous mutation (GGC — GGT) that occurred in SBW25.

The gtsB gene encodes a permease subunit of an ATP-binding cassette that is crucial to the
transport of glucose through the inner membrane into the cell. It is 909 base pairs long and
encodes 302 amino acids. When the synonymous mutant strains were grown on other carbon
sources (mannitol and succinate), gtsB(A154) and gtsB(G38G) had no effect on fitness; a knock-

out of gtsB was also assayed and shown to decrease fitness dramatically to around 0.85 relative



to the ancestor, but had no effect when grown on other sugars. These tests demonstrate that gtsB
is the target of selection on media containing glucose as the only carbon source and growth-
limiting factor. Taken together, these observations provided a biologically relevant experimental
framework under which we would seek answers to the following questions: first, what is the
shape of the DFE of synonymous mutations? Secondly, how common are synonymous mutations
with highly beneficial effects, such as those observed in the Bailey study? In other words, are
synonymous mutations generally neutral, or is their DFE similar to that of nonsynonymous
mutations? Showing the latter to be true would turn the assumption that these mutations are

silent on its head.

I1. Measuring fitness

In general terms, fitness in the traditional sense can be defined as an organism’s genetic
contribution to future generations. Fitness is difficult to measure in non-microbial systems, as it
represents the combination of multiple phenotypic traits, and consequently a single mutation’s
effect on fitness is near impossible to detect. Moreover, as fitness is a measure of an organism’s
lifetime reproductive success, researchers commonly rely on proxies, such as number of
offspring or seeds produced, to guide fitness estimates. Fortunately, many of these limitations
can be overcome through methods of experimental evolution that exploit microbes to study
evolutionary processes. Microbes have short generation times, can be grown as multiple replicate
populations in manipulable environment, and can be routinely frozen to allow direct comparison
of ancestral and derived populations, effectively allowing us to track the evolutionary trajectory

of a given genotype.



Most importantly, experimental evolution gives us the tools to measure fitness as a
phenotype. This is done by co-culturing two strains and measuring their relative contribution to
future generations after a short timespan — an approach known as a competition — yielding an
estimate of relative fitness. Rather than absolute fitness, this estimate can be considered “gene
fitness”, since it measures the ability of a gene to accomplish a given function, with a
corresponding effect on growth, and holistically encompasses mutational effects at the DNA,
RNA and protein level (Firnberg et al. 2014).

These competition assays are a common approach to measuring fitness in experimental
evolution and have notably been employed by Richard Lenski to compare genotypes of
independently evolved Escherichia coli populations in his Long-Term Evolution Experiment
(Wiser and Lenski 2015), as well as many others (Sanjuén et al. 2004; Cuevas et al. 2012; Lind
and Andersson 2013; Hauber et al. 2016; Kndppel et al. 2016). Importantly, competitions wholly
encompass the properties of bacterial culture such as lag time and exponential growth (Wiser and
Lenski 2015). It has been shown that single mutations can accurately be measured when their
fitness effect is greater than 1%, or in terms of relative fitness, if their relative fitness is greater

than 1.01 (Eyre-Walker and Keightley 2007).

IT1. Mutational models of adaptive evolution

Although evolution by natural selection is the only mechanism that can produce adaptation,
we still lack a thorough, quantitative framework to predict the genetics of adaptive evolution.
Developing a genetic theory of adaptation involves understanding how often, and to what extent,
individual mutations are beneficial. Attempts to describe the shape of the underlying distribution

from which point mutations are drawn began in the 1930s with Fisher, who proposed a



theoretical model in which individual mutations had different effect sizes on a trait, in what is
now referred to as Fisher’s geometric model (FGM) (Fisher 1930). FGM provides a framework
for understanding how mutations that affect a phenotype impact fitness, and predicts that
adaptation occurs through beneficial mutations with very small effect sizes, those with larger
effect sizes being highly improbable. Reconciling Fisher’s predictions with the genetic basis of
adaptation — that is, considering changes as mutations in DNA rather than traits, Maynard Smith
proposed that a given sequence occupies a discrete phenotypic space. For a gene of length L base
pairs, assuming low mutation rates, there are only 3L possible point mutants (Maynard Smith
1970). Further, natural selection will only favour changes that increase the organism’s fitness,
bringing it closer to an optimum.

These step-wise genetic changes can continue as long as a fitter genotype exists within the
available space until the population reaches an optimum. But what is the underlying distribution
of fitness values to which these mutations belong? Here, Gillespie’s mutational landscape model
(MLM) comes in. Gillespie argued that, since adaptation only “sees” beneficial mutations, the
distribution of neutral and deleterious mutations is irrelevant to models of adaptive evolution
(Gillespie 1983, 1984). Under the MLM, the WT is assumed to already enjoy high fitness; thus,
Gillespie proposed that genetic models of adaptation should consider only the extreme right tail
of DFEs. His insight was to draw on extreme value theory (EVT), a branch of statistics that deals
with the values located in the tails of distributions, to describe the distribution of beneficial
mutations.

Further theoretical work has focused on characterising the behaviour of this distribution.
As the magnitude of a mutation’s effect increases, its frequency of occurrence is predicted to

decrease, although the nature of this relationship is unclear. The distribution of extreme values



above a threshold — in this case, the WT fitness — assumes a form given by the Generalised
Pareto Distribution (GPD), which encompasses three parent distributions. These are defined by
the shape parameter |, with | > 0 corresponding to the Fréchet, | = 0 to the Gumbel, and | <0 to
the Weibull parent distributions; the tails are respectively heavy, light and bounded. Although
the Gumbel family of distributions, which includes exponential and logistic distributions, has
long been regarded as ‘the’ DFE of adaptive mutations, emerging experimental work is
challenging this view. In fact, in Fisher’s model, a population cannot adapt further once it has
reached an optimum, lending weight to a predicted truncated tail of beneficial effects defined by
the Weibull domain (Martin and Lenormand 2008).

Accordingly, while some theoretical models favour an exponential distribution (which falls
under the Gumbel parent distribution), others propose tails with different weights (Orr 2005;
Martin and Lenormand 2008). Similarly, there is empirical support for both the exponential
distribution (Imhof and Schlotterer 2001), albeit as an imperfect fit (Kassen and Bataillon, 2006),
and the Weibull distribution (Rokyta et al. 2008; Betancourt 2009; Schoustra et al. 2009;
Bataillon et al. 2011), which puts an upper bound on fitness effects. Although microbial
experimental evolution provides an ideal framework to directly observe the effects of individual
mutations, the very rarity of beneficial mutations, coupled with their vulnerability to loss through
drift and clonal interference, has made empirical testing of these models difficult. Moreover,
small-effect mutations are hard to detect in selection experiments, where only mutations that
confer a large fitness effect become fixed and therefore detectable (Rozen et al. 2002). Finally, as
Martin et al. demonstrated, picking random mutants from a selection experiment can also
provide an inaccurate representation of the DFE of point mutations as mutational hotspots may

engender pseudoreplication (in this study, only a quarter of sequenced mutants were unique)



(McDonald et al. 2011). As we will detail further on, constructing clones of a fitness-relevant
phenotype in a specific environment is a way to circumvent the need to wait for beneficial
mutations to arise and fix in an evolving population, which inevitably yields small sample sizes

(Rokyta et al. 2005).

IV. Phenotypic effects of synonymous mutations
i. Codon usage bias

Non-random use of synonymous codons, a phenomenon known as codon usage bias
(CUB), has been widely noted across a wide range of taxa (Ikemura 1985; Sharp et al. 1988;
Hershberg and Petrov 2008). Codon usage modulates translation rate (Sorensen et al. 1989), as
preferred codons are thought to result in more efficient and accurate translation (Gingold and
Pilpel 2011; Yu et al. 2015). Furthermore, preferred codons are overrepresented in highly
expressed genes (Hilterbrand et al. 2012) and often, but not always, correspond to the relative
availability of cognate tRNAs (Gouy and Gautier 1982; Duret 2000; Kanaya et al. 2001).
Consequently, rare codons are generally thought to be translated more slowly due to the lower
levels of corresponding tRNA and weaker mRNA-tRNA interaction at the third nucleotide
position, known as the wobble position (Chaney and Clark 2015). A measure of codon
preference is the Codon Adaptation Index (CAI), based on the relative abundance of
synonymous codons in highly expressed genes, which are assumed to be under strong selective
pressure for maximal translational efficiency and accuracy (Sharp and Li 1987). The tRNA
Adaptation Index (dos Reis et al. 2004) further takes into account the availability of tRNAs in
the cell and the strength of the codon-anticodon interaction, as the wobble position can lead to

non-cognate mRNA-tRNA pairing.



CUB plays an important role in modulating mRNA stability (Presnyak et al. 2015) and,
through its effect on translational dynamics, co-translational protein folding (Yu et al. 2015).
Moreover, there appears to be selection for less-preferred codons at the start of genes; a slow
start to elongation is thought to increase transcriptional efficiency (Plotkin and Kudla 2011).
Experimental work in the fungus Neurospora showed a strong association between codon
optimisation and both mRNA and protein expression levels (the two had a comparable fold
increase) (Zhou et al. 2016). On the other hand, studies in mutated ribosomal protein genes in S.
typhimurium failed to show any correlation between relative codon usage and the fitness effects
of synonymous mutations (Lind et al. 2010). Notably, both beneficial synonymous mutations
observed in the P. fluorescens study resulted in a change to slightly less-preferred codons, which
suggests that alignment with CUB is not a primary mechanism for the beneficial fitness effect of
these mutations (Bailey et al. 2014).

Observations from the gtsB study are reflected in recent work in E. coli that tested whether
the same synonymous mutation at different codon positions within a ribosomal subunit gene
(rplQ) has the same effect, as would be predicted if CUB were the only mechanism by which
synonymous mutations have a fitness effect (Hauber et al. 2016). At five sites within the rplQ
gene, the wild-type codon was changed to a less-preferred codon and the resultant synonymous
single-mutants were competed against the wild-type. Four sites were paired: two lysine and two
leucine sites were changed from a wild-type to a less-preferred codon. Two of the synonymous
single-mutants exhibited fitness values of 1.004 and 1.006, which are very slightly higher
relative to the ancestor, whereas the other three single-mutants had fitness values around 0.97,
slightly lower than wild-type. Notably, fitness effects (beneficial or deleterious) were different at

the two different sites for the matching lysine and leucine codons. Moreover, a mutant strain

10



containing all five synonymous mutations exhibited dramatically reduced fitness —
approximately 20% lower than the WT.

Changes in codon preference can have large phenotypic effects. In one notable instance, a
synonymous mutation to a rare codon changed the protein’s substrate specificity, which was
thought to be caused by altered co-translational folding (Kimchi-Sarfaty et al. 2007). Yet another
study that tested synonymous variants of green fluorescent protein (GFP) found no correlation
between CAI and fluorescence levels (Kudla et al. 2009). While these observations contribute to
the mounting body of evidence that synonymous mutations contribute to evolution on an
unexpectedly large scale, they also show that CUB cannot be the sole explanation for why
certain synonymous codons are positively or negatively selected. Were this the case, we would
observe absolute usage of some codons instead of varying preferential use, which is in line with

the observations of the Bailey study.

ii. mRNA and protein expression

Since synonymous mutations do not change the final encoded protein, we can look to the
step preceding protein synthesis — the mRNA transcript — for clues as to how they affect fitness.
Synonymous codons play a role in both the regulation of mRNA levels and their availability for
ribosomal binding. For instance, a study in yeast observed that mRNA transcripts enriched with
synonymous non-optimal codons had a higher decay rate than those with optimal codons
(Presnyak et al. 2015). In this study, synonymous mRNA molecules of the ORF of the HIS3 gene
(which is involved in the histidine synthesis pathway) were generated to contain only optimal or
non-optimal codons compared with the wild-type, which comprises 43% optimal codons. The

authors found that mRNA half-life was much greater for the construct with only optimal codons
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(> 60 minutes), followed by the WT (9.5 minutes), while the non-optimal codons-containing
construct had a dramatically reduced half-life (2.0 minutes). The non-optimal construct was also
associated with a four-fold reduction in protein expression.

Synonymous codons can also affect a transcript’s thermodynamic stability, which impacts
how ribosomes bind and travel along it during translation. Structures such as hairpin loops and
double stranding result in a more stable secondary structure and reduced ribosomal access, which
can alter translational dynamics (Kudla et al. 2009). Single-stranded sections of the transcript are
easily accessed by ribosomes, but are also vulnerable to degradation by ribonucleases (RNases)
(Deutscher 2006). Selection for optimal translational efficiency is thought to account for the
genome-wide pattern, particularly pronounced in highly expressed genes, for reduced mRNA
stability near the start codon (Gingold and Pilpel 2011).

The evolutionary constraint on mRNA structure is more important in highly expressed
genes than in genes with low levels of expression (Gu et al. 2014). Deleterious synonymous
mutants in S. fyphimurium mutants were associated with decreased protein expression (Knoppel
et al. 2016), which could be due to decreased translation efficiency. Another study, however,
found no significant changes in mRNA levels for synonymous mutants with reduced fitness
(Lind et al. 2010). In the Bailey study, the synonymous mutants exhibited a twofold increase in
mRNA expression (Bailey et al. 2014). Whether this was due to increased transcription,
decreased mRNA degradation, or a combination of both, is unknown. In gtsB, the G38G
mutation decreases the predicted mRNA stability relative to the WT but AI15A has no
thermodynamic effect, suggesting that changes in mRNA stability are not fully responsible for

the observed increase in mRNA levels. In short, these results show that synonymous mutations

12



clearly impact mRNA stability, which in turn affects protein output despite producing the same

linear peptide sequence.

iii. Ribosomal pausing

The rate of protein synthesis may be another process affected by synonymous mutations.
Synonymous mutations may be selected positively or negatively at the translational level due to
their contribution to ribosomal pausing. This can occur when the translating ribosome stops at a
given site on the mRNA transcript when it encounters a stretch of rare codons or an internal
pause site. Phenotypically, ribosomal pausing can act in two ways, by either altering co-
translational protein folding (Tsai et al. 2008) or decreasing the availability of ribosomes for
translation, which can hinder growth.

In bacteria, selection seems to act against internal pause sites in the form of Shine-
Dalgarno (SD) motifs (consensus sequence AGGAGG) in coding regions of genes (Chaney and
Clark 2015). Normally, SD motifs are found upstream of the start codon and recruit ribosomes
for translation initiation, although they can also arise by coincidence within the coding region.
Their underrepresentation in the coding regions of reading frames suggests that they are here
subjected to negative selection. The presence of SD-like motifs has been found to cause
ribosomal pausing and therefore slower translation due to the hybridisation of the mRNA
molecule and 16S rRNA, which contains the anti-SD sequence in the 3’ region (Li et al. 2012),
although this observation has recently been called into question (Mohammad et al. 2016).
Nevertheless, translational pausing due to internal SD-like motifs can be expected to drive down

the usage of codons and codon pairs that resemble SD motifs.
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We can hypothesise that a synonymous change that breaks up an intragenic SD-like motif
might have a positive effect on fitness, while the opposite would be true of introducing an SD-
like motif in a coding region of a gene. Ribosomal pausing has also recently been shown to have
a positive effect on fitness when it occurs at the start of an mRNA molecule (Frumkin et al.
2017). The “translational ramp” theory suggests that slower elongation near the 5° end is
associated with lower translational cost and increased cell growth. This is due in part to the fact
that more slowly translated codons prevent a downstream ribosomal traffic jam and collisions,
increasing translational efficiency. Synonymous codons that encode more slowly translated

amino acids might hereby have an effect on fitness.

iv. Inhibition of catabolite repression and sRNA binding

Other mechanisms that have been suggested for the effect of beneficial synonymous
mutations are catabolite repression and small RNA (sRNA) binding (Bailey et al. 2014).
Synonymous mutations might interfere with binding of a catabolite repression control (Crc)
protein, which inhibits translation, resulting in higher expression of the gene. However, knockout
of the crc gene in SBW25 and SBW25(A15A) and SBW(G38G) had no effect on gene
expression and fitness. A second possible mechanism of inhibiting degradation is one whereby
synonymous mutations interfere with the ability of SRNAs to bind to the mRNA transcript for
subsequent degradation. Once again, knockout of a gene responsible for SRNA synthesis in the

synonymous mutants had no effect on gene expression.

V. Thesis overview and experimental design

14



This project builds on the observations of the Bailey study to investigate the DFE of
synonymous mutations in a gene that is targeted by selection. As we noted above, although
experimental evolution provides a powerful framework to study the effects of individual
mutations, empirical studies of the DFE of beneficial mutations are difficult owing to the rarity
of this class of mutations and the risk of overlooking small-effect mutations. Constructing mutant
strains to express a specific mutation allows us to assay the effect of many targeted mutations
individually, which would be impossible in a selection experiment. Since gtsB, the gene
identified in the Bailey study, has been shown to be the target of selection under specific
conditions, this provides us with a system in which to investigate the phenotypic effect of a range
of single base pair changes.

The overarching design of this experiment is simple: generate a range of gtsB clones in
SBW?25 that differ by one nucleotide and assay their fitness relative to the WT in order to isolate
the phenotypic effect of individual mutations. In practice, this meant using site-directed
mutagenesis to generate allelic replacements for gzsB (described in Chapter 2) to construct a
library of synonymous and nonsynonymous point mutations at regular intervals along the gene,
and subjecting each to a competition against a marked WT strain in an environment that targets
gtsB for selection. From the resultant range of fitness values, we were able to find the optimal
parameters that describe the shape of the distribution of beneficial mutations. Crucially, this
method allowed us to determine the fitness effects of many synonymous mutations, in order to
address the gap in our collective knowledge regarding their contribution to adaptive evolution.

Using our relative fitness estimates for dozens of synonymous and nonsynonymous
mutations, we were also able to perform in silico analyses to determine whether a mechanism of

action could be identified for the fitness effects of synonymous mutations. Since A15A and
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G38G were both located near the start of the gene, we asked whether beneficial mutations are
more likely to occur in this location — especially considering that genetic architecture at the 5’
end of genes appears to be under stronger evolutionary constraint than the rest of the genes
(Tuller et al. 2010; Bentele et al. 2013; Frumkin et al. 2017). Furthermore, we tested whether any
of the CUB, mRNA stability, or internal ribosomal pausing sites could explain the variations in
fitness. Ultimately, by allowing us to characterise the DFE of synonymous mutations in a gene
under selection, this project contributed to characterising the role played by synonymous

mutations in adaptive evolution.
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CHAPTER 2: METHODS

I. Site-directed mutagenesis of gtsB

Site-directed mutagenesis of gtsB was accomplished by cloning gtsB alleles with a single
mutation into a vector, generating an E. coli library, followed by performing allelic replacements
in SBW25 (outlined in Fig. 5). Primers were designed to introduce mutations at 112 sites in the
gtsB gene (PFLU4845), corresponding to 50 codons spanning the gene (every 10™ codon) and
including clusters around the previously identified adaptive mutations (codons 10, 15 and 38)
(Bailey et al. 2014). Sequences from 715 base pairs upstream to 173 base pairs downstream of
gtsB were amplified as two polymerase chain reaction (PCR) fragments, one of which contained
a threefold degenerate polymorphism introduced by a mutagenic primer. Each mutagenic primer
was paired with a conserved reverse primer (R3_gtsB R) to amplify gtsB sequences downstream
of the mutated site. Sequences upstream of the mutated site were amplified using a conserved
forward primer (F3_gtsB_R) paired with a site-specific primer annealing adjacent to the mutated
locus. Bsal recognition sequences were included in each primer to enable seamless ligation
between the gtsB PCR products and an allelic replacement vector using Golden Gate assembly
(Engler et al. 2008). Since the Bsal endonuclease cuts distal from its recognition sequences, both
Bsal and DNA ligase could be included with the allelic replacement vector and purified PCR
products in a single cloning reaction. The cloning reactions were incubated at 37°C for two

hours, 50°C for five minutes, and 80°C for five minutes, then held at 10°C and transformed into

Escherichia coli DH5(| pir following the Inoue method for chemical transformation (Sambrook

et al. 1989) with selection on ampicillin.
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Transformations yielded libraries of E. coli strains that were used to introduce mutations
(corresponding to the threefold degenerate sites of the mutagenic primers) into P. fluorescens.
Recombination of each mutant gzsB allele into the chromosome was selected for by two-step
allelic replacement, with selection for tetracycline resistance followed by selection for sucrose
resistance as previously described (Bailey et al. 2014). To increase the efficiency of replacement,
we used an SBW25 recipient strain in which the native gtsB was replaced by lacZ, allowing us to
use blue-white screening on LB 5% sucrose X-gal agar to identity recombinants in which lacZ
was replaced by the vector-encoded mutant g¢sB. The sucrose-resistant white colonies were used
as PCR templates for amplification of the gzsB locus using an M13F-tagged primer, followed by
sequencing performed by the McGill University and Genome Quebec Innovation Centre.
Coverage was an average of 960 base pairs downstream of the start codon, covering the 909-

nucleotide length of gtsB; 152 unique point mutants were identified.

I1. Fitness estimates

Competitions were performed as outlined in Lenski et al (1991) (Lenski et al. 1991) on
four to six technical replicates of 111 mutant strains, removed from storage in glycerol at -80°C
and grown overnight at 28°C on LB agar, as was the SBW25 /acZ competitor. Single colonies
were inoculated into 2 mL LB broth for overnight shaking incubation at 28°C. Cultures were
then transferred into minimal glucose media for a 24-hour acclimation period at 28°C, after
which each mutant strain was mixed in a 1:1 ratio with SBW25 /acZ into 2 mL of minimal media
supplemented with glucose. Samples from the mixed culture were frozen in 20% glycerol after
one- and 24-hour periods, which we refer to as initial and final time points respectively. The

frequencies of the two strains at each time point were obtained by counting at least 30 colonies
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of each after dilution and spreading on minimal glucose agar with X-gal. Identification of mutant
and competitor colonies was possible since the mutants, lacking lacZ, produced white colonies,
while SBW25 lacZ colonies were blue. Relative fitness was calculated using the equation ® =
(ffinal/finitia)(1/generations), where finitial and frna are the ratios of the frequency of mutant strain
to the frequency of SBW25 lacZ strains before and after the competition. The number of
generations was estimated to be approximately 6.7 or 13.2, depending on the dilution factor. To
verify that /acZ has no effect on fitness in SBW25, it was competed against the WT SBW25 in
each fitness assay. Values from these assays in glucose were combined, resulting in a relative
fitness estimate of 1.005 = 0.0007 S.E.M. Competitions for a subset of mutants were also
performed in minimal media supplemented with either mannitol (N = 25) or succinate (N = 23).
The lacZ strain competed against the WT showed a small fitness cost in both mannitol and
succinate, in the order of 0.018 and 0.006. Relative fitness values were therefore adjusted to
reflect a WT value of 1 by subtracting 0.018 and 0.006 from each estimate in mannitol and

succinate respectively.

I11. Media

Escherichia coli was grown on Luria-Bertani (LB), X-gal sucrose, or tetracycline media.
Pseudomonas fluorescens SBW25 was grown on LB or X-gal minimal salts media (48mM
Na,HPOy4, 22mM KH;,PO4, 9mM NaCl, 19mM NH4CI, 2mM MgSO4, 0.1mM CaCl,) with
glucose (53 (M), succinate (80 [M), or mannitol (53 [M) as indicated. Media were
supplemented with 5-bromo-4-chloro-3-indolyl-®-D-galactopyranoside (X-gal) at 40 [g/ml.
Antibiotics were used at the following concentrations: 100 [g/ml nitrofurantoin (Nf), 100 [g/ml

ampicillin (Ap), 10 [g/ml tetracycline (Tc).
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IV. Estimating codon preference and mRNA stability

Following the procedure detailed in Bailey et al (2014), we estimated the change in
codon bias attributable to each synonymous mutation by the codon adaptation index (CAI) value
of the mutant to the WT using SBW25 ribosomal protein genes as a reference of highly
expressed genes. The ‘cai’ function in the ‘seqinr’ package in R was used to calculate change in
CALI at each site. tRNA adaptation index (tAl) values were calculated by inputting tRNA gene
copy numbers as an experimentally validated proxy for tRNA expression (Tuller et al. 2010) in
the stAl, interface. Consistent with previous work (Kudla et al. 2009), we predicted the most
probable folding energy of 42-nucleotide windows centred on each mutation using the Quikfold
application of the ‘mfold’ server (Zuker 2003). This window size was chosen was it corresponds
to the approximate outer limits of a ribosomal subunit binding site on the transcript (Takanami

and Zubay 1964).

V. Statistical analyses

All statistical analyses were conducted in R Studio (version 1.0.136;
https://www.rstudio.com). We tested whether the DFEs of synonymous and nonsynonymous
mutations were drawn from the same distribution using the Kolmogorov-Smirnov (K-S) test on
bootstrapped data. The K-S test is suitable for analysing our dataset since it assumes a
continuous distribution and is nonparametric (neither the synonymous nor the nonsynonymous
samples were normal (Shapiro-Wilk test, P = 6 x 10™ and 6 x 10™® respectively)). In order to
calculate a P-value, we generated a null distribution of the K-S D-statistic by bootstrapping the

nonsynonymous sample. To do so, we performed 10,000 permutations of the following:
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sampling the nonsynonymous sample, with replacement, to generate a simulated sample the

same size as the synonymous sample and performing a K-S test comparing the bootstrapped
sample with the observed nonsynonymous sample. From the resultant null distribution of D-
statistics, we computed a one-sided P-value by calculating the proportion of bootstrapped D-
statistics that were greater than or equal to the true D-statistic (which compared the observed
synonymous and nonsynonymous samples).

We sought to detect a mechanism responsible for the variation in fitness effects, to which
end we fit linear models to the data with the following variables as main effects: type of mutation
(synonymous/nonsynonymous), transition/transversion, amino acid location along the gene,
change in CAI, change in tAl, and change in AG. Relative fitness values were weighted by the
inverse of their standard error such that more precise estimates weighed more heavily. P-values
for the linear models were obtained by performing permutations (N = 10,000), a method that also
addressed the non-normality of the residuals. A best model, combining the variables found to be
significant, was built using performing a permutation (N = 10,000) on the residuals (Still and
White 1981) to generate a null distribution of the F-statistic and determine P-values. Our

threshold for significance was established at a = 0.05.
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CHAPTER 3: RESULTS AND DISCUSSION

I. Library of gtsB point mutants

As described in Chapter 1, although purifying selection on synonymous sites has been
demonstrated in various systems (Lind et al. 2010; Cuevas et al. 2012; Lawrie et al. 2013),
reports of beneficial synonymous mutations are rare (She and Jarosz 2018). The discovery of two
independently and spontaneously arising beneficial synonymous mutations in a P. fluorescens
population provided further evidence that synonymous mutations can be adaptive, although in
general, their frequency of occurrence is unknown. These mutations arose in gtsB, which is the
second gene in an operon encoding an ATP-binding cassette transporter that transports glucose
across the inner membrane. Conferring fitness increases of 6-9%, these two mutations’ effects
are on par with those of a nonsynonymous mutation that also arose independently in gtsB during
the experiment. The mutations to gzsB had no effect on fitness in alternate carbon sources,
confirming that gzsB is a target of selection specifically during growth on glucose (Bailey et al.
2014). This discovery provided unequivocal evidence that synonymous mutations can increase in
frequency via adaptation rather than via genetic drift or hitchhiking with beneficial
nonsynonymous mutations. In order to apply the theory underlying adaptation, outlined in
Chapter 1, to synonymous mutations, we had to construct a library of g¢sB point mutants and
measure each mutation’s fitness effect.

Following the method detailed in Chapter 2, we used site-directed mutagenesis to construct
40 synonymous and 71 nonsynonymous sequence-confirmed substitutions at 114 loci spanning
the length of gtsB in P. fluorescens SBW25. Relative fitness for each mutant was measured in

four to six technical replicate competitions against a marked ancestor performed in minimal
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media supplemented with 53 [M glucose for 24 hours at 28°C. Fitness estimates of the
competitor show that it has neutral relative fitness (mean | = 1.004, + 0.007 S.E.M.), while a
gtsB knockout strain (®gtsB) has greatly decreased fitness in glucose (0.716 = 0.014), although
not in mannitol or succinate media (1.016 = 0.025 and 1.019 = 0.020 respectively). Relative
fitness estimates ranged from 0.70 to 1.08 (median = 1.01) for synonymous mutations and 0.72
to 1.05 (median = 0.99) for nonsynonymous mutations (Fig. 1). Fitness effects observed in
glucose did not carry over to mannitol- or succinate-supplemented minimal media (Fig. 4).

The focus of this study was to compare the effects of synonymous and nonsynonymous
mutations in an otherwise intact protein; for this reason, six nonsense mutations from our
original library of gtsB mutants were omitted from our analysis, since their strongly deleterious
effect is likely due to the production of a truncated protein. Consistent with the theory that the
wild-type (WT) gene is already well-adapted and any change to its sequence is more likely to
disrupt function than improve it (Gillespie 1984), a prediction supported by empirical evidence
(Kassen and Bataillon 2006), the DFE of nonsynonymous mutations comprises mainly
deleterious mutations with a small proportion of neutral and beneficial mutations (43%).
Comparatively, the DFE of synonymous mutations reveals a larger proportion (68%) of

beneficial effects.

I1. Comparison and characterisation of distributions of fitness effects

As detailed in Table 1, we compared both the entire dataset and only beneficial mutations
using a permutation of the K-S test. The distributions of the former differ (P = 0.0002), with the
nonsynonymous sample including a highly deleterious secondary peak (Fig. 1). Strikingly,

however, the DFEs did not differ when we considered only beneficial mutations (P = 0.59) (Fig.
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2), allowing us to pool them for subsequent analyses. This is a novel observation, although
similar effect sizes in beneficial synonymous and nonsynonymous mutations have been
previously described (She and Jarosz 2018). Thus, we sought to characterise the shape of the
distribution of adaptive mutations as informed by theoretical models.

Theory predicts that adaptation is driven by a pattern of diminishing returns — i.e., that the
probability of occurrence of beneficial mutations is inversely proportional to the magnitude of
their effect (Orr 2005). Ronald A. Fisher’s geometric model of adaptation was the first to predict
that small-effect beneficial mutations were more frequent than large-effect beneficial ones, and
that the former were therefore the basic unit of adaptation (Fisher 1930). Shifting the focus from
phenotypes, as in Fisher’s model, to mutations, John Gillespie proposed that the DFE of non-
beneficial mutations, which are purged by selection, is irrelevant to modeling adaptive evolution
(Gillespie 1984). He argued that as beneficial mutations represent rare events above a high
threshold (the WT enjoying high fitness), they can be considered in the framework of extreme
value theory (EVT) described by a Generalised Pareto Distribution (GPD) (Gillespie 1984; Joyce
et al. 2008).

The GPD family encompasses three domains of attraction that are determined by the value
of the shape parameter |, also referred to as the tail index, which specifies the weight of the tail
(Beisel et al. 2007; Joyce et al. 2008). Currently, the nature of the distribution of beneficial
fitness effects is still under investigation — and the DFE of beneficial synonymous mutations is
entirely unknown. Although an exponential DFE, where | = 0 (belonging to the Gumbel domain)
has received theoretical and empirical support (Rozen et al. 2002; Orr 2003), the Weibull

domain, with a truncated tail (| <0), is emerging as a candidate as well, with experimental
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support for an upper bound on fitness effects (Rokyta et al. 2008). Finally, the heavy-tailed
Fréchet domain (| > 0) has not received empirical validation.

Since beneficial mutations are rare, empirical tests of their DFE are few (Eyre-Walker
and Keightley 2007; Hunt et al. 2014). Selection experiments, in which the first mutations to fix
are isolated, produce biased samples as these mutations must escape both drift and clonal
interference. By constructing a library of point mutants, we generated a larger, unbiased sample
from which we characterised the shape of the right-hand tail of the DFE, thereby including all
beneficial-effect mutations (] > 1) irrespective of formal tests for significance. This tail takes the
form of a GPD, which, as detailed above, comprises the Gumbel, Fréchet, and Weibull domains
of attraction. Our analysis thus focused on defining the shape of the tail of the beneficial DFE.
As we will detail next, we tested the null hypothesis that the DFE of beneficial mutations has an
exponential tail by restricting | to 0 against the alternate hypothesis that a distribution with an
unrestricted shape parameter provided a better fit.

Beisel et al (2007) provide a likelihood ratio framework tailored to test the null hypothesis
that a distribution of beneficial fitness effects is exponential (a special case of the Gumbel
domain). To that end, we first transformed the data from relative fitness values (]) to selection
coefficients (s) by subtracting 1 from all relative fitness estimates (| = 1 + s5). Next, we further
transformed the data with a simple shift such that each s value became relative to the smallest
observed selection coefficient rather than relative to the WT. The establishment of this new
threshold, to which | is robust, is necessary to avoid misinterpreting the distribution of
unobserved values between the WT threshold and the smallest selection coefficient, although it

comes at the cost of a degree of freedom.
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Following this shift, we computed bootstrapped maximum likelihood estimates for the
model with the restriction | = 0 (which corresponds to the exponential distribution). We also
estimated the maximum likelihood of the alternative model, where | is not restricted, by
calculating the optimal | value using the GenSA package in R (Xiang et al. 2013). Since the
exponential distribution, as a special case of the Gumbel domain, is nested within the GPD, we
can compare the restricted model with the unrestricted |-value model using a likelihood ratio test
(LRT). To determine significance, we calculated the P-value as the proportion of bootstrapped
likelihood ratio tests (N = 10,000) that were greater than or equal to the true LRT.

We find that an optimal | value of -0.37, belonging to the Weibull domain, describes the
distribution better than the exponential form of the GPD (P = 0.0077). In biological terms, the
truncated tail unique to the Weibull domain translates to an upper bound on fitness effects among
beneficial mutations available to selection; this result adds to mounting empirical evidence
favouring the Weibull domain, suggesting that beneficial mutations facing selection arise in a
landscape involving many small-effect beneficial mutations (Rokyta et al. 2008; Betancourt
2009; Schoustra et al. 2009; Bataillon et al. 2011). Furthermore, it is consistent with the
biologically realistic interpretation of Fisher’s model, which assumes a single phenotypic
optimum. Critically, though, we show that the beneficial DFE of synonymous mutations also
belongs to the Weibull domain, suggesting that they are an overlooked source of adaptive

potential.

IT1. Molecular mechanisms responsible for fitness variation
In order to elucidate a mechanistic explanation for the fitness effects of both synonymous

and nonsynonymous mutations, we investigated, independently, the main effect of several
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variables: mutation type, transition/transversion, amino acid location along the gene, change in
CALl, change in tAl, and change in mRNA free energy (AG). As shown in Table 2, only the
models testing the main effects of mutation type and change in mRNA free energy were
significant. Transitions occur when the mutant nucleotide belongs to the same class as the WT —
either a purine, to which the double-ringed adenine and guanine belong, or a pyrimidine, which
includes the single-ringed cytosine and thymine. The model including transition v. transversion
as the dependent variable was not significant. Similarly, models including change in CAI and
change in tAl was were not significant. Moreover, we note that we did not identify any
consistent fitness effects — whether beneficial or deleterious — based on internal SD-like sites.
Only the main effects of mutation type and change in predicted mRNA transcript stability were
significant and combined into a ‘best” model. We detail our findings below.

Synonymous mutations can play a role in altering translational dynamics by encoding a
more or less preferred codon (Komar et al. 1999; Cortazzo et al. 2002). Codon optimality can be
estimated by assigning a codon adaptation index (CAI) value based on the relative synonymous
codon use in a set of highly expressed ribosomal protein genes (Sharp and Li 1987). Evidence of
gene architecture near the 5’ terminus being important for proper initiation of transcription and
translation (Tuller et al. 2010; Navon and Pilpel 2011) is supported by an analysis of over 5000
genes in another Pseudomonad, P. aeruginosa, showing an overall trend for the first 50 codons
of genes to be enriched in suboptimal codons (Tuller et al. 2010). We find no evidence of such a
CAI ramp in g#sB (R* = 0.0057, P = 0.21), and change in CAI does not explain the variation in
fitness effects in the synonymous sample (permutation of residuals, P = 0. 41) (Fig. 2C).
Although CALl is positively correlated to the relative abundance of cognate tRNAs (Ikemura

1985), a model examining the effect of tRNA adaptation index (tAl) values on fitness was
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similarly not significant; tAl, unlike CAI, further accounts for species-specific wobble weights
(P =0.53). In our dataset, each mutation is a single-codon change, which represents such a
minute change in CAI when considering the entire gene that there is no measurable effect; this
interpretation is supported by previous work suggesting that the effect of changing codon
preference on gene expression is only detectable when substantially manipulated (Kudla et al.
2009). Furthermore, previous studies have shown that the position of a synonymous mutation in
a gene has no impact on the magnitude of its effect (She and Jarosz 2018).

As described in the Introduction, synonymous mutations may also affect translation speed
and hence protein folding, as well as the rate of mRNA transcript degradation, by altering the
stability of the mRNA transcript (Marin 2008; Saunders and Deane 2010). We obtained
predicted transcript stability values using the ‘mfold’ RNA folding server for a 42-nucleotide
window centred on each mutation (the approximate limits of nucleotide interaction) (Kudla et al.
2009). After analysing possible main effects, we arrived at a model combining the statistically
significant main effects of mutation type and change in mRNA stability. As noted previously,
although tested, the interaction of these two effects was not significant. The model itself was
significant, but explained very little of the observed variation (adj. R* =0.19, P = 5.7 x 10™).
Although the main effect of mRNA stability was significant, we did not find a biologically
compelling link between mRNA secondary structure and fitness for synonymous mutations, as
we will detail next (Fig. 3A).

Since we did not know the relationship between mRNA stability and fitness, we considered
that fitting a non-linear model, which makes no assumptions about the nature of the relationship,
was most appropriate. A second-order polynomial relationship best described the fitness

variation observed (permutation of residuals, P = 0.0014). We then proceeded to compute
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coefficients for the shape of the curve of the polynomial for the synonymous and
nonsynonymous samples separately. The nonsynonymous sample exhibits a curve driven by an
association of highly deleterious, less-fit mutations. This effect may potentially be explained by
the trade-off between the increased availability for translation and increased degradation of less-
stable mRNA (Chamary and Hurst 2005). However, since the fitness effects of nonsynonymous
mutations were not the focus of this study, we did not pursue this further. When fitting a curve
with the coefficients specific to the synonymous sample, we found that although statistically
significant, the relationship was not biologically so since the effect size was minute (yielding a
nearly flat slope). For this reason, we only included the slope associated with the
nonsynonymous group in Figure 3A. Finally, while strong secondary structure at the 5’ end of
the open reading frame has been associated with decreased cost of protein translation (Frumkin
et al. 2017), adding a position term does not improve the fit of this model.

Our results clearly show that beneficial synonymous mutations are much more common
than previously thought, and that synonymous mutations have, on the whole, a neutral to
beneficial effect. Additionally, the DFE of beneficial synonymous mutations is indistinguishable
from that of nonsynonymous mutations, suggesting that they have similar effect sizes,
concordant with a recent nucleotide-level genome-wide analysis of S. cerevisiae, which found
that nonsynonymous mutations play in a role in diversifying protein function, whereas
synonymous mutations modulate protein expression (She and Jarosz 2018). We identify a pattern
of diminishing returns that produces a bounded distribution belonging to the Weibull domain of
the GPD for both synonymous and nonsynonymous mutations. A single mechanism by which

synonymous mutations increase fitness remains elusive. Nevertheless, the unexpectedly large
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proportion of beneficial synonymous mutations identified suggests that they are an

underestimated source of adaptive potential.
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CHAPTER 4: CONCLUSIONS

I. Summary of findings

The role played by synonymous mutations in adaptive evolution has been largely
overlooked. Although there is mounting evidence that synonymous sites can be under both
purifying and positive selection across all domains of life, we have yet to arrive at a general
understanding of the fitness effects of synonymous mutations. Through this Master’s project, |
sought to address this knowledge gap by using experimental evolution to generate DFEs for
synonymous and nonsynonymous mutations in a gene known to be under selection. To do so, [
assayed the relative fitness of a library of point mutants for the gtsB gene in P. fluorescens in
minimal media supplemented with glucose, an environment where g¢sB is a target of selection.

Overall, I found that the DFEs of synonymous and nonsynonymous mutations differ
owing to the presence of nonsynonymous mutations that have strongly deleterious effects, many
of which are premature stop codons that presumably lead to a truncated protein. Strikingly,
however, given the common assumption that synonymous mutations are selectively neutral, the
DFE of beneficial mutations is not significantly different between the two groups. Bolstered by
recent work in yeast showing similar effect sizes for both synonymous and nonsynonymous
mutations (She and Jarosz 2018), this result constitutes convincing experimental evidence for the
inclusion of synonymous mutations in models of adaptive evolution, as I will detail later.

The development of a theory of adaptive evolution has involved exchanges between
theoretical and empirical work. However, the experimental study of beneficial mutations — the
basis of adaptive evolution — is limited by two factors: their rarity and the fact that most have a

small effect size. First, since the WT is already well adapted, fitness-enhancing mutations are
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infrequent and most mutations are deleterious and purged by selection. Secondly, theory predicts
that most beneficial mutations have a small effect size, which makes them vulnerable to being
lost due to drift or clonal interference. Experimental evolution approaches to inferring the DFE
of beneficial mutations thus suffer from small sample sizes and bias. In a selection experiment,
for instance, a population is challenged by a new environment and mutations are isolated when
detectable — at or near fixation. In this approach, only spontaneously arising mutations ever get
the chance to be tested by selection, and only those that escape both drift and possibly
competition from other beneficial mutations can be detected.

By constructing and directly phenotyping individual mutant strains, however, I was able
to assay many targeted mutations, resulting in a larger, unbiased sample. I constructed a library
of point mutations in gtsB via site-directed mutagenesis and used this to estimate fitness for over
a hundred genetically unique strains in a single gene known to be under selection. Combined into
DFEs, these fitness estimates provided the raw data to which I could apply the theoretical
framework of adaptive evolution. Most importantly, the gene I manipulated is biologically
relevant, being one in which multiple mutations arose spontaneously and conferred an adaptive
advantage specifically during growth on glucose — but not on other sugars — demonstrating that it
is a target of selection in an environment with limiting glucose. My study system thus allowed
me to directly measure the effect of individual, targeted mutations on fitness in an environment
where selection favours the ability to grow on limited glucose, and to identify even small effect
sizes.

My comprehensive evaluation of the fitness effects of point mutations throughout gtsB
enabled me to characterise the shape of the DFE of beneficial mutations, prior to the effects of

drift and selection. Models of adaptation treat the fitness effects of beneficial mutations as draws
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from the extreme right-hand tail of a broader, often unknown, distribution of fitness effects.
Viewed in this way, the DFE among beneficial mutations that are available to selection can be
described using extreme value theory (Gillespie 1984). I found that my observations were best
described by the Weibull domain of attraction of the Generalised Pareto Distribution family,
similar to some previous predictions and estimates (Martin and Lenormand 2008; Rokyta et al.
2008), although traditionally, the exponential distribution, which is a special case of the Gumbel
domain, has been favoured (Orr 2003, 2006). Biologically, a DFE belonging to the Weibull
domain means that there exists a maximum fitness — a phenotypic optimum. In Maynard Smith’s
fitness landscape framework, this corresponds to the point where a population has evolved to a
stage where all possible changes result in a less-fit genotype (Maynard Smith 1970).

My in silico investigations did not reveal a single mechanism responsible for the
variation in synonymous mutations’ effect on fitness, although there are promising avenues of
study. The original Bailey study showed that the two beneficial synonymous mutations increased
fitness through increased gene expression via increased transcript abundance, an observation that
has been repeated in M. extorquens and S. cerevisiae (although both increased expression via
increased protein abundance) (Agashe et al. 2016; She and Jarosz 2018). Of note, all three
studies involve small sample sizes — involving just one to four beneficial synonymous mutations.
Future work could exploit the larger sample size contained in my library of constructs to explore
whether synonymous mutations are beneficial through increased transcription or translation.

My results also raise further questions: for instance, given that my findings were in a
gene that is essential for growth in a specific environment and therefore a target of selection, is
the resulting DFE specific to similarly important genes? Moreover, do the similarities in DFEs of

synonymous and nonsynonymous mutations carry over to genes that are not under selection?
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Finally, just as the effect of a nonsynonymous mutation is context-dependent — that is, the new
mutant amino acid has an effect in the context of the wild-type sequence by altering protein
conformation — could synonymous mutations also be highly context-dependent, as has been put
forward by others (Agashe et al. 2016)? Larger datasets of single synonymous variants, coupled
with molecular work focusing on the effect of synonymous mutations on the transcriptional and

translational processes, are therefore necessary to arrive at a mechanistic explanation.

I1. Implications for evolutionary biology
i. Adaptive walks

My results can be considered in the context of adaptive landscapes and the role played by
synonymous mutations on the path to a fitness peak. Adaptive landscapes, as proposed by
Kauffman and Levin, are a space where “entities” — that is, genotypes — live in an adaptive space
and move upwards, or at least sideways, to a more fit peak through a series of one-step variants
(Kauffman and Levin 1987). And so, traditionally, adaptation has been studied as a series of
sequential genetic changes that occur when a population is challenged by a novel environment,
resulting in an adaptive walk. Assuming a low mutation rate, which means that double and triple
mutants are highly unlikely and thus can be ignored, beneficial single mutations have the
potential to bring the population one step closer to a local optimum. However, due to the
architecture of genes, only a discrete number of more-fit sequential substitutions is available to
any given genotype (Orr 2002).

Synonymous mutations, if assumed to be neutral, result in a flatter fitness landscape. Where
only amino acid changes are considered, a population can theoretically move through several

synonymous codons without altering protein function or fitness before arriving at a different
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amino acid that confers a fitness advantage. Conceptually, this can be viewed as travelling
without moving: by conserving the amino acid sequence, fitness is maintained while travelling to
a different part of the protein adaptive landscape. Neutral synonymous intermediates are thus
employed to allow a protein to explore different adaptive spaces without resulting in either
reduced or improved fitness (Cambray and Mazel 2008). However, this is unlikely to occur in a
large population such as that involved in my study system, where the effect of drift is weak, and
neutral and even mildly deleterious mutations are thus unlikely to rise to fixation.

My observations suggest that the assumption that synonymous mutations are neutral steps
along an adaptive walk is incorrect. Given that synonymous mutations in a gene facing selection
may not be neutral, we can in fact imagine a much more rugged landscape, one in which every
nucleotide-level change leading to a local optimum could be synonymous just as well as
nonsynonymous. Concordant with my findings, recent work in HIV has linked synonymous
mutations to both small and, at important loci, high fitness costs, corresponding to dips and
valleys in the fitness landscape (Zanini et al. 2017). These results are supported by recent
computational work in which a landscape that includes synonymous mutations has more peaks
than one that only considers amino acid-level changes (Fragata et al. 2018). As a result, a
population may then stall at a local optimum with intermediate fitness created by variation in the

effects of synonymous mutations.

ii. Mutation rate calculation
Inferring patterns of selection from SNP data is a well-used method to study evolutionary
processes. The ratio between the rate of substitution at nonsynonymous sites (dN) to the rate of

substitution at synonymous sites (dS) has been commonly used to identify loci targeted by
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natural selection, with the assumption that the synonymous mutations, being neutral, effectively
reflect the background mutation rate (Nielsen 2005). If most nonsynonymous mutations are
deleterious, then dN/dS < 1, indicating negative selection. Conversely, a dN/dS ratio greater than
1 is interpreted as a signal of positive selection. This method has been in use since the 1980s
(Hughes and Nei 1988; Stahl and Bishop 2000; Ford 2002; Kryazhimskiy and Plotkin 2008;
Good et al. 2017), despite growing evidence that the assumption of universal neutrality for
synonymous mutations is erroneous, as we detailed in Chapter 1.

My observation of both neutral and beneficial effects of synonymous mutations suggests
that, if the gene in question is a target of selection, estimates of dN/dS may be inaccurate. If
some synonymous mutations are under positive selection in a gene, as we observed in gtsB, we
risk overlooking that region if using dN/dS to assess the strength of selection. Even realistic
evolution models take into account only codon and transition/transversion biases, ignoring the
adaptive potential of synonymous substitutions. Considering that beneficial synonymous
mutations have a comparable DFE to beneficial nonsynonymous mutations, estimates of neutral
mutation rates should avoid assuming the selective neutrality of synonymous mutations if the

gene in question is targeted by selection.

III. Closing remarks

By showing that adaptive synonymous mutations are not an anomalous occurrence, but in
fact follow the same distribution as nonsynonymous mutations in a gene targeted by selection,
my Master’s work adds to the mounting body of evidence showing that synonymous mutations
may face the same selective pressures as nonsynonymous changes. Although the realisation that

synonymous changes may play a much larger role in adaptive evolution than previously thought
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is important in itself, this work also leads us to reconsider further the basis of common theories
of adaptive evolution that have been built on the assumption of ‘silent’ synonymous changes.
Thus, the trajectory of adaptive walks and the shape of fitness landscapes, as well as mutation
rate calculations through SNP analyses, should all consider the possibility of beneficial

synonymous mutations. If a gene is the target of selection, we cannot dismiss synonymous

mutations with the assumption that theirs is a silent role: my research shows that they may in fact

play a clear, and heretofore underestimated, role in adaptive evolution.
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Fig. 1. Distribution of fitness effects of the gzsB point mutant library. Gene variants of gtsB
were synthesised using site-directed mutagenesis and expressed in P. fluorescens SBW25
through allelic replacements and competed against SBW25 /acZ in low glucose media. Relative
fitness values are estimated from the change in the ratio of mutant to ancestor frequency after a
24-hour competition. Dashed lines indicate the mean of each sample (synonymous N = 40;
nonsynonymous N = 65); dotted lines indicate the 95% confidence interval of the WT

competitions (N = 17).
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Fig. 2. Distribution of fitness effects of beneficial mutations. The DFE of the pooled
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to the right-truncated Weibull domain of attraction of the Generalised Pareto Distribution.
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Fig. 3. In silico analyses. (A) The association between decreased predicted mRNA transcript
stability of nonsynonymous mutations (blue) and decreased fitness was best described by a
polynomial model (P = 0.03); shaded area indicates 95% confidence interval of the model.
Change in mRNA stability had no effect on the fitness effects of synonymous mutations (green).
(B) There was no effect of a mutation’s position within the gene for either synonymous or
nonsynonymous mutations. (C) Whether a mutation resulted in a more- or less-preferred codon

had no impact on the observed fitness effect (synonymous mutations only).
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Fig. 4. Mutational effects in alternate carbon sources. The relative fitness values of a subset
of synonymous and nonsynonymous mutant strains (N = 20) in minimal media with mannitol
(red) or succinate (blue) are plotted as a function of their mean relative fitness in glucose. Shaded
areas indicate the 95% confidence interval for the slope of the linear model for each

environment.
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TABLES

Table 1: Bootstrapped analysis of the Kolmogorov-Smirnov statistics for the DFEs. Nonsense

mutations were omitted from our analysis.

Distributions tested Mutations included P
Synonymous v. nonsynonymous (glucose) All 0.0006
Synonymous v. nonsynonymous (glucose) Beneficial 0.5868
Glucose v. mannitol Subset of 20 strains 0.0138
Glucose v. succinate Subset of 20 strains 0.009
Mannitol v. succinate Subset of 20 strains 0.2749

Table 2: Permutation tests on linear models investigating the effect of explanatory variables for

fitness differences. Nonsense mutations were omitted from our analysis.

Term P

Mutation type 0.0018
Transition v. transversion 0.4172
Position from start codon 0.1475
Change in CAI (synonymous) 0.1975
Change in tAl (synonymous) 0.5445
Change in mRNA folding energy 0.0026
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