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Synonymous mutations are coding mutations that do not alter

protein sequences. Commonly thought to have little to no functional
consequence, synonymous mutations have been widely used in
evolutionary analyses that require neutral markers, including

those foundational for the neutral theory. However, recent studies
suggest that synonymous mutations can influence nearly every step

in the expression of genetic information and may often be strongly
non-neutral. We review the extent and mechanisms of these phenotypic
and fitness effects and discuss the implications of the functionality

and non-neutrality of synonymous mutations for various analyses and
conclusions pertinent to genetics, evolution, conservation and disease.
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Introduction

In virtually every organism, the 20 amino acids that make up all pro-
teins are encoded by 61 of the 64 possible triplet codons in DNA, with
the remaining three codons serving as stop signs in protein synthe-
sis. Two amino acids — methionine (Met) and tryptophan (Trp) —
are each encoded by one codon, whereas the other 18 amino acids
are each encoded by two to six different codons. Consequently, a
single-nucleotide mutationinacoding DNA sequence might notalter
the protein amino acid sequence; such mutations are known as synony-
mous mutations or silent mutations. By contrast, single-nucleotide
mutations that alter the protein sequence are called nonsynonymous,
missense or replacement mutations. Depending ontherelative frequen-
cies of the 61 sense codons and the molecular spectrum of mutation,
approximately one-fourth to one-third of all single-nucleotide coding
mutations are synonymous.

Synonymous mutations have long been presumed to have minimal
phenotypicorfitness effects and regarded as neutral or nearly neutral'.
Studies of synonymous mutations have contributed substantially to the
development of the neutral theory of molecular evolution? alandmark
evolutionarytheory considered the sole conceptual revolutionin evo-
lutionary biology since the modern synthesis®. The neutral assumption
of synonymous mutations has allowed synonymous polymorphisms
and substitutions to be used as neutral markers (that s, free from natu-
ral selection) in many analyses, including, for example, to infer therate
and molecular spectrum of mutation, estimate effective population size
(N.), test natural selection and date evolutionary events.

The first indication that synonymous mutations may be
non-neutralappeared in the mid-1970s, when synonymous codons were
found at different frequenciesin the few genes sequenced by then*”. It
was soondiscovered that therelative frequency of asynonymous codon
inagene tends torise with the relative abundance of the correspond-
ing tRNA in the cell. This phenomenon of synonymous codon usage
bias (CUB) is more prominent in highly expressed genes than in lowly
expressed ones, prompting the hypothesis that translational efficiency
is affected by synonymous mutations and optimized through CUB®’.
Synonymous codons over-represented and under-represented in highly
expressed genes of agenome are therefore referred to as its preferred
codons and unpreferred codons, respectively.

Since the pioneering work described above, synonymous muta-
tions have been found to influence many steps in the expression of
geneticinformation, from transcription to mRNA processing, transla-
tion and co-translational protein folding. One could even argue that
synonymous mutations alter the protein sequence (stochastically)
because they affect translational accuracy. Furthermore, evidence
for fitness effects of synonymous mutations is accumulating, thanks
inalarge part to the advent of genome editing and high-throughput,
sequencing-based fitness quantification. These new findings challenge
the common assumption that synonymous mutations are phenotypi-
callysilent, demanding a broad examination of how the non-neutrality
of synonymous mutations impacts various analyses and conclusions
pertinent to genetics, evolution, conservation and disease.

In this Perspective, we describe the mechanisms underlying the
phenotypic and fitness effects of synonymous mutations and the
causes of CUB. We then summarize evidence for the non-neutrality of
synonymous mutations and discuss how this non-neutrality can affect
various analyses dependent on the neutral assumption of synonymous
mutations. Finally, we describe disease-causing synonymous muta-
tions and discuss outstanding questions. Although our focus is on
eukaryotes, prokaryotic studies are referred to when relevant.

Impact on gene expression

Synonymous mutations in a gene can affect multiple steps in gene
expression and alter the concentration of the functional protein'®"
(Fig.1). Below we describe these steps individually.

Transcription

Inhumans, ~15% of codons are dual-use codons (‘duons’) that simultane-
ously specify amino acids and bind to transcription factors'?. Hence,
synonymous mutations in duons can affect transcription factor binding
and transcription'””, Note that a biochemical effect may or may not
have a fitness effect detectable by natural selection™, an important
distinctionin discussing functional synonymous mutations. Two stud-
ies suggested that the transcription-factor-binding activities of most
duonsare not subject to selection' and that the purported sequence
conservation of duons™is anartefact of the variation in the percentage
of G and C nucleotides (GC content)'®. However, a subsequent study
reported sequence conservation of duons even after controlling for GC
content". In yeast, a study of thousands of de novo coding mutations
did not find a significant difference between mutations within and
outside transcription-factor-binding regions in their effects on the
mRNA concentration’®, providing no evidence for the hypothesis of
widespread functionality of duonsin transcription. An Escherichia coli
study reported that synonymous mutations inagene placed onaplas-
mid could affect the transcription of aneighbouring gene on the same
plasmid®, but the generality of this phenomenon is unknown.

By changing the local GC content, synonymous mutations can
affect nucleosome positioning and thereby influence the accessibility
of transcription-factor-binding sites and transcription®>”. Indeed,
in the multicellular fungus Neurospora crassa, some mutations that
convert unpreferred to preferred codons in reporter genes increase
transcription®. Across N. crassa genes, the nuclear transcript level is
positively correlated with the use of preferred codons, prompting the
hypothesis of agenome-wide role of CUB on transcription®. However,
this positive correlation more likely results from natural selection for
preferred codonsin highly expressed genes than from the boosting of
transcription by preferred codons? (as discussed below).

mRNA processing, modification and localization

Aeukaryotic pre-mRNA must be processed through multiple steps such
as polyadenylation and splicing before translation. Efficient polyade-
nylation signals are under-represented in N. crassa coding sequences,
especially in the case of highly expressed genes®, which suggests that

Fig.1|Multifaceted effects of synonymous mutations on the expression
of geneticinformation in eukaryotes. The effects of synonymous mutations
(indicated by ared star or achange in the colour of MRNA) on gene expression
are mapped onto the backbone of the central dogma (blue arrows). Shown

are the effects on transcription, RNA processing, RNA folding, RNA editing/
modification, ribonucleoprotein complex formation, RNA degradation,

translational initiation, translational elongation, co-translational protein folding
and protein subcellular localization. These effects can alter the sequence,
structure, amount and/or localization of the RNA or protein produced. ADAR
(adenosine deaminase acting on RNA) is the enzyme responsible for A-to-1RNA
editing in animals. SRP, signal recognition particle; TF, transcription factor.
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synonymous mutations that create polyadenylation signals have been
selectively purged. Pre-mRNA splicing depends on splicing donors,
acceptorsandregulatory sequences. Gains and losses of these elements
by synonymous mutations are generally detrimental®*?’. Many mRNA
modifications such as A-to-| editing and m®A methylation depend on
cis-regulatory motifs, so they can be affected by synonymous muta-
tions. Indeed, synonymous mutations in tumour suppressor genes
were recently reported to promote tumorigenesis by disrupting
mPA-dependent mRNA metabolism?®®. Synonymous mutations canalso
influence mRNA localization by altering the local GC content™*'. More
broadly, mRNA processing, modification and localization often depend
on the formation of ribonucleoprotein complexes comprising RNA
molecules and their specific binding proteins. Synonymous mutations
canbe non-neutral because they influence RNA-proteininteractions™.

mRNA secondary structure

mRNAs fold to specific secondary structures that function in the
head-to-tail intramolecular communication along the mRNA and in
translational regulation®°, Synonymous mutations can alter mRNA
secondary structures and folding strengths, and thereby be subject to
selection”~*, In particular, efficient translational initiationrelieson a
fairly open mRNA structure around the start codon*®*, and, consist-
ently, synonymous mutations in the first ~40 nucleotides of an open
reading frame can influence the amount of protein produced**. Addi-
tionally, GC-poor synonymous codons are favoured around microRNA
target sites in plants, presumably because they reduce mRNA secondary
structures and increase the accessibility of microRNA target sites*.

Translational initiation

Synonymous codon usage can regulate translational initiation, with
unpreferred codonsreducinginitiation by decreasing the binding of ini-
tiation factors to transcripts*. Synonymous mutations can also gener-
ate out-of-frame AUG triplets downstream of thebonafide start codon.
Ineukaryotes, these triplets compete for translational initiation when
they are near the start codon**. Indeed, proximal out-of-frame AUG
triplets downstream of the start codon are depleted in yeast and human
genomes**. Similarly, in prokaryotes, the Shine-Dalgarno sequence,
which determines the position of translational initiation, can appear
in the coding region by synonymous mutations. Such coding-region
Shine-Dalgarno sequences are under-represented (especially in highly
expressed genes)**® and evolutionarily transient, suggesting that
they are detrimental.

Translational elongation

Because the waiting time for the cognate tRNA of a codon to arrive at
the ribosome A site should be inversely proportional to the relative
concentration of the tRNA among all available tRNAs, and because
preferred codons have high relative concentrations of cognate tRNAs?®,
preferred codons have long been assumed to have elevated transla-
tional elongation speed®*®, This assumption became verifiable at the
genomicscale withthe advent of ribosome profiling or Ribo-seq, which
uses high-throughput sequencing to determinein vivo ribosome loca-
tions on mRNAs with codon resolution®. The rationale is that faster
translational elongation at a codon should result in fewer captured
ribosomes and therefore fewer Ribo-seq reads at the codon. Unexpect-
edly, elongation was not found to be faster at preferred codons than at
unpreferred codons based on early Ribo-seq data®*”', probably because
the cycloheximide treatment does not fully stop the ribosome move-
ment, affecting elongation speed quantification. Later experiments

that stopped ribosomes by flash-freezing cellsindeed revealed faster
elongations of preferred than unpreferred codons™,

The translational ‘ramp’ hypothesis proposes that translational
elongationis slowed by unpreferred codons at the first 30-50 codons of
atranscript, serving to minimize downstream ribosomal traffic jams®*.
Although an elevated ribosome density in the corresponding region
was initially detected®, this was subsequently found to be largely an
artefact of the cycloheximide treatment™***, The use of unpreferred
codonsin this region may have resulted from natural selection against
mRNA folding thatimpedes efficient translational initiation***". Alter-
natively, it may be a by-product of the rapid evolutionary turnover of
the 5’ coding region®®. Further evidence against the ‘ramp’ hypothesis
came from disome sequencing (Disome-seq) experiments (Box 1).

mRNA stability

Using unpreferred codons in a gene promotes its mRNA degrada-
tion and thereby reduces the mRNA concentration® %, Specifically,
yeast experiments showed that Not5 is recruited to the ribosome
E-site when unpreferred codons cause slow translational elonga-
tion, which in turn activates the Ccr4-Not complex that degrades the
poly-A tail and recruits Dhhl that promotes de-capping, leading to
mRNA degradation®* ¢, This translation-dependent mRNA degrada-
tion mechanism probably originated to purge defective mRNA mol-
eculesthat stallribosomes, whereas the degradation of mRNAsrichin
unpreferred codons may be aby-product. A recent mammalian study
showed that synonymous mutations can influence the occupancy of
tRNAs at the ribosome P-site, which in turn affects the recruitment of
the CCR4-NOT complex subunit CNOT3 (known as Not5 inyeast) to the
ribosome E-site, impactingmRNA degradation®. Additionally, synony-
mous mutations can affect mRNA stability by modulating microRNA
binding, evidenced by slowed synonymous substitutions at microRNA
binding regions®.

Translational accuracy

Mistranslation — incorporation into the peptide of amino acids not
encoded by the mRNA —is primarily caused by codon-anticodon mis-
pairingin translation®. Although ribosomes can generally distinguish
cognate from near-cognate tRNAs, the distinction isimperfect®. Mis-
translationsidentified from E. coli proteomic data® show that preferred
codons are generally more accurately translated than unpreferred syn-
onymous codons™, suggesting that synonymous mutations influence
translational fidelity. The same is true in Drosophila melanogaster™.

Co-translational protein folding and subcellular localization

Translation kinetics such as pauses at particular regions of a nas-
cent peptide can influence co-translational protein folding™”*™. For
instance, synonymous mutationsinthe crystallingammaB gene influ-
ence translation kinetics and cause protein misfolding and accelerated
degradation”. Similarly, synonymous mutations affect the relative
abundance of translation intermediates when the multidomain pro-
tein Sufl was expressed in E. coli”®. Consistently, translational pauses
detected by Disome-seq (Box 1) areenriched ininterdomain and loop
regions of the protein structure’”’®. Such pauses presumably provide
extra time for co-translational folding of the upstream domain with-
outtheinterference from downstreamresidues. Translational pauses
downstream of the signal peptide can regulate protein subcellular
localization by mediating the recruitment of signal recognition par-
ticles that assist in protein translocation across membranes’’’, and
subcellular localization-altering synonymous mutations are known®.
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Box 1| Disome-seq for probing ribosome queueing

Ribosome sequencing (Ribo-seq) identifies
ribosome-protected mRNA fragments and
allows estimating relative translational

Without ribosome queueing

With ribosome queueing

elongation speeds of different regions of Ribosome Ffibosome queueing
an mRNA* (see the figure). However, this - — L _— . - L ) —
method does not directly probe ribosome mRNA ) )
queueing, which is often invoked in T o o T — T—
translation models (for example, in the
‘ramp’ hypothesis®®). Ribosome queueing .
refers to the phenomenon in which the Ribo-seq reads
elongation speed of the 5'-trailing ribosome
is reduced because the 5'-trailing ribosome z
collides with the 3'-leading and paused §§
ribosome. By contrast, disome sequencing § 3
(Disome-seq) sequences mMRNA fragments @£
that are resistant to RNase due to protection
by two stacked ribosomes’”¢1497! ‘and . -
mapping these sequencing reads to an Disome-seq reads —_—
mRNA permits probing local ribosome o
queueing (see the figure). g2
Disome-seq analyses in yeast, g3
zebrafish and human cells found that § -53
ribosome queueing is induced by stop
codons at the ribosome A-site, prolines 5 Coding sequence 3 5 Coding sequence 3

at the ribosome P-site and tracts of

positively charged amino acids in the exit

tunnel’®®, Explicit tests in yeast’® and human cells'® showed that
unpreferred codons barely induce ribosome queueing, indicating
that synonymous codon usage is unlikely a general mechanism
for this phenomenon. Interestingly, ribosome queueing is
under-represented at the beginning of coding sequences
an observation that is inconsistent with the ‘ramp’ hypothesis. One
potential reason why unpreferred codons are decoded slowly, yet

77,78,149-151
’

We stress that, unless otherwise stated, the biochemical effect
of a synonymous mutation on gene expression may or may not have
afitness effect detectable by natural selection. Below we discuss the
fitness effects of synonymous mutations from two angles: genomic
CUB and individual synonymous mutations.

Causes of synonymous codon usage bias

CUB refers to unequal usage of synonymous codons at the genomic
scale®, as opposed to that at specific genomic positions that might have
position-specific roles such as altering transcription factor binding or
co-translational protein folding®. Below we discuss the evolutionary
forces responsible for the creation and maintenance of CUB.

Joint forces of mutation, drift and selection

Theidentities of preferred codons vary among species®*; preferred
codons tend to end with G or C in species with high GC content in
intergenic regions, suggesting that the interspecific CUB variation is
largely driven by mutation bias®**®* (Fig. 2a). Some deviations in syn-
onymous codon usage from the mutation bias-based expectation may
be explained by intrinsic biochemical properties of codon-anticodon

do not induce ribosome queueing, is that, in a working cycle of
translational elongation, decoding is rapid relative to peptide bond
formation and translocation'?. Consistent with this explanation,
when decoding histidine codons becomes a time-consuming step
upon the treatment of yeast cells with an inhibitor of histidine
biosynthesis, the unpreferred codon of histidine (CAT) induces
more ribosome collisions than the preferred codon (CAC)’.

pairing®. Demands for translational efficiency and accuracy can
drive the co-evolution of the tRNA pool and the CUB of various genes
in a species®®’. Indeed, the generally stronger CUB in more highly
expressed genes that cannot be explained by transcription-coupled
mutation biases®*** suggests that CUB is also shaped by natural
selection®,

Therole of selectioninshaping CUB is well established for micro-
organisms, but it has been controversial for species with relatively
small N, such as vertebrates®*®. For example, distinct codon usage in
genes across different functional categories, previously thought to
optimize translational efficiency, is now believed to have arisen from
the non-adaptive process of GC-biased gene conversion®s, However,
the preferential use of more accurately translated codons at evolu-
tionarily more-conserved sites supports selection-induced CUB even
in vertebrates™.

It is often stated that genetic drift must have contributed to
CUB because unpreferred codons are not completely excluded from
genomes®"*’, However, the cause of the above phenomenon may not
be genetic drift. Experiments showed that exclusively using preferred
codons in a highly expressed gene reduces the cellular translational
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ellipsesindicate positive correlations.

efficiency; instead, optimizing codon usage according to the relative
concentrations of cognate tRNAs leads to improved cellular trans-
lational efficiency’**° (Fig. 2b). Furthermore, unpreferred codons
may be used for various reasons, such as maintaining or avoiding cer-
tain cis-regulatory elements functioning in transcription or pre-RNA
processing (Fig. 1). Nevertheless, genetic drift is still likely a player in
shaping CUB because some synonymous mutations are presumably
effectively neutral. Hence, CUB is jointly affected by mutation, drift
and selection®¥,

Selective agents of CUB

Evidence supports the existence of at least two selective agents of
CUB. First, preferred codons are selectively favoured because they
speed up translational elongation and improve the overall efficiency of
ribosomes®**2*371%9-91 Second, preferred codons are favoured because
they lower the probability of mistranslation and thereby reduce the
production of nonfunctional or toxic proteins’®”**?*, In both cases,
the selection intensifies with the gene expression level, leading to
more preferred codons in more highly expressed genes (Fig. 2c). Addi-
tionally, selection for translational accuracy explains the observa-
tion in the vast majority of >1,000 taxa surveyed from all domains
of life that, compared with unpreferred codons, preferred codons
more frequently occupy positions demanding high translational
accuracy’®”*% (Fig. 2d).

That using unpreferred codons causes mRNA degradation and
thereby lowers the mRNA levels®** does not fully explain the positive
correlation between the percentage of preferred codons and expres-
sion level across genes®’. Specifically, between yeast genes with <39%
preferred codons and those with >70% preferred codons, the mRNA
level differs by ~100 times, but the mRNA degradation rate differs
only fourfold®, implying that variation in the mRNA degradation
rate explains only a small fraction of the mRNA level variation among
genes. Therefore, the stronger CUB of more highly expressed genes is
primarily aresult of natural selection.

Trade-offs among multiple effects of a synonymous mutation
Selection for translational efficiency and accuracy results in related
but nonidentical outcomes of CUB, because the elongation speed of
acodon is determined by the relative abundance of its cognate tRNA
among all tRNAs in a cell*>**, whereas the translational accuracy of a
codon is determined by the relative abundance of its cognate tRNA
among its cognate and near-cognate tRNAs’’. Furthermore, for agiven
codon, a trade-off exists between the elongation speed and transla-
tional accuracy®®**®, probably because increasing the elongation speed
reduces thetime for kinetic proofreading, and vice versa. Nevertheless,
thisrate-accuracy conflict can be partially resolved by modulating the
elongationspeed of individual codons viadownstream mRNA second-
ary structures®. More broadly, the pleiotropic effects of synonymous
mutations on various steps of gene expression mean that simultane-
ous optimizations of multiple features may be difficult and that the
evolutionary fate of a synonymous mutation depends on the sum of
its multifaceted effects.

Fitness effects of synonymous mutations

The fact that synonymous mutations can affect nearly every step in
gene expression suggests the possibility that they have fitness effects.
Below we review populationgeneticinferences as well as experimental
measures of the fitness effects of synonymous mutations.

Population geneticinferences

By comparing synonymous polymorphism and divergence, Akashi
estimated in Drosophila simulans that synonymous mutations from
preferred tounpreferred codons have anaverage selection coefficient
(s) between-3.6/N,and -1.3/N,, suggesting that synonymous mutations
areunder weak selection®”. The distribution of fitness effects (DFE) of
synonymous mutations can beinferred by comparing the site frequency
spectrum between synonymous mutations and control neutral muta-
tions. In D. melanogaster, s was estimated to be about -70/N, for 23%
of synonymous mutations at fourfold degenerate sites’®. Inhumans®’,
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~30% of synonymous mutations were estimated to be under weak-to-
strong negative selection, with s<-1/N.. Additionally, compared with
intronic single-nucleotide polymorphisms (SNPs), human synony-
mous SNPs predicted to increase and decrease the relevant mRNA’s
half-life show site frequency spectrum-based signatures of positive
and negative selection, respectively'®’. Nevertheless, the estimations
discussed here typically relied on simplifying assumptions, including
those about the demography and/or neutrality of control sites that are
often violated or difficult to verify. Furthermore, population genetic
estimates may not be directly compared with experimental estimates of
fitness effects, described below, because population genetic estimates
represent an average effect of many synonymous mutations over along
evolutionary timeinachanging natural environment, whereas experi-
mental estimates are typically obtained for individual synonymous
mutationsinaspecific, laboratory environment. Although a population
genetic estimate of s can in principle be obtained from any species,
experimental measurement of s has thus far been obtained almost
exclusively in microorganisms, because creating many mutants and
assaying their fitness remains daunting for multicellular organisms.

Experimental estimates from case studies

Natural selection can sense afitness effect with a magnitude exceeding
1/N.. However, even the most powerful experiment today cannot reli-
ably detect|s|<0.001, and many studies have sensitivities on the order of
0.01.Because N, is typically >107 for the microbes used in experimental
fitness quantification, experiments are orders of magnitude less sensi-
tive thannaturein detecting fitness differentials. In other words, labora-
tory measures are expected to underestimate the fraction of mutations
thatare non-neutral to varying degrees, depending on the experiment.
For thisreason, fractions of non-neutral mutations reported by differ-
entstudies are usually not directly comparable. For the same reason, it
isoften useful to compare the DFEs of synonymous and nonsynonymous
mutationsin the same study, because the experimental sensitivity is the
same for the two types of mutations and because most nonsynonymous
mutations are known to be strongly deleterious'*'%%,

Anumber of case studies, each focusing on aset of non-randomly-
chosen mutations, reported substantial fitness effects of synonymous
mutations'” %, For example, Agashe et al. made dozens of synony-
mous mutations in the fae gene, which encodes the highly expressed
formaldehyde-activating enzyme FAE, of the bacterium Methylobacte-
riumextorquens'®. Interestingly, using only unpreferred synonymous
codons in the gene lowered the fitness by 40%, whereas using only
preferred codons reduced the fitness by 90%. Both the mRNA level
and protein level per mRNA molecule were lower in these mutants
than in the wild type, and increasing fae expression partially recov-
ered the fitness loss of the mutants. Note that this study estimated
the combined effects of multiple synonymous mutations rather than
their individual effects.

Experimental estimates from systematic studies

Systematic studies, often comparing the DFEs of synonymous and
nonsynonymous mutations'®*™ have addressed the generalizability
of observations made in case studies'* " that some synonymous muta-
tions are strongly non-neutral. Many systematic studies focused onviral
genomes, and we estimated from five such studies that, on average,
43% of synonymous mutations are significantly non-neutral™ ™, One
ofthefirstsystematic studiesin cellular organisms constructed 38 syn-
onymous and 88 nonsynonymous mutants of Salmonella typhimurium
by engineering individual random point mutations in two ribosomal

protein genes'”. By having each mutant compete with the wild typein

apoor medium, the authors measured switha high precision of 0.003.
Theyreported thatsranged from 0to-0.0279 for synonymous muta-
tions and from O to -0.0763 for nonsynonymous mutations (Fig. 3a).
About 95% of synonymous and 94% of nonsynonymous mutations were
significantly non-neutral. The DFEs of synonymous and nonsynony-
mous mutations differ significantly, with a longer left tail for nonsyn-
onymous than synonymous mutations (Fig. 3a). The authors did not
find that mutating preferred codons synonymously to be significantly
more deleterious than mutating unpreferred codons synonymously,
but they observed a significant negative correlation between s and
the absolute value of the synonymous mutational effect on mRNA
folding strength, suggesting that altering mRNA folding strength is
deleterious'”. However, a subsequent study detected no significant
fitness effects of synonymous mutations but substantial effects of
nonsynonymous mutationsin three genes of S. typhimurium required
for rapid growth on L-arabinose'”.

Sane et al. measured the fitness effects of 17 synonymous and
39 nonsynonymous random mutations in £. coli in 16 different
environments'*. They observed that the fraction of mutations with
|s|>0.1in an environment was on average 36% for synonymous and
45% for nonsynonymous mutations, although the mean s of a muta-
tion across environments was not significantly different between
synonymous and nonsynonymous mutations. Similar patterns were
observed when the analysis was expanded to 138 synonymous and
382 nonsynonymous random mutations'?’.

Using CRISPR editing, Shen et al. created 8,341 synonymous,
nonsynonymous or nonsense mutants of 21 yeast genes with diverse
functions and expression levels'®. Because their experimental proce-
dure prohibited the study of essential genes, the authors focused on
nonessential genes with relatively large fitness defects upon deletion.
They reported a mean s of -0.012 for synonymous mutations and of
-0.015 for nonsynonymous mutations. About 77.2% of synonymous
mutations and 77.4% of nonsynonymous mutations were significantly
non-neutral. Although the DFEs look overall similar between synony-
mous and nonsynonymous mutations (Fig. 3b), they are statistically
significantly different; mutations with s<—0.05 are overwhelmingly
nonsynonymous. Inboth Fig. 3a and Fig. 3b only one mode s apparent
ineach DFE, and the nonsynonymous DFEs exhibit alonger left tail rela-
tiveto the synonymous DFEs. In the yeast study, Shen et al. discovered
thatthe mRNA level of the gene mutated inamutant frequently deviates
fromthe wild-typelevel, with 25% of mutants deviating by atleast 20%.
When the mutant mRNA level is below the wild-type level, a positive
correlation was observed between the mutant mRNA level and mutant
fitness, suggesting that the fitness effects of both synonymous and
nonsynonymous mutations in this study were attributable at least in
parttoareductioninthe mRNA level. Furthermore, the mutant mRNA
level correlated positively with the abundance of preferred codons of
the mutated gene, suggesting arole for translation-dependent mRNA
degradationindetermining the fitness effects of the coding mutations
studied. In estimating mutant fitness, Shen et al. used a wild-type con-
trol that was constructed separately from the mutants, which raised
doubts about their results'. However, new experiments in which the
control and mutants were constructed simultaneously inthe same test
tube confirmed the original finding'*.

Widespread non-neutrality is also evident for ‘immunizing’ syn-
onymous mutations placed in or near the protospacer adjacent motif
to avoid re-cleavage of the genome after CRISPR editing. Specifically,
Yang et al. monitored the growth of about 50,000 CRISPR-edited

Nature Reviews Genetics


http://www.nature.com/nrg

Perspective

a
Synonymous Nonsynonymous
015 4 Median = 0.993 Median = 0.990
’ Mean = 0.990 Mean = 0.987
s.d.=0.006 s.d.=0.012

c 010

9

©

©

e

005
0.00 T T I I T I\
092 094 0.96 0.98 100
Fitness
C
SNPs
SNPs with significant
fitness effects
I T T T ]
0.00 0.25 0.50 0.75 1.00
Fraction

Fig. 3| Fitness effects of synonymous and nonsynonymous mutations

or polymorphisms in four systematic studies. a, Overlaid Salmonella
typhimurium fitness distributions of 38 synonymous and 88 nonsynonymous
mutants of two ribosomal protein genes. b, Overlaid Saccharomyces cerevisiae
fitness distributions of 1,866 synonymous and 6,306 nonsynonymous mutants
of21genes. ¢, Relative fractions of synonymous and nonsynonymous single-
nucleotide polymorphisms (SNPs) considered between S. cerevisiae strains BY
and RM (top bar), and relative fractions of synonymous and nonsynonymous
SNPs with asignificantly fitter RM allele than BY allele (bottom bar). d, Relative
fractions of synonymous and nonsynonymous SNPs considered between
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S. cerevisiae strains YJM975 and RM (top bar), and relative fractions of
synonymous and nonsynonymous SNPs with significant effects on the growth
rate differences between the two strains (bottom bar). In parts aand b, the fitness
distributions of synonymous and nonsynonymous mutants are significantly
different (P=0.03and 1.3 x 107, respectively) according to the Kolmogorov-
Smirnov test. The relative fractions of synonymous and nonsynonymous SNPs
are not significantly different between the top and bottom bars (P = 0.85) in part
¢, but they are significantly different (P = 0.03) in part d, according to a x-squared
test. Partaadapted with permission fromref. 109, AAAS. Part badapted from
ref.18, Springer Nature.

E. coli strains, each with a target synonymous mutation in one of
30genes along with one to five immunizing synonymous mutations'”.
They reported that 9% of mutants, each with more than one synony-
mous mutation, were significantly different from the controlingrowth
rate, and this value ranged from 1% to 26% across the 30 genes. The
authorsnoted that the above percentages are likely conservative esti-
mates, because the control was not the wild type but mutants of alowly
expressed gene similarly created by CRISPR editing. By using more rep-
licates, whichled toreduced fitness measurementerrors, the authors
additionally estimated that 22% of nearly 1,700 sets ofimmunizing edits
have significant growth effects. These findings require consideration
of the potential effects of immunizing synonymous mutations when
interpreting results from CRISPR editing with such mutations.

Large fitness effects of synonymous mutations are also evident
in synthetic biology. Nyerges et al. attempted to synthesize an E. coli
genome that uses only 57 of the 64 codons'. They encountered numer-
ous instances of strongly deleterious synonymous codon swaps and
discovered that replacements of (multiple) synonymous codons
cause frequent changes in gene expression and the generation of new
promoters and antisense RNAs.

The above studies measured the fitness effects of de novo
mutations, which likely differ in DFE from polymorphisms, because

polymorphisms are affected by selection in addition to mutation. For
example, compared with neutral mutations, deleterious mutations are
selectively purged so have reduced probabilities to appear as polymor-
phisms. To our knowledge, two studies have systematically analysed
thefitness effects of natural polymorphismsinyeast. Sharonetal. con-
structed Saccharomyces cerevisiae mutants by individually replacing
thealleleinalaboratory strain (BY) with thatin a vineyard strain (RM)
at16,006 sites'”. They reported that 572 of these polymorphisms had
significant positive fitness effects in a glucose medium and that the
probability to show up in this subset is similar between synonymous
and nonsynonymous polymorphisms (Fig. 3c). Synonymous polymor-
phisms with significant positive fitness effects were enriched in genes
withstrong CUB. Because the ancestral relationship between BY and RM
allelesisunknown, whether the polymorphism-generating mutationis
beneficial or deleteriousis undetermined here. Complementary tothe
reverse genetic approach used above, She and Jarosz used a forward
genetic approach —single-nucleotide resolution quantitative trait locus
mapping — to identify 370 causal nucleotide variants responsible for
growth rate (as a proxy for fitness) differences between a vineyard
strainand aclinical strain of S. cerevisiaein 26 media'?. The probability
for asynonymous SNP to affect growth was 76% of that for anonsynony-
mous SNP (Fig. 3d). Furthermore, the median effect size (measured by
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thefraction of growth rate variance explained) was only slightly lower
for synonymous than nonsynonymous causal SNPs.

Systematic studies are not necessarily unbiased, because they
might have focused on certain genes that are particularly important
or highly expressed, such as ribosomal protein genes, but some sys-
tematic studies"*?%1>*12¢ are agnostic to such biases because they
examine a random subset of mutations or polymorphisms in the
genome. Note that many deep mutational scanning studies, even
when they serve their original purposes well, do not aim for nor allow
reliable estimation of the DFE of synonymous mutations, because
they express focal genes in non-native systems (for example, using
non-native promoters)'¥’'?, measure protein expression or activity
but not fitness'?®, lack appropriate controls (for example, assuming
a zero median fitness effect of synonymous mutations)™?’, or have
relatively large measurement errors'”. Therefore, comparing syn-
onymous and nonsynonymous mutations from such studies™° can

be misleading™'.

Beneficial synonymous mutations

The estimated DFEs have shown that, although the vast majority of
non-neutral synonymous mutations are deleterious, asmall fraction
are advantageous'®"*1*120133 Fyrthermore, synonymous beneficial
mutations have been observed in experimental evolution'¢108110.132
and other studies™*"*. For instance, when subjecting M. extorquens
strains containing synonymous mutations in fae to experimental
evolution, Agashe et al. observed several highly beneficial synony-
mous changesin the evolved populations that eachincreased fitness
by >10%, probably by raising mRNA and protein levels'’®. In another
example, Bailey et al. evolved a Pseudomonas fluorescens population
inaglucose minimal medium and observed the accumulation of two
synonymous mutations in the gtsB gene that increased fitness by 7%
and 9%, respectively, likely by boosting the gtsB mRNA level™. A subse-
quent study found that many random synonymous mutations in gtsB
have detectable benefits, likely by promoting the transcription of gtsB
and downstream genes in the same operon'’. Nevertheless, beneficial
synonymous substitutions are much rarer than beneficial nonsyn-
onymous substitutions in experimental evolution"*¢, Apart froma
potential reporting bias due to the common belief that synonymous
mutations are neutral, clonal interference in asexual experimental
evolutionislikely amajor reason. Specifically, due to clonal interfer-
ence, only the fittest mutant among simultaneously present advan-
tageous mutants can reach fixation. Because more nonsynonymous
than synonymous mutations are expected by chance and because the
fitness effects may be greater for beneficial nonsynonymous than
beneficial synonymous mutations, clonal interference exacerbates
the differencein fixation probability between synonymous and non-
synonymous mutations”®. Given the suspected difference in effect
size between beneficial synonymous and beneficial nonsynonymous
mutations, we predict that the contribution of beneficial synonymous
mutations to adaptation is larger as the population approaches the
fitness optimum.

Evolutionary consequences

Because many evolutionary analyses and conclusions depend on
the assumption that synonymous mutations are neutral, findings of
non-neutral synonymous mutations demand are-examination of these
analyses and conclusions. Below we discuss analyses and conclusions
that are potentially affected if synonymous mutations are broadly
non-neutral and those that are unlikely to be affected.

Impact on the neutral theory of molecular evolution
Theneutral theory holds that most interspecific nucleotide differences
and intraspecific nucleotide polymorphisms are selectively neutral
rather than adaptive’. Note that the theory does not require most
mutations to be neutral. In fact, the neutral theory acknowledges the
prevalence of deleterious mutations, which are selectively purged so
contributelittle to nucleotide divergence and polymorphism. Hence,
the discovery of many detrimental synonymous mutations, analogous
to thediscovery of many detrimental nonsynonymous mutations, does
not by itself shake the standing of the neutral theory.

Although King and Jukes used the presumable neutrality of syn-
onymous mutations to support the neutral theory in their foundational
paper', thisis not anecessary condition for the neutral theory, as long
as some synonymous mutations are neutral. That the nonsynonymous
substitution rate (d\) of a gene is typically much lower than the corre-
sponding synonymous substitution rate (ds) iscommonly interpreted as
evidence for the neutral theory, because, under the neutral assumption
of synonymous mutations, dy<ds can be explained without invoking
positive selection”. If synonymous mutations are mostly deleterious,
dy<d, can be explained by stronger purifying selection against non-
synonymous than synonymous mutations; again, there is no need to
invoke positive selection. That is, the common interpretation of the
observation of dy<d remains valid.

Impact on parameter estimation in population genetics

and molecular evolution

The estimation of many parameters in population genetics and
molecular evolutionrelies on nucleotide changes that are selectively
neutral. For example, the rate and molecular spectrum of mutation
are often estimated from synonymous polymorphisms or substi-
tutions. This strategy inevitably leads to an underestimation of the
mutation rate if many synonymous mutations are detrimental. In
fact, it was noticed more than 40 years ago that the mutation rate
estimated from synonymous substitutions ina mammalian a-globin
gene is approximately one-half that estimated from substitutions
in an a-globin pseudogene®®. Similarly, the molecular spectrum of
mutation inferred from synonymous substitutions may be biased.
Fortunately, with the reduced cost of DNA sequencing, mutation
rate and spectrum can now be estimated by genome sequencing
of parents and offspring, or by mutation accumulation followed by
genome sequencing, inwhich repeated bottlenecks render the impact
of natural selection minimal™’.

N. is a fundamental population genetic parameter pertinent to
many evolutionary processes and theories. It is also key to conser-
vation biology because it summarizes the demographic history of
a wild population, predicts the risk of inbreeding and assesses the
effectiveness of human-aided genetic managementin the future. The
N, of adiploid populationis typically estimated by dividing its neutral
genetic diversity (1) by 4y, in which g is the neutral mutation rate per
site per generation. If iz is reliably estimated, for example from muta-
tion accumulation or genome sequencing of parents and offspring,
whereas Ttis estimated from synonymous polymorphismes, as is often
the case, N, will be underestimated when many synonymous mutations
are detrimental. N, estimated using the coalescent theory may share
the same problemifthe estimationrelies on the neutral assumption of
synonymous mutations. The extent of N, underestimation depends on
the DFE of synonymous mutations andis expected tobelarger when the
actual NV, is larger, because the selection on non-neutral synonymous
mutations intensifies with N,.
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Evolutionary events such as speciation and gene or genome dupli-
cation are sometimes dated by dividing the number of synonymous
substitutions per site accumulated in evolution by the synonymous
mutation rate, under the assumption that synonymous mutations
are neutral. When the mutation rate is reliably estimated, evolution-
ary time would be underestimated if synonymous mutations are on
average deleterious.

Impact onselection tests

A variety of statistical tests are commonly used to detect positive or
negative selection from DNA sequences. There are generally three
classes of suchtests, depending on whether the dataused are intraspe-
cific polymorphisms, interspecific divergences or both. Tests using
intraspecific polymorphismsinclude those based on thessite frequency
spectrum, haplotype structure or population differentiation. Because
these tests do not typically distinguish between synonymous and non-
synonymous changes, they are not affected by the non-neutrality of

Box 2 | Testing natural selection by d,/ds

The most common selection test in molecular evolution consists
of comparing dy/ds, in which dj, is the nonsynonymous substitution
rate and ds is the synonymous substitution rate, with 1, under
the assumption that synonymous mutations are neutral. Positive
selection acting on nonsynonymous mutations is inferred when
d\/ds significantly exceeds 1, whereas negative selection is inferred
when dy/ds is significantly smaller than 1. Are the above inferences
still valid if many synonymous mutations are detrimental? One could
argue that, because in addition to altering the protein sequence,
nonsynonymous mutations can also affect the expression of genetic
information just as synonymous mutations do, the dy/ds-based
selection test remains valid with the qualification that the potential
selection detected is related only to the protein sequence.
Supporting the above view, synonymous and nonsynonymous
mutations in yeast have similar effects on the mRNA level of the gene
mutated’. However, synonymous and nonsynonymous mutations
may not have equal effects on all aspects of gene expression. For
example, they affect mRNA folding strength by different amounts,
because the GC content, and thereby the mutation spectrum, differ
between synonymous and nonsynonymous sites***°, More studies
are needed to investigate under what conditions the d/ds-based
selection test is valid and whether it is possible to exclude
non-neutral synonymous sites in computing dy/ds (ref. 153).
Additionally, dy/ds is often compared across genesin a
genome™. In this case, because codon usage usually varies with
the gene expression level, the synonymous mutation spectrum,
and thereby the distribution of fitness effects, are expected to vary
among genes of different expression levels. Future studies are
needed to evaluate to what extent a comparison in dy/ds informs the
variation in the intensity of selection on protein sequences across
genes. Furthermore, d,/ds may be computed for a set of genes or
all genes in a genome and then compared among conspecifics or
different species™. This comparison should be valid, provided that
the species being compared are sufficiently closely related such
that their synonymous mutation spectra and distributions of fitness
effects are similar.

synonymous mutations. This said, significant results from these tests
do not always implicate selection because they could also be caused
by demographic changes. Tests based on interspecific divergences
typically compare ds and dy, so they can be influenced if synonymous
mutations are non-neutral (Box 2).

Two commonly used selectiontests are based on both intraspecific
polymorphisms and interspecific divergences: the Hudson-Kreitman-
Aguadé (HKA) test'*° and the McDonald-Kreitman test'*. The HKA test
does not generally assume the neutrality of synonymous mutations,
soits results are not affected if the said mutations are non-neutral.
The McDonald-Kreitman test compares the number of polymor-
phisms with that of divergences at two types of sites — synonymous
and nonsynonymous — and detects deviation from independence in
a2x2 contingency table', Positive selection promoting the fixation of
nonsynonymous mutations is inferred when the ratio of the number
of nonsynonymous changes to that of synonymous changes is signifi-
cantly greater between species than within species, under the neutral
assumption of synonymous mutations. However, if synonymous muta-
tions are non-neutral, the interpretation of the McDonald-Kreitman
test can be complicated. For instance, selection against detrimental
synonymous mutations may hinder synonymous divergence more
than polymorphism®’, which could lead to a spurious inference of
positive selection.

Synonymous mutations and disease

That synonymous mutations have functional or fitness effects implies
that they can cause disease, although we caution that the majority of
such effects have been discovered in non-human studies. Further-
more, causing disease and lowering fitness are not the same thing,
because disease is not defined according to fitness. For example, a
human mutation that reduces fertility by 1% would be strongly delete-
rious and selectively purged, but it would have no clinical relevance.
Conversely, cancer-causing mutations are clearly pathogenic, but they
may have little fitness effects if their pathogenicity occurs only after
the reproductive age.

The number of nonsynonymous mutations known to be associ-
ated with disease far exceeds that of synonymous mutations, likely
because an average nonsynonymous mutation is more likely than an
average synonymous mutation to cause disease, nonsynonymous
mutations outnumber synonymous mutations and nonsynonymous
mutations are considered in disease studies more often than synony-
mous mutations. When last reviewed in 2011, synonymous mutations
had been associated with nearly 50 human diseases that affect most
organ systems'*? (see Box 3 for examples and mechanisms of pathogen-
esis). Genome-wide association studies conducted in the past decade
have drastically improved the discovery of genetic variants associated
with disease. How different are synonymous and nonsynonymous SNPs
intheir probabilities of association with disease? Chen et al. surveyed
across 21,429 disease-SNP associations curated from 2,113 publica-
tions, finding that the percentage of disease-associated synonymous
SNPs is only slightly lower than that of nonsynonymous SNPs'?; for
comparison, that of nonsense SNPs is twice as high, whereas that of
SNPs in 3’ untranslated regions is about one-half as high. It is almost
certain that some of the disease-associated SNPs are not causal but
are in linkage disequilibrium with causal variants, but this problem
is unlikely to be more severe for synonymous than nonsynonymous
SNPs, because significant associations with nonsynonymous SNPs are
probably preferentially reported compared with those with synony-
mous SNPs. Furthermore, the average effect size is virtually identical
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between synonymous and nonsynonymous disease-associated SNPs'*’,

Karczewski et al. used exome data to perform genome-wide association
studies for 4,529 diseases and traits in nearly 400,000 participants
of the UK Biobank'**. They found the fraction of SNPs exhibiting at
least one significant association to be the highest for loss-of-function
SNPs, intermediate for nonsynonymous SNPs and lowest for synony-
mous SNPs. Of note, the difference in the fraction is small between
synonymous and nonsynonymous SNPs and is clearly smaller than that
between nonsynonymous and loss-of-function SNPs.

An exome study reported that de novo synonymous mutations dis-
rupting exonic splicing regulatory sequences and those within DNase
I hypersensitivity sites (potentially influencing transcription factor
binding) infrontal cortex tissues are significantly enriched in patients
with autism spectrum disorders and schizophrenia, respectively'*. The
estimated contribution of these synonymous mutations to disease lia-
bility is comparable with that of de novo protein-truncating mutations
and much greater than that of de novo nonsynonymous mutations'*.

Additionally, somatic synonymous mutations can drive tumo-
rigenesis. For example, from cancer genomic data, Supek et al. dis-
covered an excess of synonymous mutations in oncogenes'¢. They
estimated that about 20% of synonymous mutationsin allknown onco-
genes in cancer genome projects have been positively selected (for
example, cancer-causing drivers) and approximately half of synony-
mous drivers alter mRNA splicing. A more recent pan-cancer analysis
of synonymous mutations found patterns of synonymous mutations
indicative of their roles in tumorigenesis such as their enrichment in
known cancer genes and repeatability in cancer genomes that resemble
nonsynonymous mutations'”’. Synonymous mutations in cancer are
catalogued in SynMICdb™.

Conclusions and future studies

Synonymous mutations are not all silent; case studies and systematic
analyses have shown that not only are many synonymous mutations
strongly non-neutral (|s|>1/N,), but they also have experimentally meas-
urable s (|s|>0.001). If synonymous and nonsynonymous mutations
aresimilarintheirimpact onvarious steps of gene expression (Box 2),
andifthe only difference between synonymous and nonsynonymous
mutationsis that thelatter alter the protein sequence, the finding from
many systematic analyses that nonsynonymous mutations are overall
only moderately more deleterious than synonymous mutations sug-
geststhat altering the protein sequence may not be the main contribu-
tor to many nonsynonymous mutations’ fitness effects. However, the
species so far used in the experimental estimation of DFE are limited
largely to microorganisms. Because natural selection intensifies with
N,, wild types should be better optimized inspecies with larger N,. Con-
sequently, the fraction of synonymous mutations that are deleterious
isexpected torise with N.. Nonetheless, for deleterious mutations with
|s|greater thanathreshold far exceeding the inverse of N, of any species
under comparison, their fraction should be approximately constant
across these species if N, is the only relevant variable. However, N, is
rarely the only relevant variable ininterspecific comparisons. For exam-
ple, the importance of differential gene expression among tissues in
multicellular organisms may mean different selections on synonymous
mutations between unicellular and multicellular organisms beyond
those predicted solely by their differencein N..

The moderate differencein fitness effects between synonymous and
nonsynonymous mutations experimentally discovered seems inconsist-
ent with the much lower nucleotide diversity and substitution rate at
nonsynonymous than synonymous sites (for example, dy/d is on the

Box 3 | Examples of pathogenic
synonymous mutations

The most common cause of cystic fibrosis is a three-nucleotide
(CTT) deletion in the CFTR gene, which encodes the cystic fibrosis
transmembrane conductance regulator. The deletion consists of
the third position of an Ile codon (ATC) and the first two positions
of the adjacent Phe codon (TTT). The result of this deletion is the
loss of the Phe residue and a synonymous conversion of ATC (lle)
to ATT (Ile), which change the mRNA secondary structure and
translation dynamics™®, leading to co-translational misfolding and
degradation of CFTR. It had been assumed that the loss of Phe is
the cause of the disease until the discovery that the true culprit is
the synonymous change. Specifically, converting ATT back to ATC,
without reinstating the missing Phe, largely restores the CFTR level
and function™®"’,

Congenital myasthenic syndromes are a group of disorders
characterized by muscle weakness, and they are caused by
defects in the transmission of signals from nerve cells to muscles.
Congenital myasthenic syndromes often result from mutations in
genes encoding the nicotinic acetylcholine receptor subunits, such
as CHRNE, which encodes the g-subunit. A patient was found to
carry a homozygous synonymous mutation at the third position of
a Gly codon in CHRNE. This mutation creates a new splice donor
site located four nucleotides upstream of the normal site, leading
to a deletion and generating a frameshift in exon 9 followed by a
premature termination codon'®,

Crohn's disease is a type of inflammatory bowel disease.

A CTG>TTG (Leu) synonymous mutation in the autophagy gene
IRGM is associated with the disease'™™®. This mutation abolishes
the downregulation of IRGM by a family of microRNAs'°, which
subsequently compromises the autophagy-mediated control
of intracellular replication of Crohn's disease-associated
adherent-invasive Escherichia coli'°.

order of 0.1in many species). However, we must emphasize that the
experimentally estimated DFEs of synonymous and nonsynonymous
mutations (Fig. 3a,b) cannot reliably predict d\/ds, because, under the
neutral theory, the critical part of DFEs for predicting d\/dsiswhen [s| is
on the order of 1/N, or smaller, which is unfortunately invisible to any
experimental fitness measurement’®. It remains possible, for example,
that the fraction of neutral and nearly neutral mutations among non-
synonymous mutations is ~10% of that among synonymous mutations,
whichwillresultinad,/d;of ~0.1. Nonetheless, under the above scenario,
the DFEs of synonymous and nonsynonymous mutations would differ
greatly inneutral and nearly neutral regions, but only moderately other-
wise, apossibility that has not been previously considered. Furthermore,
a comparison between human and chimpanzee genome sequences
revealed that the substitution rate at synonymous sites divided by that
in (presumably neutral) intergenic regions is 0.635 for autosomes and
0.547 for the X chromosome™?, suggesting that the fraction of synony-
mous mutations that are deleterious is most likely below 50% in great
apes, contrasting the estimate of atleast 75% in yeast fromlab-based DFE
quantification’, although these fractions may not be directly compara-
ble, as cautioned earlier. Another possibility, which has received some
empirical support, is that the fitness effects of synonymous mutations
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Glossary

A-to-l editing

Enzymatic alteration of RNA molecules
consisting of the conversion of
adenosines (A) to inosines (1) at specific
positions.

Clonal interference
Competition among genotypes with
different beneficial mutations in an
asexual population.

Coalescent theory

A mathematical theory of population
genetics that traces all alleles of a gene
sampled from a population to a single
ancestral copy.

Kinetic proofreading

Mechanism that allows enzymes,
particularly those involved in DNA
replication, RNA transcription and
protein synthesis, to enhance their
fidelity by discriminating between
correct and incorrect substrates. The
accuracy of this process is higher than
expected solely based on the difference
in activation energy between forming
correct products and incorrect products.

Neutral mutations

Genetic changes having selection
coefficients that are smaller than the
inverse of the effective population size.

Neutral theory

An evolutionary theory positing that
most interspecific differences and
intraspecific polymorphisms at the DNA
or protein sequence level are selectively
neutral rather than adaptive.

Linkage disequilibrium
Non-random association of alleles of
different lociin a population.

Codon usage bias

(CUB). The phenomenon in which
synonymous codons of an amino acid
are unequally used in a genome.

m8A methylation

Methylation at the nitrogen-6 position
of adenosines at specific positions in an
RNA molecule.

Cycloheximide

A fungicide often used to block
eukaryotic translational elongation in
experiments.

Deep mutational scanning
An experimental approach for
measuring the effects of individual
nucleotides in a DNA segment

by creating many mutants of the
DNA followed by high-throughput

functional/fitness assays of the mutants.

MicroRNA

Single-stranded, non-coding RNA
molecules of 21to 23 nucleotides
that bind to mRNAs to cause mRNA
degradation or suppress mRNA
translation.

Modern synthesis

Prevailing evolutionary theory developed
inthe 1930s to the 1940s by combining
Darwin's theory of evolution by natural
selection with a population-oriented
view of Mendelian genetics.

Effective population size

(N.). Number of individuals in an ideal
(that is, Wright-Fisher) population

that results in the same amount of
genetic drift as in the actual population
considered.

mRNA folding strength
Reduction in free energy of a folded mRNA
molecule relative to its unfolded form.

Fitness

A quantitative representation of the
ability of an individual to pass its
genome to the next generation.

Mutation accumulation

A genetic experiment in which a
population of organisms is propagated
through repeated population bottlenecks
to minimize the impact of natural selection.

Genome-wide association
studies

Investigations of genome-wide sets of
genetic variants in groups of individuals
to find variants associated with traits of
interest.

Mutation bias

A phenomenon in which some types of
mutation occur more frequently than
other types.

Nonsynonymous mutations
Point mutations in a coding sequence
that alter the encoded protein
sequence.

Nonsynonymous substitution
rate

(chy). Number of nonsynonymous
nucleotide substitutions per
nonsynonymous site between two
homologous coding sequences.

Nucleosome

The basic structural unit of DNA
packaging in eukaryotes consisting of
a segment of DNA wound around eight
histone proteins.

Polyadenylation

Part of the process of MRNA maturation
in which a nascent RNA transcript

is cleaved at a particular site and
subsequently becomes the object of
the addition of a poly-A tail.

Preferred codons

Codons that are used more frequently
than the average of all codons of the
same amino acid in highly expressed
genes of agenome.

Protospacer adjacent motif
A short DNA sequence of usually

2-6 nucleotides required for a Cas
nuclease in the CRISPR system to cut;
it is generally found 3-4 nucleotides
downstream from the cut site.

Near-cognate tRNAs

tRNAs carrying an amino acid that
differs from that encoded by the codon
of concern and whose anticodon does
not pair with the codon at exactly one
nucleotide position.

Pseudogene

A nonfunctional segment of DNA
that is derived from a previously
functional gene.

Quantitative trait locus mapping
A method to determine the
chromosomal regions or genetic variants
affecting the variation of a quantitative
trait among individuals of a species.

Ribosome E-site

5-most of the three tRNA binding sites
in a ribosome that allows a deacylated
tRNA to exit. The 3-most of the three
tRNA binding sites in a ribosome that
selects charged tRNA molecules during
protein synthesis is known as A-site.

Ribosome P-site

Middle of the three tRNA binding sites in
aribosome that holds the tRNA linked to
the nascent polypeptide chain.

Selection coefficient
(s). The difference in relative fitness
between a mutant and the wild type.

Shine-Dalgarno sequence
Sequence motif in MRNA that recruits
ribosomes through interaction with the
anti-Shine-Dalgarno sequence in 16S
ribosomal RNA of prokaryotes.

Site frequency spectrum
Distribution of the allele frequencies of
a set of loci such as single-nucleotide
polymorphisms in a population or
sample of individuals.

Splicing

A step in pre-mRNA processing that
removes introns and joins exons to form
mature mRNAs.

Synonymous mutations

Point mutations in a coding sequence
that do not alter the encoded protein
sequence.

Synonymous substitution rate
(ds). Number of synonymous nucleotide
substitutions per synonymous site
between two homologous coding
sequences.

Unpreferred codons

Codons that are used less frequently
than the average of all codons of the
same amino acid in highly expressed
genes of agenome.
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Box 4 | Computational prediction of
pathogenetic synonymous mutations

Compared with the abundance of software for predicting
nonsynonymous mutations that are pathogenic'®, the field for
computational prediction of pathogenic synonymous mutations
is relatively young'®>'®®. Two groups of methods — one specifically
for synonymous mutations and the other for any type of point
mutations — exist. The first group comprises DDIG-SN'*“,
regSNPs-splicing'®®, seDSM™®, SilVA'®’, Syntool'®® and TraP™°,
whereas the second group includes, for example, CADD'”°, DANN"",
FATHMM-MKL"?, PhD-SNP? (ref. 173) and PredictSNP2 (ref. 174).
Almost all these predictions use the information of sequence
conservation, although different methods also consider different
additional features such as pre-mRNA splicing, mRNA folding

and codon-usage bias. Comparison of several methods identified
three top performers (TraP, SilVA and FATHMM-MKL) and led to
the development of an ensemble method named PrDSM that
combines these methods'®%. Although PrDSM performs better
than its three constituents individually, its overall performance is
still not very high (area under curve=0.786)"®’. One bottleneck in
the development of better computational predictions is the set of
synonymous mutations with accurate annotations of effects on
fitness or disease (that is, ground truth). With increasing awareness
of larger-than-expected influences of synonymous mutations

on fitness and pathogenesis, we expect that more efforts will be
dedicated to generating the ground truth and developing better
computational predictions.

are less environment-dependent than nonsynonymous mutations; as
aresult, a higher fraction of synonymous than nonsynonymous muta-
tions are neutral across environments and thereby canreach fixation™.
Because the natural environment frequently changes, DFE differences
between synonymous and nonsynonymous mutations shownin a con-
stant laboratory environment may not recapitulate their difference
in nature. In the same vein, to what extent s inferred under simple
population genetic models reflects the truth requires further studies.

Giventhe many mechanisms by which synonymous mutations can
influence gene expression, which mechanisms are the main causes of
their fitness effects? If one measures the fitness effects and various phe-
notypic effects of many synonymous mutations, the fitness effect can
be modelled asamathematical function of various phenotypic effects,
allowing estimating the relative contributions of different phenotypic
effects to the fitness effect, subject to the caveat that measures of dif-
ferent phenotypic effects have different precisions. Note, however,
that the potential findings from a set of synonymous mutations may
havelittle relevance to individual mutations due to the large variation
among mutations in their mechanisms of fitness effects.

As mentioned, selection tests that rely on comparisons between
numbers of synonymous and nonsynonymous polymorphisms and/or
divergences may be invalid or inaccurate if a substantial fraction of
synonymous mutations are non-neutral. There is an urgent need to
understand the conditions under which such tests are invalid and
the type of erroneous inferences that may result. More broadly, reli-
able methods are needed for identifying neutrally evolving sites for
selection tests and other analyses such as N, estimation.

Finally, synonymous mutations should be considered in studying
disease mechanisms, and more efforts are needed for computational
predictions of pathogenic synonymous mutations (Box 4). Given the
rapid growthinthe type, scale and precision of genomic experiments
and data, we can expect that the next decade will see more studies that
clarify the functional, fitness and pathogenic effects of synonymous
mutations.
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