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“Mutation is the ultimate source of genetic variation.” 
(too many papers and textbooks to count)

But see Sturtevant (1937) Quart Rev Biol



Trinucleotide mutation rates

https://medium.com/@hylke.donker/mutational-
signatures-explained-1dc435b2d7b7
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Nonsynonymous opportunities
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Distributions of Fitness Effects (DFEs)

mutations. Below, we highlight three implications emerg-
ing from recent studies that we believe are particularly
relevant for those interested in selection inference.

Firstly, approaches using engineered mutations in vi-
ruses or microbes allow for a systematic picture of the DFE
of all possible point mutations in a chosen region of a gene,
hence enabling an assessment of the proportions of benefi-
cial, neutral, deleterious, and even lethal mutations

(e.g., [57,58]). The general picture thus far confirms the
one proposed by the nearly-neutral theory [59], postulating
a bimodal DFE with one mode centered at wild type-like,
and another at strongly deleterious fitness. Notably, how-
ever, most studies identify a wide wild type-like mode
strongly skewed towards deleterious selection coefficients
(Figure 2). This suggests the heavy influence of effective
population size in dictating the neutral class of sites, and
further highlights the importance of considering the effects
of BGS. Integrating our emerging knowledge of the shape
of the DFE into simulation tools will be an important step
towards better selection inference.

Secondly, as the scale of evolution experiments increases,
it is more feasible to study not only the effects of single, but
also those of double and multiple-step mutations [78]. A
pattern of common epistasis emerges (in particular within
genes or pathways), in which the combined effects of muta-
tions are very difficult to predict from the measured singular
effects of a given mutation. This might result in the ‘missing
heritability’ commonly observed in genome-wide association
studies [60]. In particular, this suggests that the genetic
background must be considered when trying to detect single
alleles under selection.

Thirdly, although lab environments cannot reproduce
natural conditions (e.g., [61]), there are numerous cases
in which laboratory evolution experiments have re-identi-
fied known antibiotic or antiviral resistance mutations from
natural populations, even if grown under quite unnatural
conditions (e.g., [32]), or have provided other important
results regarding the evolution of resistance (reviewed in
[62]) – indicating that experimental evolution results are
indeed informative for inference about natural populations.
In addition, experimental evolution approaches allow for
the study of the effects of the same mutations in different
environments. Several such studies have indicated perva-
sive costs of adaptation, including both mutations of large
effect (reviewed in [63,64]) and of small effect [65]. These
results suggest that if, upon a change of the environment,
adaptation is common from standing genetic variation in-
stead of new mutations, the variation may likely be rare and
segregating under mutation-selection balance [66].
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Figure 2. Two hypothetical distributions of fitness effects (DFEs) that result in different expectations regarding the importance of background selection. (A) A sharp mode
around neutrality (here represented as exponential decay in both the negative and positive direction), as frequently assumed in population genomic studies of the DFE (e.g.,
[69]), results in little potential for background selection (BGS; indicated by the red area under the curve). (B) Experimental evolution studies of the DFE suggest a wider
mode of the DFE around neutrality that is skewed (and sometimes shifted) towards deleterious mutations (here represented by a shifted negative gamma distribution, as
suggested in [70]). This results in a much higher proportion of slightly deleterious mutations that can contribute to BGS. The intensity of the red shading indicates which
area under the curve is most likely to contribute to relevant effects of BGS (see also [66]). The second, strongly deleterious mode of the DFE is depicted as exponentially
distributed. This is an arbitrary choice, because the accuracy of currently available methods is not sufficient to detect its actual shape.

Box 1. Experimental evolution approaches

In traditional experimental evolution studies, a lab strain of an
organism (typically a virus, bacterium, microbe, or fly) is exposed to
a new and potentially challenging environment, and after a number
of generations, its fitness (often measured as relative growth rate in
competition with the original wild type) is evaluated. The first
laboratory evolution experiment of that kind was performed by
William Henry Dallinger between 1880 and 1886 – growing microbes
in an incubator under increasing temperature, and observing that
they evolved to tolerate previously lethal conditions (reviewed in
[71]). Today’s approaches fall into two categories that diverge from
the original experiment in their increasing use of biotechnology and
next generation sequencing:
(i) Mutation accumulation experiments. With the most prominent

of these being Lenski’s long term selection experiment in E. coli
(e.g., [72]) that has been running for more than 50 000 genera-
tions, these experiments are very similar to the one explained
above, now with the added perspective of whole genome
sequencing that enables identification of mutations accumu-
lated or segregating, and with robots enabling maintenance of
hundreds of replicates (reviewed in [73,74]).

(ii) Mutagenesis experiments. Here, hundreds or thousands of
individuals are created that carry only one or a few (random or
specific) mutations, usually only in a single gene (reviewed in
[75]). These are grown for a short period of time and fitness is
assessed either by sequencing and estimation of relative growth
rate (e.g., [58]), or by assessing other fitness-related phenotypes
(e.g., [76,77]).

Advantages and limitations. Experimental evolution studies offer
not only new insights into mutational effects, but also a systematic
way of testing population genetic models and theories under
controlled conditions – hence bridging theory and nature. They
are ideally suited to inform us about expected statistical patterns of
the DFE and to study resistance evolution. By contrast, they are
restricted to certain organisms, and it is generally impossible to
reproduce the ecology of a natural environment in the lab.
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Our inference framework
To account for ancestral state misID, 
fit paired forward and backward SFS 
Glémin et al. (2015) Genome Res

1. Using gcBGC-neutral types, fit 
demographic history to synonymous sites

2. For other types, fit gcBGC to 
synonymous sites (including demography)

3. For all types, fit gamma DFEs 
to nonsynonymous sites 
(including demography and gcBGC)

Analyze Yoruba data from 
1000 Genomes project, with dadi

Parameters inferred sequentially for each mutation pair (I-i): orange, carried over from a previous step; blue, inferred independently. (1) GC-conservative pairs were 
processed identically, with i assigned to the lower-rate and I to the higher-rate type; none yielded B values significantly different from 0, but polarization errors and θs were 
still estimated.
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Inferred DFEs
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Correlation with AA exchangeability

Yampolsky & Stoltzfus (2005) Genetics

0.25

0.50

0.75

1.00

0.00 0.25 0.50 0.75 1.00
Conservative + moderate AA changes (Grantham)

|S
i| 

< 
1

A

0.25

0.50

0.75

1.00

0.20 0.25 0.30 0.35 0.40
EX score

|S
i| 

< 
1

B

1

100

10000

0.20 0.25 0.30 0.35 0.40
EX score
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Transient mutators
• Harris and Pritchard (2015, 2017) 

discovered a population-specific 
+50% pulse of TCC→T mutations

• The indirect fitness effect of a mutator that 
raises rate by a factor  is 

• Milligan (2022) theoretically identified 
parameter regime for observable pulses

• For the  TCC→T pulse, mutator at 10-25% 
allele frequency would have 

• For TCC→T, our results thus imply  
, which is 

outside Milligan (2022)’s regime
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A. World map of TCC mutation signature intensity B. A TCC mutation pulse in Europe and South Asia

D. Estimated mutation pulse durationC. Other components of the TCC mutation signature
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Model fit to UK10K

Figure 3. Geographic distribution and age of the TCC mutation pulse. (A) Observed frequencies of TCC!TTC variants in 1000 Genomes populations.

(B) Fraction of TCC!TTC variants as a function of allele frequency in different samples indicates that these peak around 1%. See Figure 3—figure

supplement 1 for distributions of TCC!TTC allele frequency within all 1000 Genomes populations, and see Figure 3—figure supplement 2 for the

replication of this result in the Exome Aggregation Consortium Data. In the UK10K data, which has the largest sample size, the peak occurs at 0.6%

allele frequency. (C) Other enriched C!T mutations with similar context also peak at 0.6% frequency in UK10K. See Figure 3—figure supplements 3,

4 and 5 for labeled allele frequency distributions of all 96 mutation types (most represented here as unlabeled grey lines). See Figure 3—figure

supplement 6 for heatmap comparisons of the 1000 Genomes populations partitioned by allele frequency, which provide a different view of these

patterns. (D) A population genetic model supports a pulse of TCC!TTC mutations from 15,000 to 2000 years ago. Inset shows the observed and

predicted frequency distributions of this mutation under the inferred model.

DOI: 10.7554/eLife.24284.016

The following figure supplements are available for figure 3:

Figure supplement 1. TCC!TTC mutation fraction as a function of allele frequency in all 1000 Genomes populations.

DOI: 10.7554/eLife.24284.017

Figure supplement 2. Fraction of TCC!TTC mutations as a function of allele frequency in ExAC.

DOI: 10.7554/eLife.24284.018

Figure supplement 3. Mutation type enrichment as a function of allele frequency in UK10K (Part I of III).

DOI: 10.7554/eLife.24284.019

Figure supplement 4. Mutation type enrichment as a function of allele frequency in UK10K (Part II of III).

DOI: 10.7554/eLife.24284.020

Figure 3 continued on next page
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expect strongly selected mutator alleles segregating in different
human populations to be largely independent. However, ob-
served differences in mutation rates among extant populations
typically reflect averages over many generations ancestral to the
sample. Given the rapid turnover at strongly selected modifier
sites, some of the difference in mean mutation rates may average
out. For these reasons, we cannot rely on our analytic results to
assess whether evolution at modifier sites can explain differences
in mutation rates observed among human populations.

Variation among human populations
We therefore rely on simulations to address this question. In the
standard model that we implement, each modifier site affects the
mutation rate at one of 96 mutation types and thus only affects
1/32 of selected sites. We constrain the number of modifier sites
and baseline mutation rate, u0; such that the expected mutation
rate (at steady state) at each mutation type is û ¼ 1:25 " 10#8=3

per bp per generation (Equation 16 and Supplementary Fig. 12).
We simulate 15 $ 103 mutator allele trajectories under the S&D
demographic history for African and European populations
(Supplementary Fig. 8; see Simulations for details). For a given ef-
fect size / and number of modifier sites M, we then resample
these mutator trajectories to generate 105 sets of 96 mean muta-
tion rate trajectories (one for each mutation type), which include
a shared part that occurs in the ancestral population, a part that
occurs only in the European population, and a part that occurs
only in the African population.

We use these sets of mutation rate trajectories to ask whether
evolution at modifier sites could cause large, transient differen-
ces in mutation rates, such as the peak observed for TCC! TTC
mutations in European but not African populations. We reason
that such a peak would be reported regardless of the mutation
type, population, and timing in which it occurred, and therefore
examine sets of 96 trajectories jointly. We quantify the “peak

(a) (b)

(c) (d)

Fig. 3. Summary of parameter ranges where modifier sites generate population specific peaks in mutation rates. For a given M and /, we show the
probability that (a) a single mutation rate trajectory or (b) sets of 96 trajectories are peak-like, or the probability that (c) the largest enrichment per set is
greater than 1.1 (see Tests of variance between populations). (d) A cartoon illustrating how we categorize trajectories based on the number of windows that
are above the elevated or peaked thresholds. For individual trajectories (a), we show the probability of being multielevated (interior color). For sets
of trajectories (b), we show the expected number of peak-like trajectories in a peak-like set (interior color; null values are colored white). For both
(a and b), we show whether most trajectories or sets are not-peaked or multielevated (edge color). For enrichments (c), we show the 95% quantile of
enrichment values (interior color). We vary / to span the range of selection parameters and vary M between one and the maximum number of modifier
sites possible, M% /ð Þ (Equation 16). In Supplementary Figs. 14–17, we show similar results for models that relax some of our simplifying assumptions.
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Mutator mutation pressure

• Mutator alleles are much more common 
than antimutator alleles. 
So under neutrality, mutation pressure 
should push mutation rates upward.

• Rates are constrained by selection against 
indirect mutation effects: 

• Long-term, an allele will be effectively 
deleterious if  

• We define  as the threshold mutator 
effect size above which alleles will be 
effectively deleterious
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the biophysical limits. The following 
reasoning suggests that the data are 
compatible with such scaling.

The analysis shown in FIG. 3c relies 
on protein-coding DNA as a surrogate 
measure of the number of nucleotides 
under selection (the effective genome size, 
Ge), but not all amino acid replacement 
mutations or silent-site changes are likely to 
be deleterious, and some non-coding sites 
are involved in transcription, splicing and 
so on. Greater than 90% of most bacterial 
genomes is protein coding, and there can 
be considerable selection on silent sites in 
such species with a large Ne, so P probably 
provides a close approximation of Ge in 
these species. The approximation is also 
relatively good in S. cerevisiae, as Ge ≈ 0.8P 
(REF. 43). The average estimates of Ge for  
nematodes, Drosophila melanogaster 
and humans are 1.1P, 3.3P and 5.8P, 
respectively43–47. Thus, there is a tendency 
for P to increasingly underestimate the 
amount of the genome under selection 
with increasing organismal complexity. 
However, accounting for these levels of 
bias only moves the negative scaling of the 
genome-wide deleterious mutation rate 
with Ne closer to a slope of −1, improving 

arise (BOX 1). It is likely that antimutator 
alleles arise substantially less frequently 
than mutator alleles, although quantitative 
information on this matter is lacking. 
Mutation bias towards mutators will oppose 
the evolutionary reduction in the mutation 
rate by selection, pushing the mutation rate 
to a higher level than otherwise expected 
(FIG. 4). Thus, species-specific variation in the 
relative rates of production of mutator and/
or antimutator alleles may be an additional 
contributor to the vertical range of variation 
in the plots in FIG. 3.

Error-prone polymerases. The genomes of 
nearly all organisms encode for error-prone 
polymerases. As many of these are used only 
during times of stress, this has encouraged 
the assertion that high error rates associated 
with such enzymes have been promoted by 
selection as a means for generating adaptive 
mutations in changing environments1,2,48–51. 
As noted above, however, although 
increasing the mutation rate may enhance 
the absolute probability of a beneficial 
mutation, it also magnifies the background 
production of deleterious mutations, and 
thus can ultimately lead to long-term 
genomic deterioration52,53.

the overall concordance of the data with the 
drift-barrier hypothesis. Additional data 
will be required to determine whether there 
is a diminishing response of UD in taxa with 
very high Ne, as might be expected if such 
species approach the biophysical limit of 
replication fidelity.

The theory outlined in BOX 1 also predicts 
detectable levels (certainly two- to threefold) 
of variation in the mutation rate among 
lineages experiencing identical levels of 
selection and random genetic drift, owing 
to the stochastic production and fixation 
of mutator and antimutator alleles around 
the expected mean. Thus, given that Ne 
also probably changes through time and is 
estimated with inaccuracies, the range of 
variation around the regression in FIG. 3c 
should not be taken as a shortcoming of 
the theory.

Finally, we note that although the theory 
suggests a specific scaling between UD and 
Ne, it does not provide an explicit statement 
on the elevation of the curve; that is, for the 
absolute values of the expected mutation 
rates. This is because mutation-rate evolution 
is not simply a function of the efficiency 
of selection, but also of the relative rates 
at which mutator and antimutator alleles 

Figure 3 | Scaling relationships involving the base­substitution mutation 
rate. a | The relationship of the base-substitution mutation rate per nucleotide 
site per generation (u) with total haploid genome size is given for the full set of 
species for which data are available from mutation­accumulation whole­ 
genome sequencing (MA­WGS) or pedigree analyses. The regression line only 
incorporates the data for unicellular species. b | The regression of u on the esti­
mated effective population size (Ne). To increase the sample size here, the 
mutation rates of three bacteria (data points 25, 30 and 33) and two unicellular 
eukaryotes (data points 16 and 19) are based on reporter­construct estimates. 
c | The regression of the total (genome-wide) mutation rate in protein-coding 
DNA per generation (UP) on Ne. The solid line is the regression fitted to the full 
data set, whereas the dashed lines are reference lines with slopes equal to –1.0. 
The arrows are the approximate degree to which the multicellular eukaryote 
measures are likely to move upwardly if all sites under selection are accounted 

for (as described in the text). All plotted data are in Supplementary informa­
tion S1 (table). Numbered data points correspond to the following species:  
1, Apis mellifera; 2, Arabidopsis thaliana; 3, Caenorhabditis briggsae;  
4, Caenorhabditis elegans; 5, Daphnia pulex; 6, Drosophila melanogaster;  
7, Heliconius melpomene; 8, Homo sapiens; 9, Mus musculus; 10, Oryza sativa; 
11, Pan troglodytes; 12, Pristionchus pacificus; 13, Chlamydomonas reinhardtii; 
14, Neurospora crassa; 15, Paramecium tetraurelia; 16, Plasmodium falciparum; 
17, Saccharomyces  cerevisiae;  18, Schizosaccharomyces  pombe;  
19, Trypanosoma brucei; 20, Agrobacterium tumefaciens; 21, Bacillus subtilis;  
22, Burkholderia cenocepacia; 23, Deinococcus radiodurans; 24, Escherichia coli; 
25, Helicobacter pylori; 26, Mesoplasma florum; 27, Mycobacterium smegmatis; 
28, Mycobacterium tuberculosis; 29, Pseudomonas aeruginosa; 30, Salmonella 
enterica; 31, Salmonella typhimurium; 32, Staphylococcus epidermidis;  
33, Thermus thermophilus; 34, Vibrio cholera; 35, Vibrio fischeri.
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Mutator mutation pressure
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Genetic architecture of mutation
• Mutator alleles may necessarily be pleiotropic, 

affecting more than one trinucleotide mutation type

• Mutation signatures from human tumors are cataloged by COSMIC

• We use 15 signatures with proposed biological etiologies



Mutation signature selection
• The indirect fitness effect of a mutator allele that increases the 

activity of a given signature by an amount  is 

• Each signature thus has a maximum activation level  above which 
a mutator would be effectively deleterious 

• We define  as the pleiotropic threshold effect size for each type, 
which is its largest relative change among max-activated signatures
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Mutation signature selection
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Summary
• DFEs of nonsynonymous trinucleotide mutation types vary 

dramatically and are correlated with amino acid effects

• TCC→T pulse is unlikely to have been a mutator allele

• Mutation pressure could drive some trinucleotide 
mutation rates dramatically upward

• Pleiotropy among known mutator alleles 
constrains that pressure
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expect strongly selected mutator alleles segregating in different
human populations to be largely independent. However, ob-
served differences in mutation rates among extant populations
typically reflect averages over many generations ancestral to the
sample. Given the rapid turnover at strongly selected modifier
sites, some of the difference in mean mutation rates may average
out. For these reasons, we cannot rely on our analytic results to
assess whether evolution at modifier sites can explain differences
in mutation rates observed among human populations.

Variation among human populations
We therefore rely on simulations to address this question. In the
standard model that we implement, each modifier site affects the
mutation rate at one of 96 mutation types and thus only affects
1/32 of selected sites. We constrain the number of modifier sites
and baseline mutation rate, u0; such that the expected mutation
rate (at steady state) at each mutation type is û ¼ 1:25 " 10#8=3

per bp per generation (Equation 16 and Supplementary Fig. 12).
We simulate 15 $ 103 mutator allele trajectories under the S&D
demographic history for African and European populations
(Supplementary Fig. 8; see Simulations for details). For a given ef-
fect size / and number of modifier sites M, we then resample
these mutator trajectories to generate 105 sets of 96 mean muta-
tion rate trajectories (one for each mutation type), which include
a shared part that occurs in the ancestral population, a part that
occurs only in the European population, and a part that occurs
only in the African population.

We use these sets of mutation rate trajectories to ask whether
evolution at modifier sites could cause large, transient differen-
ces in mutation rates, such as the peak observed for TCC! TTC
mutations in European but not African populations. We reason
that such a peak would be reported regardless of the mutation
type, population, and timing in which it occurred, and therefore
examine sets of 96 trajectories jointly. We quantify the “peak

(a) (b)

(c) (d)

Fig. 3. Summary of parameter ranges where modifier sites generate population specific peaks in mutation rates. For a given M and /, we show the
probability that (a) a single mutation rate trajectory or (b) sets of 96 trajectories are peak-like, or the probability that (c) the largest enrichment per set is
greater than 1.1 (see Tests of variance between populations). (d) A cartoon illustrating how we categorize trajectories based on the number of windows that
are above the elevated or peaked thresholds. For individual trajectories (a), we show the probability of being multielevated (interior color). For sets
of trajectories (b), we show the expected number of peak-like trajectories in a peak-like set (interior color; null values are colored white). For both
(a and b), we show whether most trajectories or sets are not-peaked or multielevated (edge color). For enrichments (c), we show the 95% quantile of
enrichment values (interior color). We vary / to span the range of selection parameters and vary M between one and the maximum number of modifier
sites possible, M% /ð Þ (Equation 16). In Supplementary Figs. 14–17, we show similar results for models that relax some of our simplifying assumptions.
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