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Muller’s ratchet

The process by which a
genome with little or no
recombination degenerates
owing to the stochastic loss of
the allelic class with fewest
deleterious mutations.
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The distribution of fitness effects
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Abstract | The distribution of fitness effects (DFE) of new mutations is a fundamental entity
in genetics that has implications ranging from the genetic basis of complex disease to the
stability of the molecular clock. It has been studied by two different approaches: mutation
accumulation and mutagenesis experiments, and the analysis of DNA sequence data. The
proportion of mutations that are advantageous, effectively neutral and deleterious varies
between species, and the DFE differs between coding and non-coding DNA. Despite these
differences between species and genomic regions, some general principles have emerged:

All organisms undergo mutation, the effects of which
can be broadly divided into three categories. First, there
are mutations that are harmful to the fitness of their host;
these mutations generally either reduce survival or fer-
tility. Second, there are ‘neutral’ mutations, which have
little or no effect on fitness. Finally, there are advanta-
geous mutations, which increase fitness by allowing
organisms to adapt to their environment. Although we
can divide mutations into these three categories, there is,
in reality, a continuum of selective effects, stretching from
those that are strongly deleterious, through weakly del-
eterious mutations, to neutral mutations and then on to
mutations that are mildly or highly adaptive. The relative
frequencies of these types of mutation — the distribution
of fitness effects (DFE) — is the subject of this Review
(see BOX 1 for a description of some distributions).

The DFE is important for several reasons. First, it is of
some intrinsic interest, particularly as far as we humans
are concerned. It has been estimated that each of us
receives more than 100 new mutations from our par-
ents"% What effects do these mutations have? Are they
good, bad or irrelevant to our well-being? Second, the
DFE is central to many questions in evolutionary biol-
ogy, including the molecular clock’, the rate of genomic
decay due to Muller’s ratchet®, the maintenance of genetic
variation at the molecular level®, and the evolution of sex
and recombination®.

The DFE is possibly of greatest practical importance
in relation to two other problems: understanding the
nature of quantitative genetic variation and hence com-
plex human disease’ %, and predicting the consequences
of maintaining animals or plants at low population

advantageous mutations are rare, and those that are strongly selected are exponentially
distributed; and the DFE of deleterious mutations is complex and multi-modal.

size, as in captive breeding programmes'®. Many of the
characters that are of most interest to geneticists are
quantitative in nature; these include traits as diverse as
milk yield in dairy cows and the probability of develop-
ing heart disease in humans. One of the central aims of
quantitative genetics, and in particular medical genetics,
is to map the alleles that cause variation in these traits.
However, the ease with which this can be done depends
on the genetic architecture of the trait. If most variation
is contributed by mutations of large effect segregat-
ing at intermediate frequencies, as is hoped under the
common disease-common variant model", then it
should be possible to locate the mutations that affect the
trait. Conversely, if most of the variation is contributed by
mutations of large effect segregating at low frequencies,
or mutations of small effect segregating at intermediate
frequencies, then identifying the causal mutations will be
difficult. The genetic architecture of the trait depends on
both the nature of selection and the DFE'™.

Although the DFE has been the subject of much
research, there has been no attempt to review the topic
as a whole. This might be because a wide variety of
approaches have been used to address the question,
including theoretical, experimental and analytical
methods. Here we attempt to fill this gap. We begin by
briefly reviewing the approaches that have been used
to investigate the DFE, before discussing what we have
learnt about this important but elusive entity.

Experimental techniques
The most direct method for investigating the DFE is to
induce or collect spontaneous mutations and then assay
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Box 1| Mathematical distributions

A number of mathematical distributions have been used to model the distribution of
fitness effects. The most common among these is the gamma distribution. Thisis a
flexible distribution that has two parameters: a shape parameter, k, and a parameter
that governs the mean of the distribution. Alteration of the shape parameter changes
the distribution from an L-shaped distribution when k < 1, to an exponential
distribution when k = 1, to a distribution that resembles a skewed normal distribution
or a normal distribution when k > 1. The figure shows the probability density of the
gamma distribution with a mean of 1 and varying shape parameters. If the shape
parameter is large then the distribution becomes a spike, with all mutations having the

same strength of selection.

The kurtosis of a distribution is the degree to which it is peaked; the greater the
kurtosis, the more variance is contributed by infrequent observations of large effect.
In this Review, the term leptokurtic is used to refer to a gamma distribution that is
more leptokurtic than an exponential distribution — that is, it has a shape parameter
of less than one. This is slightly different to the usual definition by which kurtosis is
defined relative to that of the normal distribution.

Kurtosis
The peakedness of the
distribution.

their effects on fitness in the laboratory (see FIC. 1 for an
example). Unfortunately, accurate measurement of the
effects of single mutations is possible only when they
have fairly large effects on fitness (say >1%; that is, a
mutation that increases or decreases viability or fertility
by more than 1%)""". Furthermore, such experiments
are difficult and time consuming, so they have been
done in relatively few species, mostly microorganisms.

An alternative approach that has been extensively
used to investigate the rates and effects of spontaneous
mutations is the mutation accumulation experiment. In
amutation accumulation experiment, sublines (mutation
accumulation lines) derived from a genetically uniform
ancestral line are allowed to independently accumu-
late spontaneous mutations for many generations, or
sublines are independently subjected to a mutagenesis
treatment’. Each mutation accumulation line is kept
at a small population size and under benign conditions
during the period of mutation accumulation or after
mutagenesis. In this way, the effects of natural selection
are minimized, allowing all but the most deleterious
mutations to accumulate. After the period of mutation
accumulation, the fitnesses of the lines are measured
in parallel with controls. The controls are often deriva-
tives of the ancestral line, maintained in such a way that
they can be assumed to be essentially mutation-free.
These can be, for example, cryopreserved cells, embryos,
eggs or dried seeds.

In general, mutation accumulation lines decrease
in fitness as the experiment progresses and variance
between lines increases® (but see REFS 21,22). This pat-
tern is consistent with a net accumulation of deleterious
mutations, some of which are strongly deleterious: these
generate most of the variance between lines. It is straight-
forward to calculate the minimum rate and the maximum
mean effect of deleterious mutations that explain
the data from a mutation accumulation experiment,
assuming independence of mutational effects'®*, and
several methods have also been developed to estimate
the DFE from the fitnesses of the mutation accumula-
tion lines?**?. Unfortunately, with realistic amounts
of data, the amount of additional information that can
be extracted about the DFE is limited, and parameter
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estimates have large confidence intervals®. This is
because the mutation rate and DFE are confounded with
one another: the distribution of fitnesses of the mutation
accumulation lines can usually be explained by a low
mutation rate and high variance in fitness effects, or a
high mutation rate and a low variance in fitness effects.
Some experiments have therefore sought to circumvent
this problem by estimating the mutation rate directly
in the mutation accumulation experiment??. These
experiments, which are discussed below, have generally
been much more informative about the DFE.

A potential problem with many mutagenesis and
mutation accumulation experiments is the method that
is used to generate the mutations. Ideally, we would like
to measure the fitness effects of spontaneous muta-
tions but, often, this is not possible, and the mutations
are induced by either transposable element inser-
tion or a chemical mutagen. As such, the DFE that is
inferred from mutagenesis and mutation accumulation
experiments might be different to the distribution of
spontaneously occurring mutations; there is indeed
evidence of this in yeast' (FIC. 2).

Mutagenesis and mutation accumulation experi-
ments can give us detailed information about the DFE
of mutations only if they have a moderately large effect,
as these are the mutations that have detectable effects
in laboratory assays. However, it seems likely that many
and possibly the majority of mutations have effects
that are too small to be detected in the laboratory?’*.
For these mutations, DNA sequence data can provide
valuable information. By examining DNA differences
between and within species it is possible to infer various
characteristics of the DFE for neutral, deleterious and
slightly advantageous mutations.

Various methods have been developed to infer the
DEFE from DNA sequence data®*-*, all of which rely on
two population genetic properties of mutations. First,
they tap into the fact that the probability of a mutation
spreading to a certain frequency in a population, and
ultimately to fixation, depends on the strength of positive
or negative selection acting on it. The more deleteri-
ous a mutation, the less likely it is to spread to high
frequency in the population and to become fixed. The
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Figure 1| The distribution of fitness effects of random mutations in vesicular
stomatitis virus. In this experiment, random mutations were introduced into the virus,
and the fitnesses of the mutants were compared against the unmutated wild type.

A fitness of less than one indicates that the mutant was less fit than the wild type, so
the mutation was deleterious. A fitness of zero indicates that no mutated progeny
were recovered, and that the mutation was therefore lethal. Data from REF. 15.

Effective population size
The population size of
randomly mating individuals
that would behave, in a
population genetic sense, as
the population being studied.
For example, the genetic
diversity in human populations
is the same as one would find
in 10,000 randomly mating
individuals.

second source of information comes from the fact that
the efficiency of selection acting on a mutation depends
on the effective population size: if the product of the effec-
tive population size, N, and the strength of selection,
s, is much greater than one, then selection is effective;
but, if Nsis much less than one, then the fate of the
mutation is determined largely by random genetic drift.
Hence, by comparing species, or genomic regions with
different effective population sizes, it is possible to derive
information about the DFE.

Although some of the methods that use DNA
sequence data are quite powerful, it should be appreci-
ated that they share several limitations. First, all methods
require a set of sites at which most mutations are neu-
tral, against which the evolution at selected sites can be
compared. If mutations at these putatively neutral sites
are in fact subject to selection, the inferences of the DFE
could be seriously affected in ways that have not yet been
determined. Second, in those cases in which a continu-
ous distribution is fitted, one can be misled into believing
that there is more information than actually exists. This
is because there are horizons above and below which all
mutations effectively act in the same manner.

Consider the following example. Recently, the DFE
was inferred for new amino-acid-changing mutations
in humans, under the assumption that the DFE is a
gamma distribution (BOX 1), by using the frequencies of
SNPs’ (FIG. 3). About 43% of mutations are estimated to
have effects such that N s > 100 and, of those, 30% are
expected to have effects such that N s >1,000. However,
mutations for which N s > 100 have essentially no chance
of appearing as polymorphisms in a reasonable sample
size; so, in this analysis, all mutations with N s > 100
act in the same manner. Hence, the inference that 30%
of mutations with N s > 100 have N s > 1,000 is almost
entirely based on the assumption that the DFE follows

a gamma distribution, rather than on the actual experi-
mental data. Third, mutations are generally assumed to
segregate independently of one another. Analysis has
suggested that this assumption of free recombination
does not greatly affect the point estimates of param-
eters, but it can lead to a gross underestimation of the
true confidence intervals on the estimates®. Fourth,
although we are interested in the fitness effects of all
mutations, almost all analyses have concentrated on a
subset of mutations that exert effects that are independ-
ent of their frequency in the population and that stay
approximately constant during the time they segregate
in the population. Mutations that are subject to het-
erozygote advantage or frequency-dependent selection
have not been studied in any detail with regard to the
DFE. Unfortunately, there is little information on
the proportion of mutations that are subject to various
types of balancing selection. Recent evidence from a
scan of human SNP variation supports the view that this
phenomenon is unusual®.

Neutral mutations

The first question one might ask about the DFE is: what
proportion of mutations are neutral? As with many ques-
tions pertaining to the DFE, this has no easy answer. The
first point to make is one of definition; it seems unlikely
that any mutation is truly neutral in the sense that it
has no effect on fitness. All mutations must have some
effect, even if that effect is vanishingly small. However,
there is a class of mutations that we can term effectively
neutral. These are mutations for which N s is much less
than 1, the fate of which is largely determined by random
genetic drift>¥”. As such, the definition of neutrality is
operational rather than functional; it depends on whether
natural selection is effective on the mutation in the
population or the genomic context in which it segregates,
not solely on the effect of the mutation on fitness.

This definition of neutrality implies that the propor-
tion of neutral mutations is expected to vary between
species for two reasons. First, for a given DFE, a smaller
proportion of mutations will be effectively neutral in spe-
cies with large effective population sizes, a prediction that
has been used to test for the presence of weakly selected
deleterious mutations by, for example, comparing
rates of non-synonymous and synonymous substitution
in island and mainland species®*. Second, because a
smaller proportion of mutations are expected to be
effectively neutral in species with large effective popula-
tion sizes, one might expect such species to be better
adapted. This is because fewer advantageous mutations
will be effectively neutral and, as a consequence, more
advantageous mutations will fixed. This is itself likely to
change the DFE because, as a species adapts, its fitness
is expected to move closer to an optimum™.

There might also be second-order effects that cause
the proportion of effectively neutral mutations to vary
between species. For example, it has been suggested that
species with small effective population sizes are susceptible
to the accumulation of various kinds of non-protein-
coding DNA, especially transposable element insertions,
because the effectiveness of selection is reduced in
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Figure 2 | The distribution of fitnesses among yeast lines. Diploid yeast lines were
either allowed to accumulate spontaneous mutations (panel a) or were subject to
chemical mutagenesis using ethylmethane sulphonate (EMS) (panel b). After a period
of inbreeding, the cells were made to undergo meiosis and the growth of the meiotic
products was measured. Data from REF. 17.

such populations*. Mutations in these sequences are
themselves likely to be neutral.

Although the proportion of effectively neutral muta-
tions is likely to vary between species, there are a few
general conclusions that can be made. First, analyses
of protein-coding sequences suggest that only a small
proportion of amino-acid-changing (non-synonymous)
mutations are neutral. By considering the number of
substitutions that have occurred between species at
non-silent sites (d,) and silent (d) sites, it is possible to
estimate the proportion of non-silent mutations that
are effectively neutral (BOX 2). In hominids, which seem
to have effective population sizes in the range of 10,000 to
30,000 (REF. 29), the ratio d /d_is less than 0.3 (REFS 29,42),
and this suggests that fewer than 30% of amino-acid-
changing mutations are effectively neutral. Given that
mutations with a selection strength of much less than
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1/Ne are effectively neutral, this means that about 30% of
amino-acid mutations in humans have effects of less than
about 10~°. Similar calculations in Drosophila species and
enteric bacteria, which probably have effective population
sizes in the millions and tens of millions, respectively,
suggest that at most 16% (REF. 43) and 2.8% (REF. 44), respec-
tively, of mutations are effectively neutral. The figures for
Drosophila and bacteria might be overestimated by more
than 50% because of adaptive substitutions (80X 2). These
observations might also indicate that most amino-acid-
changing mutations are deleterious; for example, if we
infer that at most 30% of non-synonymous mutations are
neutral in humans, this implies that at least 70% are del-
eterious. Similarly, in Drosophila and enteric bacteria, the
proportions are at least 84% and 97.2%, respectively.

The proportion of mutations that behave as effectively
neutral occurring outside protein-coding sequences
is much less clear. It is probably fair to say that until
recently the majority of evolutionary biologists regarded
most non-coding DNA as evolving neutrally, a view that
led Orgel and Crick to term it junk’ DNA*. However,
this perspective has started to shift. In yeast*®, nema-
todes**8, Drosophila melanogaster*~>' and mammals®*-**
a certain proportion of non-coding DNA seems to be
more conserved than would be expected if all mutations
were neutral. In yeast and nematodes, the proportion
of non-coding nucleotides that is conserved by natural
selection has been estimated to be 10-20% (REFS 46,48).
By contrast, in D. melanogaster, the available evidence
suggests that at least 50% of sites in non-coding DNA
are constrained by natural selection*!. In mammals,
the proportion of the genome that is subject to natu-
ral selection is much lower, around 5% (REFS 55-57). It
therefore seems likely that as much as 95% and as little
as 50% of mutations in non-coding DNA are effectively
neutral; therefore, correspondingly, as little as 5% and as
much as 50% of mutations are deleterious. The differ-
ences between the estimates from different species might
partly reflect differences in methodology.

Advantageous mutations

As expected, relatively few of the mutations that are not
effectively neutral are advantageous. In three mutagenesis
experiments, the proportion of advantageous muta-
tions was 4% in the RNA virus vesicular stomatitis virus
(VSV)® (FIG. 1), 0% in Escherichia coli**, 0-15% in the
bacteriophage ¢X174 (REF. 40), 0% in ¢6 (REF. 13) and
6% in Saccharomyces cerevisiae'®. However, although
advantageous mutations are rare, they can contribute
substantially to evolutionary change®. For example,
in D. melanogaster, it has been estimated that more
than 15% of all substitutions are due to advantageous
mutations®. However, such analyses measure substitu-
tion rates rather than mutation rates, and do not tell
us directly about the frequency of advantageous muta-
tion. A certain amount of substitution could be due
to a few strongly selected mutations, or many weakly
selected mutations — most mutations, even those that
are advantageous, are lost by random genetic drift; but,
the more strongly selected an advantageous mutation
is, the less likely it is to be lost.
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Leptokurtic

Used here to refer to
distributions that are more
peaked than an exponential
distribution.
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Figure 3| The distribution of fitness effects of new
amino-acid-changing mutations in humans.

N s denotes the product of the effective population
size,N,, and the strength of selection, s. The distribution
was inferred from nearly 1,000 non-synonymous and
more than 30,000 intron SNPs from 230 autosomal
genes that were resequenced in 90 individuals. The
proportion of mutations with strongly deleterious
effects has probably been overestimated because

of demographic effects®. The absolute strengths of
selection can be inferred from this analysis because the
effective population size of humans is approximately
10,000. Hence, mutations with N s > 1,000 have effects
of greater than 10%. Data from REF. 9.

Although it is difficult to disentangle the rate and
effects of advantageous mutations, the available data
suggest that some aspects of the DFE of advantageous
mutations are likely to differ between species. This has
been most elegantly demonstrated in the bacteriophage
0X174. Silander et al.** conducted a mutation accumu-
lation experiment in which populations were passaged
through a small population size of three individuals,
or larger population sizes of up to 250 individuals. As
expected, they found that the small population size lines
had lower fitness because they had accumulated more
deleterious mutations. However, they also found that
15% of the mutations in these lines were adaptive, in
contrast to almost none in the large population size lines.
Interestingly, the mean effect of mutations did not seem
to differ between lines. Although this experiment was
conducted in only one species, the results clearly suggest
that the DFE is likely to differ between species that have
different effective population sizes.

Other data corroborate this finding. For protein-
coding sequences, the proportion of adaptively driven
non-synonymous substitutions is estimated to be close
to zero between humans and chimpanzees®*, about
50% between Drosophila species®** (but see REF. 64), and
might be even higher between species of enteric bacte-
ria* and some viruses*>**. In hominid non-coding DNA,
there is again little evidence of adaptive evolution®, but
in Drosophila it is estimated that ~15% of non-coding
substitutions have been a consequence of positive
selection®. The differences in the rates of adaptation

between species are either due to a difference in the rate
of advantageous mutation or to a difference in the aver-
age effects of those mutations. The results from (X174
suggest that the first possibility is true but, clearly, more
data are needed. Unfortunately, the rates and effects of
mutations are generally difficult to disentangle.

Although the frequency of advantageous mutation
remains an elusive quantity, progress has been made in
understanding the shape of the DFE of new advantageous
mutations. Theoretical work by Gillespie®” and Orr®,
derived from a branch of mathematics called extreme
value theory (EVT), predicts that the distribution
should be exponential (BOX 1; FIC. 4). The only condi-
tions are that the distribution of absolute fitness values
of mutations should be invariant and that the population
is reasonably well adapted to start with.

Several groups have sought to test the Gillespie-Orr
theory by examining the fitness effects of new mutations.
Generally, the prediction that the DFE of advantageous
mutations is exponential has been supported®-"! (but see
REF. 15). However, the number of mutations that have
been assessed is small, because advantageous mutations
are rare. Hence, there is little power in these analyses
to distinguish an exponential distribution from other
similar distributions. Furthermore, the mutations that
have been assayed are strongly advantageous, as these
are the only mutations that are discernibly advantageous
in laboratory assays.

In an attempt to circumvent the central problems of
these tests — the rarity of advantageous mutations and
size of the effect — Cowperthwaite et al.” carried out an
in silico experiment in which they simulated the evolution
of an RNA molecule to bind a ligand. They found that the
DFE of advantageous mutations was poorly modelled by
an exponential distribution because there was an excess
of weakly advantageous mutations; only when 90% of the
advantageous mutations were removed did the distribution
become exponential.

This raises the question of whether these departures
from the predictions of Gillespie-Orr theory are specific
to this in silico system, or whether it uncovers a basic
problem with the theory. Cowperthwaite et al.” suggest
that the departure from the exponential distribution arises
because one of the central assumptions of EVT is violated
in this system. EVT assumes that mutations are drawn
from some never-changing distribution; however, as an
organism adapts, the DFE is likely to change (FIC. 4). In
the in silico system studied by Cowperthwaite et al., the
DFE changes in such a way that there is always a category
of advantageous mutations of small effect. Whether this is
likely to be the case in real life is currently unclear and dif-
ficult to ascertain, but the data from the virus VSV are also
consistent with a distribution that is more leptokurtic than
exponential (R. Sanjuan, personal communication).

Although the Gillespie-Orr prediction might not be
correct for all advantageous mutations, it may apply to
mutations of large effect. Such large-effect mutations seem
to be those that contribute most to adaptation. The evidence
for this comes from several QTL-mapping experiments
to determine the differences between species for traits
of adaptive importance. In most cases, the differences
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Box 2 | A simple method for inferring the DFE from DNA sequence data

The simplest method by which we can obtain information about the distribution
of fitness effects (DFE) using DNA sequence data is by comparing the number of
substitutions at non-silent sites (d ) to the number of substitutions at silent sites (d ). Let
us assume that all mutations at silent sites are neutral and that mutations at non-silent
sites are either deleterious or ‘effectively’ neutral. By effectively neutral, we mean
mutations that are either truly neutral, or deleterious mutations that behave as if they
were neutral; these are mutations on which the strength of selection is much less than
1/N,where N_is the effective population size. Under this simple model, d_=2ut where u
is the nucleotide mutation rate, and hence the substitution rate, and t is the time of
divergence of the two species that are being compared. d =2utf where f is the
proportion of mutations that are effectively neutral. The ratio d /d_, which is equal to f,
can be used to estimate the proportion of non-silent mutations that are effectively
neutral; in other words, the proportion of mutations for which s << l/Ne. One can also
estimate the proportion of mutations that are deleterious and on which selection is
effective, since this is equal to 1.

If there are advantageous mutations, then d = 2utf/(1-c) where «is the
proportion of substitutions that are due to adaptive mutations®2. From this it can
be seen that the proportion of mutations that are effectively neutral tends to be
overestimated by the ratio d /d . For example, if 50% of substitutions were due to
adaptive evolution, then the proportion of effectively neutral mutations would be
overestimated by twofold.

By comparing the d /d_in species with different N , one can potentially gain further
insight into the DFE?’; however, this method makes the assumption that the DFE is
relatively constant across species with different N_.

between species in traits can be explained by a few QTLs
of large effect’”", suggesting that just a few advantageous
mutations were involved in the adaptations.

Deleterious mutations

The distribution may be complex. Although the DFE
for advantageous mutations may have a relatively simple
form, the DFE for deleterious mutations seems to be com-
plex, in the sense that it does not appear to be described
by a distribution with a single mode (that is, a single max-
imum). This is most readily apparent from experiments
in which the fitness effects of single mutations can be
assessed; in both RNA viruses and yeast, there is a distinct
class of mutations that are lethal (FICS 1,2), generating a
bimodal DFE™". In VSV, nearly 40% of all randomly
induced point mutations are lethal® (FIC. 1); similarly,
in yeast, about 30-40% of mutations with fitness effects
that are detectable in the laboratory are lethal'” (FIC. 2).
Mutation accumulation experiments in D. melanogaster
that used balancer chromosomes'®”® also identified
a substantial class of lethal mutations.

There is also some evidence that the DFE of
homozygous non-lethal mutations is multi-modal. Evidence
for this comes from two experiments in which the nema-
tode Caenorhabditis elegans was either mutagenized?
or allowed to accumulate spontaneous mutations”.
In each case, the phenotypic data were consistent with a
model in which each line had a relatively small number
of mutations with fairly similar effects. For example,
Davies et al.” inferred that their lines had an average of 2.5
deleterious mutations, and the best fitting DFE was one
in which all mutations had the same effect. Importantly,

they could reject a model in which the mode was close
to zero. However, in both experiments there was an esti-
mate of the actual number of mutations in each line, and

Multi-modal
A distribution with more than
one peak or mode.
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from this a minimum number of deleterious mutations
could be inferred. Davies et al.” used a standardized
dose of ethylmethane sulphonate (EMS), and inferred
that each line had received, on average, approximately
200 new mutations (primarily G-C — A-T transitions).
Furthermore, because protein-coding sequences are
highly conserved in Caenorhabditis species, they esti-
mated that at least 50 of these would be deleterious in
the wild. Thus, the true rate of harmful mutation was at
least 20-fold higher than the inferred mutation rate based
on the analysis of fitnesses of the lines. Similar inferences
were made by Denver et al.?®, on the basis of sequencing
of the mutation accumulation lines of Vassilieva et al.””
There are two explanations for these results: either the
laboratory environment is so benign that most mutations
that would be strongly deleterious in the wild have little
or no effect in the laboratory, or there is a large category
of deleterious mutations that have small effects on fit-
nesses. If we accept this second explanation, then we can
also infer that the DFE is bimodal, with one mode near
the effect sizes that are inferred from the experiment,
and the other including the vast majority of deleterious
mutations, which have small effects.

Results from other mutation accumulation experi-
ments in which a direct estimate of the mutation rate
is not available are generally consistent with the results
reported by Davies et al.”’ and Denver et al.*®: the DFE
that fits the mutation accumulation line data is usually
consistent with a distribution that has a mode above
zero. Such experiments have been done in VSV’ and
06 (REF. 13), yeast®”?, Drosophila®-*? and plants from the
genera Amsinckia® and Arabidopsis*. However, in many
cases, the confidence intervals are large.

The fact that the DFE for deleterious mutations is
a complex, multi-modal distribution is perhaps not
surprising, given that there are several classes of sites
and mutations that are likely to have different DFEs;
for example, it seems likely that the DFE for non-
synonymous mutations is different to that of non-coding
mutations, and that point mutations will have smaller
effects than, say, transposable element insertions. The
DFE might therefore be the sum of several component
distributions that make it multi-modal.

Although little is known about the DFE for hetero-
zygous effects of mutations, the distribution might be
less leptokurtic than that for homozygous mutations, as
most evidence suggests that mutations with small fitness
effects are partially recessive, whereas mutations with
larger effects tend to be more recessive®* .

The distribution of mild-effect mutations. Although
most deleterious mutations might have effects that are
undetectable in an mutation accumulation experiment,
analyses of DNA sequence can inform us about the DFE
of mutations that have mild effects. Several methods
have been developed and applied to various data from
animals. In general, they yield a fairly consistent picture.
The DFE of amino-acid-changing mutations is strongly
leptokurtic; that is, the data are generally consistent
with a gamma distribution that has a shape parameter
of much less than one®***'*3, with the one exception of
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Figure 4 | The evolution of the distribution of fitness effects (DFE) of advantageous mutations. a|As observed
under the assumptions of the extreme value theory. b | As observed during computer simulations. In both cases,

the population evolves from a state of low fitness to a state of high fitness. However, under extreme value theory, the
distribution of mutant effects is assumed to remain constant as the population evolves; this implies that the DFE for
advantageous mutations becomes increasingly like an exponential distribution as the population evolves towards the
right-hand tail of the distribution. By contrast, in computer simulations, the underlying distribution of mutant effects
seems to change as the population evolves, such that there is always an excess of slightly advantageous mutations.
Arrows pointing upwards indicate the mean fitness of the population.

the analysis of primate mitochondrial DNA by Nielsen
and Yang®.

For the most part, the estimates of the DFE from DNA
sequence data have large confidence intervals. However,
in humans, there is a fairly good estimate of the DFE
for non-synonymous mutations (FIG. 3). This estimate
has small confidence intervals because the method uses
almost all the available information, and a large amount
of data is available, both in terms of the number of genes
(230 in this analysis) and the number of alleles sampled
(180). In particular, the depth of sampling allows the
method to accurately infer the shape of the distribution,
because even mutations of strong effect are expected
to be segregating in the sample of DNA sequences
and hence to yield information about their effects.
The available data suggest that relatively few amino-
acid-changing mutations have effects of greater than
10% in humans, and that most have effects in the range
of 10 and 10" (FIC. 3). However, two points of caution
should be made. First, the method is ultimately limited
in what it can infer about the DFE for mutations of very
small and large effects (see above). To obtain more infor-
mation about mutations with large effect, we would need
to sequence many more alleles. To obtain information
about mutations with weak effect, we would need to do
the analysis in a species with a larger effective popula-
tion size than we humans have. Second, the analysis

was carried out on data for which the demography is
unknown; correcting for this factor is important in these
kinds of analyses*¥".

The DFE for mutations that occur outside protein-
coding sequences is less well characterized. Most
information comes from estimates of the fraction of
mutations that are removed by natural selection (selec-
tive constraint), obtained by comparing the divergence of
a sequence to that of some putatively neutrally evolving
sequence. Two analyses that compared levels of selective
constraint between hominids and murids suggest that
many of the mutations that are selected might be weakly
selected. Although there is a significant difference in the
level of constraint in protein-coding sequences between
hominids and murids®**®*%, the difference seems to be
much more dramatic for non-coding DNA, suggesting
that a greater proportion of mutations in non-coding
DNA are weakly deleterious. For example, the level of
constraint upstream and downstream of genes is much
lower in hominids than in rodents®®. This effect probably
arises because selection has been less effective in hominids
because of their much smaller long-term effective popu-
lation size. Similarly, Keightley et al.** and Kryukov et al.*
found significantly lower conservation among blocks of
non-coding DNA in hominids than in murids, blocks
that had previously been identified as being significantly
conserved between humans and mice.
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The mean strength of selection. The mean strength of
selection acting against deleterious mutations is a quan-
tity that is important in, for example, the prediction of
the likely consequences of maintaining a species as a
small population, as one might do in a captive breeding
programme. However, the mean effect of a deleterious
mutation is not easy to measure. The only direct esti-
mate we have is from mutagenesis experiments in VSV,
in which the average effect of a new mutation has been
estimated at 47% (REF. 15).

Mutation accumulation experiments can also give
some information about the effects of mutations; in such
an experiment, it is possible to estimate the maximum
mean effect of mutations. This value typically comes
out at a few percent”. However, the true mean might be
much lower than this upper limit, because the upper limit
is inferred under the assumption that all mutations have
the same effect on fitness — this is clearly not the case. It
should also be appreciated that lethal mutations are not
assayed in most mutation accumulation experiments.

DNA sequence data can also yield estimates of the
mean strength of selection acting against deleterious
mutations. These estimates are for a particular category
of mutations, usually non-synonymous mutations,
rather than for all mutations, and the estimates typically
have large standard errors. Furthermore, the mean of the
DFE largely depends on the distribution for mutations
of large effect, and it is these mutations that DNA-based
methods have little direct information about (see above).
In humans, the only species for which we have an esti-
mate without large standard errors, the mean effect of
a new non-synonymous mutation is estimated to be a
few percent’.

Conclusions

A number of general conclusions can be drawn about
the DFE. First, the DFE seems to vary between species.
This is evident in at least two different facets of the dis-
tribution: the proportion of mutations that are effectively
neutral varies between species because it depends on the
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effective population size; and, the average effect of del-
eterious mutations varies dramatically. Second, the DFE
of advantageous mutations seems to be exponential in
character, at least for strongly advantageous mutations.
Third, the DFE for deleterious mutations is probably
both complex in character and variable between spe-
cies. Fourth, focusing our attention on particular types
of mutation, it seems that the DFE of non-synonymous
mutations is leptokurtic and that non-coding mutations
have a different DFE from coding mutations, with the
DEFE of non-coding DNA containing many more weakly
selected mutations.

Although we have made some progress in under-
standing the properties of the DFE, there is still much
to be learned. This raises a crucial question: can we ever
really know what the DFE is? For a simple organism
like a virus, this does seem to be possible, because most
mutations have large effects that can be assayed in the
laboratory. For most other organisms, and particularly
for multicellular organisms, quite the opposite is the
case; most mutations, even if they are deleterious, have
such small effects that one cannot measure their fitness
consequences. Furthermore, the environment in which
most organisms live is probably sufficiently complex that
laboratory assays give only the crudest measure of fitness.
However, comparative methods using DNA sequence data
potentially allow us to circumvent both of these problems.
By examining the pattern of polymorphism in a species,
we can estimate the effects of mutations with very small
effects® and we can infer the overall fitness consequences
of mutations in the environment in which the species
evolved. Furthermore, if we are prepared to sequence
hundreds, if not thousands, of alleles then we can, in
principle, measure the DFE for both strongly and weakly
selected mutations. So, the DFE is knowable, but uncov-
ering it might require a large amount of sequencing and
effort. Additionally, and possibly more crucially, we must
be able to differentiate sites that are subject to selection
from those that are not. This might prove to be especially
difficult for sites that are subject to weak selection.
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