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bat and bed bug genus Cimex Linnaeus
(Heteroptera: Cimicidae). Sys. Entomol. 40,
652–665.

13. Talbot, B., Vonhof, M.J., Broders, H.G.,
Fenton, B., and Keyghobadi, N. (2017). Host
association influences variation at salivary
protein genes in the bat ectoparasite Cimex
adjunctus. J. Evol. Biol. 31, 753–763.

14. Ashford, R.W. (2000). Parasites as indicators
of human biology and evolution. J. Med.
Microbiol. 49, 771–772.

Current Biology

Dispatches
Evolution: Environmental Dependence of the
Mutational Process

Charles F. Baer
Department of Biology, University of Florida Genetics Institute, University of Florida, Gainesville, FL 32611-8525, USA
Correspondence: cbaer@ufl.edu
https://doi.org/10.1016/j.cub.2019.04.049

Environmental dependence of mutation in microbes is well-known, but most experiments have investigated
contexts in which growth rate is greatly reduced below optimum. A new experiment shows mutational
variability extends to contexts in which growth is near optimum.
Evolutionary biologists recognize that, of

the five evolutionary forces — mutation,

recombination, migration, natural

selection, and random genetic drift —

natural selection is somehow exalted.

George Williams ([1], p.9) put his finger on

it when he wrote:

‘‘.Evolutionary adaptation is a

special and onerous concept that

should not be used unnecessarily,

and an effect should not be called a

function unless it is clearly produced

by design and not by chance.’’

In evolution, chance is represented by

mutation, recombination, and drift. The

epistemology of evolutionary biology can

thus be roughly summarized: if some facet

of evolution is calculated to be unlikely,

given the expected contributions of

mutation, recombination, anddrift, thecase

for a causal role for selection is

strengthened. However, evolution is a

symphony that depends on the interplay

between the individual forces in complex

ways.This jointdependencymeans that the

observable output of evolution — variation

within a population, divergence among

groups — cannot be unambiguously

attributed to a particular evolutionary force.

To break the impasse, it is necessary to
quantify the effects of at least one variable

in isolation from the others.

As it happens, mutation is the only

evolutionary force that can be

characterized (almost) independent of

other evolutionary forces. That is because

mutation can never be ‘turned off’: errors

occur with every round of genome

replication. For that reason, evolutionary

biologists have expended great effort to

quantify the rate, molecular spectrum,

and phenotypic effects of new mutations.

In a recent issue of Current Biology, Liu

and Zhang [2] report that both the rate and

spectrum of mutations in yeast differ

significantly depending on the

environmental context. That finding has

important implications concerning the

robustness of the experimental

methodology by which mutational

properties are typically measured.

The rate and spectrum of mutation can

be estimated in two basic ways. First,

theory predicts that the substitution rate of

neutral alleles is equal to the neutral

mutation rate, so the rate of divergence

between taxa at neutral loci should

equal the mutation rate, independent

of the population size [3]. However, this

method presents two difficulties. First, the

natural unit of evolutionary time is the

generation, but the number of generations
Current Biology 29, R403–R4
separating taxa can only be

approximated. Second, whether a

mutation is ‘neutral’ depends on the

effective population size, and variants with

selective effects less than about the

reciprocal of the effective population size

are effectively neutral [3]. Thus, some

mutations whose fates are governed by

selection in a large population will be

effectively neutral in a small enough

population. That logic extends to the

mutational spectrum; if different types of

mutations have different average selective

effects, the effectively neutral spectra may

differ depending on the population size.

The second way in which mutation rate

and spectrum can be inferred is to count

mutations as they occur over a known

time interval by means of a ‘mutation

accumulation’ experiment. A mutation

accumulation experiment is simply a

pedigree in which descendants (‘mutation

accumulation lines’) of a common

ancestor are maintained for a known

number of generations under conditions

of minimal selection, such that all but the

most strongly deleterious mutations

accumulate at the neutral rate.

In addition to the rate and spectrum, the

phenotypic effects of mutations are

important in many theoretical contexts in

evolutionary biology, and are of biomedical
24, June 3, 2019 ª 2019 Elsevier Ltd. R415
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Figure 1. Genetic variation with mutation and selection.
(A) Hypothetical base-substitution frequency spectrum in a set of mutation accumulation (MA) lines (gray)
and standing variants (orange). The discrepancy between the MA and standing variant frequencies is
consistent with weaker purifying selection against transitions (first two columns) than against
transversions (last four columns). (B) Hypothetical covariance of traits ‘arm’ and ‘leg’. M is the
covariance input by mutation (gray), b is the covariance favored by selection (black), and G is the
genetic covariance matrix at mutation-selection balance (red).
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significance [4]. Mutation accumulation

experiments provide the only direct way to

infer the phenotypic effects of mutations. If

the ancestor can be maintained in an

unmutatedstate (e.g., bycryopreservation)

mutation accumulation lines can be
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compared to the ancestor in real time for

any trait(s) of interest. The per-generation

increase in the trait variance (and

covariance between traits) amongmutation

accumulation lines provides an estimate of

the amount of genetic (co)variance

introduced into the population bymutation.

If the number of mutations in the genome

has been determined by sequencing, the

mean phenotypic effect of a mutation can

be calculated directly, and the distribution

of effects inferred statistically [5].

It has been known since the early days of

genetics thatgenetically identical individuals

can mutate in different ways depending on

theenvironmental context, and thatdifferent

genomescanmutate indifferentwaysunder

identical conditions. Thus, although ‘the’

mutation rate m appears as a parameter in a

wide variety of evolutionary models, it is

generally appreciated that m represents an

average property of a group over time and

space rather than a constant property of all

members of a group at all times. The

potential utility of mutation accumulation

experiments for evolutionary inference is

great, but there is a critical assumption: the

rate, spectrum and/or effects revealed by

the experiment must faithfully reflect those

found in nature. If they do not, mutation

accumulation experiments will be

misleading.

In microbial systems, much of the

investigation of mutational variation has

focused on extreme conditions —

mutator genotypes and restrictive

environments such as starvation or the

presence of antibiotics. It’s hard to say

how important such conditions are in

nature, except that they can’t be trivially

rare, but it seems reasonable that most

individuals exist in ‘normal’ conditions

most of the time. Liu and Zhang report

results from a mutation accumulation

experiment in which mutations were

allowed to accumulate in one wild-type

strain of yeast maintained in a disparate

set of seven environmental conditions, all

of which permit nearly optimum growth.

They report significant variation among

conditions in both the rate and molecular

spectrum of mutations.

The findings of Liu and Zhang have

important implications regarding the

inferences that can be drawn from

mutation accumulation experiments. For

example, a discrepancy between the

mutational spectrum and the spectrum of

standing genetic variants is consistent
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Giant pandas are specialized herbivores that digest little of the bamboo
they consume. A new study argues that pandas, like carnivores, get
most of their energy from protein, explaining their carnivore-like guts
and poor digestion. This may have facilitated their ancestors’ transition
to herbivory.

The giant panda (Ailuropoda

melanoleuca) is an object of adoration

for all the attention it garners, it remains

enigmatic in some ways. About 99% of its
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spectrum (Figure 1A), althoughauthors are

usually careful to add the caveat that such

a discrepancy could also be due to the

experimental conditions not matching

those of nature [6,7]. The new findings

require that the caveat be taken seriously.

Similarly, variation in mutational spectra

among populations or species are

consistent with diversifying selection. The

findings of Liu and Zhang suggest that the

alternative hypothesis of different

mutational milieus is not only possible, it is

one for which evidence exists.

An analogous problem relates to the

evolution of quantitative traits. The

multivariate distribution of genetic (co)

variances in a population results from the

interplay of selection, drift, and the input

of mutational (co)variance [8].

Discrepancy between the covariance

structure resulting from mutation and that

of the standing genetic (co)variance is

logically interpreted as reflecting the

influence of multivariate selection

(Figure 1B) [8]. However, even if the

phenotypes of mutation accumulation

lines and natural variants are measured

under identical laboratory conditions, the

findings of Liu and Zhang are cautionary.

Different mutational spectra may not yield

the same distribution of effects [9], in

which case the mutational (co)variance

measured under lab conditions will differ

from that of the naturally occurring

mutations that influenced the observed

standing genetic (co)variance.

The problems highlighted by the Liu and

Zhang study are not trivial. In multicellular

organisms it is now practical to sequence

the genomes of large numbers of parent–

offspring trios (or even gametes), which in

principle permits an unbiased sample of

mutations as they occur in nature. It is not

(yet) practical to sequence the genomes of

daughter cells of individual microbes

isolated directly from the wild. In contrast,

it is possible to conduct microbial

mutation accumulation experiments that

encompass large panels of environmental

contexts (ideally the relevant ones) to

determine an environmental ‘meta-

spectrum’ of rates, spectra, and effects.

Comparison of the meta-spectrum to the

standing spectrum may reveal which

environmental contexts are most relevant

in nature. Once an appropriate spectrum

is identified, high-throughput gene-editing
methods [10] will enable characterization
of the distribution of mutational effects in

panels of mutant strains designed to

reflect the natural spectrum.

The problem seems most serious in the

context of phenotypic evolution in

multicellular organisms, for which

mutation accumulation experiments are

time-consuming and laborious (and

impossible in humans). Formal tests of

evolution require quantitative estimates of

mutational (co)variances and/or the

distribution of mutational effects, which

can only be determined experimentally.

There does not seem to be a quick fix,

beyond the last refuge of the scientist (and

with apologies to Samuel Johnson): ‘more

data are needed’.
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