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A primary goal of recent work in experimental evolution is to probe the molecular basis of adaptation. This
requires an understanding of the individual mutations in evolving populations: their identity, their physiological
and fitness effects, and the interactions between them. The combination of high-throughputmethods for labora-
tory evolution and next-generation sequencing methods now makes it possible to identify and quantify muta-
tions in hundreds of replicate populations over thousands of generations, and to directly measure fitness
effects and epistatic interactions. Many laboratories are now leveraging these tools to study the molecular
basis of adaptation and the reproducibility of evolutionary outcomes across a variety of model systems. Genetic
analyses on evolved populations are shedding light on the statistics of epistasis between evolvedmutations. Here
we review the current understanding of the spectrum of mutations observed across these systems, with a focus
on epistatic interactions between beneficialmutations and constraints on evolutionary outcomes.We emphasize
evolution in asexual microbes, where next generation sequencing methods have been widely applied.

© 2014 Elsevier Inc. All rights reserved.
Experimental evolution aims to exploit the advantages of laboratory
systems to understand the mechanisms of evolutionary change. One
key goal is to analyze the molecular basis of adaptation: which muta-
tions underlie evolutionary adaptation, and why? Laboratory evolution
experiments offer many advantages in addressing this question. By ini-
tiating a large number of replicate populations from the same starting
point and maintaining them in identical conditions, it is possible to
“replay the tape of life” to directly observe the role of chance and contin-
gency in determining evolutionary outcomes [26]. The reproducibility
and predictability of evolution can be quantified by measuring the
degree of parallelism in both the phenotypic and genetic responses to
selection across many replicate lines. Experimental conditions can be
precisely controlled: population sizes andmutation rates can be adjusted
over several orders of magnitude, and (in many systems) populations
can be preserved, creating a “frozen fossil record.” One can therefore
return to any population at any timepoint in an experiment in order to
measure fitness, assess phenotype, identify mutations, or replay the
tape again. The frozen fossil record allows individuals to be compared
to (and competed against) any other timepoint in the evolutionary his-
tory. Because most laboratory evolution experiments typically study
model organisms such as phage, bacteria, yeast, and drosophila, many
genetic tools are available to aid in the downstream genetic analysis of
evolved populations. In addition, large communities of researchers
focus on these model systems, leading to a deep understanding of their
biology, which provides a meaningful context in which to interpret the
sai@fas.harvard.edu
outcomes of evolutionary experiments. Together, these advantages
make laboratory evolution experiments a powerful tool for probing the
molecular basis of adaptation.

1. Realizing the promise of experimental evolution

A key difficulty in analyzing evolution experiments is in identifying
and tracking evolutionary changes through time. Over the past two
decades, the primary observable quantity has been changes in fitness.
This is typically assessed using direct competitions of evolved clones
or populations against labeled reference strains (typically versions
of the ancestral strains labeled with drug, nutrient, or fluorescent
markers). These competitive fitness assays make it possible to precisely
quantify the fitness difference between two strains; current experi-
ments often measure this competitive fitness to within a fraction of a
percent [23]. Frequency-dependent and non-transitive fitness interac-
tions do occasionally appear in some systems [29,30,49,51,59]. Howev-
er, simple directional selection is more typically observed, and fitness
increases steadily through time as populations adapt (though this
simple picturemay be challenged soon, asmore sensitive assays uncov-
er common but subtle frequency-dependent and non-transitive
interactions).

Fitness increases indicate that populations are adapting, but parallel-
ism in the rate of adaptation does not necessarilymean that populations
are adapting byway of similarmutations. In some cases, phenotypically
distinguishable types repeatedly fix in populations. For example, all 12
lines in Richard Lenski's long-term evolution experiment (LTEE) in
Escherichia coli evolved large cell size [44] and similar patterns of gene
expression changes [15], and 6 of 12 lines evolved elevated mutation
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rates [56,62]. In asexual haploid budding yeast populations, sterility
repeatedly evolves [40], and patterns of gene expression change in
response to nutrient limitations show some regularities [27]. These
examples of parallelism in the evolution of phenotypes other than fit-
ness suggest that a specific class of parallel mutations drive adaptation
in these populations. However, in many other cases parallel phenotypic
changes occur not because they are advantageous, but because of re-
laxed selection and mutation accumulation. For example, numerous
studies have shown that adaptation in the LTEE leads to a reduction in
catabolic breadth and thermal-tolerance in E. coli [5,16–18,43,55].

In addition to their implications for the physiological basis of adap-
tation, spontaneously arising (or pre-existing) phenotypic markers
can provide a window into the dynamics of adaptation. For example,
periodic accumulation and purging of phenotypic markers has been
used to identify potential selective sweeps [1,48], or to analyze clonal
interference between multiple competing adaptive mutations [40].
Alternatively, populations can be initiatedwithmultiple phenotypically
distinguishable markers [2,22,28,32], to probe the effects of adaptive
mutations that alter marker frequencies. These approaches allow us to
make a statistical estimate of the rates and fitness effects of beneficial
mutations that drive adaptation.

Unfortunately, while all of these approaches provide some insight
into the mechanisms of evolutionary change, they do not provide a
direct view of the molecular basis of adaptation. They cannot tell us
what the adaptive mutations are, why they are beneficial, or how the
evolutionary process picks out these specific mutations from amidst a
larger set of possibilities. This limits our ability to draw conclusions
about the evolutionary process in nature more generally. Fortunately,
in recent years, rapid improvements in sequencing technology now
make it possible to directly identify themutationsunderlying adaptation
in laboratory evolution experiments. This has led to a surge of recent
studies that attempt to characterize the molecular basis of adaptation
in these experiments [19]. In this review, we discuss the implications
of these studies for our understanding of the nature of adaptive muta-
tions in experimental evolution, and we survey key current challenges
in collecting and interpreting these data.

2. Identifying mutations that arise during experimental evolution

Sanger sequencing methods have long been applied to experimen-
tally evolved bacteriophage populations, with genome sizes on the
order of several kilobases [9,10,12,61]. However, until recently, the
only way to identify likely beneficial mutations in larger genomes was
to target and Sanger sequence candidate genes based on parallel pheno-
typic evolution. While this approach did help find some mutations un-
derlying adaptation, typically only a tiny fraction of beneficial
mutations can be identified in this way. In the last five years, next-
generation sequencing (particularly Illumina) has nowmade it practical
and cost-effective to use whole-genome sequencing to analyze genetic
changes in evolution experiments in organisms with much larger ge-
nome sizes.

The first experimentally-evolved microbial genomes to be se-
quenced were a set of bacterial clones from six timepoints of a single
population from Lenski's long-term evolution experiment [3,4]. These
clones provided the first full view of genomic evolution outside of
bacteriophage. This study demonstrated the potential of applying full
genome sequencing as a direct readout of experimental evolution,
highlighting the difference between the rates of genotypic and pheno-
typic evolutionary changes (and in this case finding a surprising discor-
dance between these rates). Though it is only five years old, the scope of
this sequencing project pales in comparison to what is possible today.
With current sequencing technologies, several orders of magnitude
more data can be produced routinely as a full readout of experimental
evolution. A single lane on an Illumina HiSeq 2500 can generate tens
of billions of base pairs of sequencing data per lane — roughly 7000-
fold coverage of the E. coli genome or 3000-fold coverage of the yeast
genome. The current challenge is not sequencing capacity, but how to
best maximize this powerful tool.

Following the example of Barrick et al. [4], next-generation sequenc-
ing technology has been leveraged to identify mutations in evolved
genomes from a variety of systems including bacteriophage, E. coli [6,
57], Methylobacterium [14], Saccharomyces cerevisiae [35,36,38,42],
and Drosophila [13,58]. A number of sequencing strategies are being
used, each of which provides a different perspective on evolved popula-
tions. The choice of sequencing strategy (clones versus populations,
endpoint or timecourse) depends on details of the sequencing technol-
ogy and on the questions being addressed.

One common approach is to sequence endpoint clones from an
evolved population. This makes it relatively straightforward to identify
all fixed mutations (compared to population sequencing) since all
evolved mutations will be at expected frequencies of 1 for haploid
genomes (or 0.5 for heterozygous mutations in diploid genomes). This
simplifies downstream processing of the data, but produces a limited
picture of genome evolution. Sequencing of endpoint clones can miss
much of the genetic variation in the population. In particular, sequenc-
ing of cloneswill fail to detect subpopulationswhichmay be common in
experimental evolution due to balancing selection [34,40,46,59]. In
addition, sequencing of clones will identify a random subset of low-
frequency mutations that happened to be present in the clone that
was selected to be representative of the population. It is therefore advis-
able to sequence more than a single clone from each population and
timepoint. Until recently, this has been challenging because a separate
sequencing library must be prepared for each clone, and although
sequencing costs are low, this library preparation is expensive. Recent
work, however, has developed new methods to prepare sequencing
libraries appropriate for multiplexed sequencing of many clones in a
single Illumina lane at minimal cost [36].

In contrast to sequencing clones, whole-population “metagenomic”
sequencing gives a more precise picture of the mutations present in
the population at a given timepoint, but requires higher coverage to
identifymutations at intermediate frequencies (and to accurately quan-
tify their frequency). This also introduces new challenges in data pro-
cessing, particularly in distinguishing low-frequency mutations from
sequencing or alignment errors. Several strategies have been used tode-
tect low frequency alleles in evolved populations, including sequencing
to high coverage, paired-end sequencing of the same short read [38],
circular sequencing and related strategies [45], and leveraging the infor-
mation attained from time-course sequencing [42]. Because of the
inherent tradeoffs in sequencing strategies, each of these choices reveals
slightly different patterns of genomic evolution, and theoptimal sequenc-
ing strategymay be a combination ofmethods, such aswhole-population
timecourse sequencing combined with sequencing several endpoint
clones.

3. Identifying drivers of adaptation

Whole genome sequencing has the potential to reveal all mutations
in an evolved genome. Among these are the beneficial mutations, but
also neutral or deleterious mutations that happen to arise in the same
background and hitchhike to high frequency. This is particularly an
issue in asexual populations where the entire genome is one linkage
group, but hitchhiking will also occur in sexual populations over geno-
mic length scales where recombination is rare. How then does one dis-
tinguish between beneficial driver mutations and neutral or deleterious
hitchhikers?

The most obvious approach is to reconstruct each evolved mutation
in the ancestral background and directly measure the effect of each on
fitness. While this can be done for small numbers of mutations in
genetically-tractable organisms, it is not feasible in most situations.
Therefore, statistical methods for distinguishing drivers from hitch-
hikers have become a necessity in analyzing experimental evolution.
Common methods include testing for deviations of the expected ratio
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of nonsynonymous to synonymous mutations under neutrality
or identifying those genes or groups of genes in the same biological
processes in which mutations occur more often than expected by
chance.

Sequencing of a 20,000-generation evolved clone of E. coli revealed
26 coding sequence mutations, none of which were synonymous [4].
Under a neutral model, the probability of observing no synonymous
mutations is negligible, suggesting that most if not all of the mutations
observed in this experiment are beneficial. Similar underrepresentation
of synonymous mutations is observed in other E. coli evolution experi-
ments [6,57] as well as in yeast [38]. However, even in rapidly adapting
populations, neutral mutations can often hitchhike to high frequency,
depending on the relevant population genetic parameters. For example,
a different yeast evolution study that was performed at a population
size orders of magnitude smaller than Kvitek and Sherlock, found 15%
mutations to be synonymous [42]. This percentage of synonymous
mutations is similar to what is observed in the Lenski E. coli long-term
evolution experiment after the emergence of a mutator phenotype [4],
though the populations in Lang et al. [42] have a normal mutation
rate. The degree of genetic hitchhiking is, therefore, dependent on
both population size and mutation rate, as well as the distribution of
fitness effects of beneficial mutations.

Even in populations where the majority of mutations are
nonsynonymous, it cannot be assumed that all observed mutations are
beneficial. In sexual organisms such as yeast, driver and hitchhiker
mutations can be separated experimentally by backcrossing evolved
clones to the ancestor and selecting for progeny that display the evolved
phenotype [35]; related approaches have recently been applied in E. coli
[50]. Similar bulk-segregant sequencing strategies have been used to
map the genetic basis of complex traits [21].

To help differentiate the beneficial mutations from putative
hitchhikers, one can take advantage of a central property of evolution
experiments: replicate populations. Mutations that appear in multiple
evolution experiments are likely to be drivers of adaptation. This paral-
lelism is typically not at the nucleotide level: it is rare to observe the
same exact mutation in replicate populations. When this does occur, it
is often due to the presence of a mutational hotspot such as a homopol-
ymeric run or due to severe constraint on the type of alteration to pro-
tein function. Commonly, at least in haploids, adaptation selects for loss
or attenuation of function of target genes, in which case any number of
mutationswithin a given genewill satisfy the selection. For example,we
recently used this logic to identify genes that regularly yield drivers and
distinguish these from hitchhiker mutations in a whole-population
time-course sequencing from a 1000 generation yeast evolution exper-
iment [42]. Across 40 populations, 723 coding mutations were identi-
fied, with 23 genes (out of ~5800 genes in the yeast genome) mutated
in three or more replicate lines; all but one of these mutations was
nonsynonymous. This near lack of synonymous mutations is in line
with the spectrum of mutations from the Lenski long-term evolution
experiment [4] and provides strong support for the statistical models
of determining driver mutations.

Since selection acts on phenotype, and many genotypic changes
are phenotypically indistinguishable, additional statistical power
can be gained by grouping mutations, not by gene, but by biological
process. Taking this more general perspective reveals higher levels
of convergence in evolutionary outcomes at higher levels of biologi-
cal organization. This principle is clearly demonstrated in recent
studies that identified 1331 mutations from the sequencing of end-
point clones from 115 populations of E. coli that were evolved for
2000 generations at high temperature [52,57]. These independently
evolved clones share few identical mutations, but as one changes
perspective to higher levels of biological organization—from genes
to operons to functional units—more similarities emerge between
parallel evolved populations, such that any two evolved populations
are likely to share 2.6% of point mutations, but 31.5% of affected func-
tional units.
4. The nature of adaptive mutations

Advancing a full mechanistic model of adaptive evolution requires
understanding the effects of individual beneficialmutations—on protein
function, gene expression, metabolism, and fitness. Most long-term
evolution experiments thus far have been performed in bacteria or
haploid yeast populations, where, in most environments, there exist a
number of loss-of-functionmutations that provide a selective advantage.
Given the large target size for these types of mutations, loss-of-function
mutations often predominate the spectra of mutations recovered from
long-term evolution experiments. Some of these loss events are neutral,
attributable to mutation accumulation in the absence of selection for
function, such as the reduction of catabolic breadth in E. coli [17,18,43].
However, many loss-of-function mutations have been confirmed to
provide a selective advantage. For instance sterility in yeast provides a
selective advantage by eliminating unnecessary gene expression [41].
The availability of beneficial loss-of-function mutations and the large
target size for these events ensure that these mutations will come to
dominate experimental evolution over short time scales. Over long
time scales or in specialized conditions, mutational spectra may shift
towards gain of function mutations. In diploid populations, we may
also see a shift in the mutational spectrum away from loss-of-function
mutations, towards dominant or overdominantmutations [24,54]. How-
ever, there is currently only limited data describing the mutations that
occur during experimental evolution in diploids, leaving the exact nature
of this shift unclear.

Mutations affecting gene dosage are common in experimental
evolution, in particular under nutrient limitation. For example, in
chemostat cultures, where growth is strongly limited by a single nutri-
ent, mutations that increase the import of the limiting nutrient are
favored. Evolution in sulfur-limited media leads to the specific amplifi-
cation of the high-affinity sulfur transporter, SUL1 [27]. Evolution
under glucose limitation selects for amplification of the hexose trans-
porters [11,20,32], and nitrogen limitation selects for amplification of
nitrogen transporters PUT4, DUR3, and DAL4 [31]. The fitness effects of
these amplification events are on the order of 10%, roughly an order of
magnitude more advantageous than the beneficial mutations observed
in rich medium conditions. This existence of these large effect muta-
tions, combined with the large population sizes, may partially explain
why some of the smaller effect mutations observed in rich medium
conditions are not found in chemostat evolution experiments.

Adaptation to a limiting nutrient also commonly occurs by way of
structural rearrangements that generate novel gene fusions. In yeast
glucose limited chemostats, an increase in respiration is driven by a
recurrent translocation involving the CIT1 gene, encoding citrate
synthase, which catalyzes a rate-limiting step in the TCA cycle [20].
This rearrangement possibly de-represses the expression of CIT1 in a
glucose limited medium, allowing cells to increase respiration under
normally fermentative conditions, thus generating more ATP per mole-
cule of limiting glucose.

Structural rearrangements have also been observed in the evolution
of aerobic citrate utilization in E. coli, which normally only metabolizes
citrate in the absence of oxygen. The causative mutation is a two-step
mutational event consisting of a novel structural rearrangement that
brought a promoter the CitT gene under the control of an aerobically-
active promoter followed by a tandem amplification of this region [7,
50]. The net effect is that the citrate transporter is expressed at a high
level in the presence of oxygen. The use of structural rearrangements
to generate novel gain-of-function fusion proteins is analogous to the
formation of the Bcr–Abl fusion protein in chronic myelogenous leuke-
mia [53], and serves to highlight the similarity ofmolecularmechanisms
in adaptive evolution across systems.

A key determinant to the success of any mutation is its effect on
organismal fitness. For a given evolution experiment, the probability
that a beneficial mutation with a given fitness effect will fix depends
on underlying population genetic parameters such as mutation rate
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andpopulation size [25]. For the samedistribution of possiblemutation-
al fitness effects, changes to underlying parameters, such as population
size, can shift the characteristic fitness effects of fixed beneficial muta-
tions. Thus even in seemingly identical environments that present the
same selective pressures, the details of the experimental setup (e.g.
the population size) can alter the spectrum of adaptive mutations we
expect to observe.

5. Future opportunities and challenges

The decreasing costs of next generation sequencing and the decen-
tralization of sequencing facilities away from large sequencing centers
into individual laboratories have opened a new frontier in the study of
experimental evolution. Just a decade ago, it was practically impossible
to identify all of the mutations in an evolved genome and trace those
changes over thousands of generations. Now, this is routine. As se-
quencing technology continues to improve, over the next decade we
are likely to see a dramatic increase in our ability to test fundamental
questions in evolutionary biology in the laboratory. With this new tech-
nology comes numerous technical challenges, particularly in designing
computational tools to identify and track mutations in population se-
quencing data, and in developing methods to infer their physiological
and fitness effects.

In the immediate future, further sequencing studies are likely to pro-
vide a dramatically improved view of the reproducibility of evolution.
To move towards a full mechanistic understanding of how chance and
determinism influence evolutionary dynamics, we need to focus on
individual mutations—their immediate effect on fitness, the biological
basis of these fitness effects, and their epistatic interactions. The degree
of reproducibility of evolutionary outcomes depends on perspective—
the degree of parallelismwill differ for genotypic and phenotypic evolu-
tion. Phenotypic evolution is necessarily more constrained, for two
reasons. First, selection acts on phenotype, andmany genotypic changes
are phenotypically indistinguishable. Second, random processes such as
genetic hitchhiking allow for the fixation of neutral (or small effect)
mutations, contributing to the uniqueness of genotypic evolution.

Evolutionary reproducibility—both phenotypic and genotypic—
particularly depends on the patterns of gene–gene (epistatic) interac-
tions. While there are often substantial epistatic interactions among
mutations in a single gene [60] or among deleterious mutations [39],
the emerging picture is that overall patterns of epistatic interactions
among beneficial mutations are dominated by diminishing returns
epistasis [14,33,36], with only a few examples of sign epistasis [37]
between beneficial mutations in experimental evolution. This suggests
that fitness landscapes are “smooth” in some sense. A second type of
generic epistatic interaction is prevalent among beneficial mutations
in the same biological process. Once a phenotype is attained, all of the
other mutations that produce the same phenotype are selectively
neutral. For example, there are at least nine genes in which mutations
eliminate signaling through the yeast mating pathway resulting in a
selective advantage [41]. These mutations are commonly observed in
long-term evolution [40], but never do two sterile mutations fix in the
same background [42]. Once a sterile mutation arises, all other muta-
tions producing this phenotype are no longer strongly beneficial. A
similar observation has also been reported in E. coli [57]. This epistasis
between mutations in the same biological process contributes both to
parallelism in phenotypic evolution and uniqueness in genotypic
evolution.

In the absence of epistasis between mutations in different biological
processes, parallel evolution experiments will converge on the same
phenotype, each byway of a unique evolutionary trajectory. Phenotypic
evolution, therefore, may be predictable despite the inherent random-
ness of genotypic evolution. It is not clear how much epistasis is
required for phenotypic evolutionary trajectories to diverge, nor do
we have sufficient empirical data to assess the number of beneficial
mutations or the patterns of epistasis in evolving populations.
Although phenotypic evolution may be largely predictable over
short time scales, over longer time scales the distribution of possible
evolutionary outcomes is conditioned by epistasis,whereby fixedmuta-
tions either permit (or prohibit) particular evolutionary paths. Indeed,
over very long time scales, chance fixation events can affect subsequent
evolutionary change by allowing the future evolution of more complex
phenotypes. For example, the emergence of the Cit+ phenotype in the
Lenski long-term evolution experiment arose only after 30,000 genera-
tions [8]. The full acquisition of strong growth on citrate required poten-
tiating mutations as well as later refining mutations that strengthened
this phenotype [50].

The emergence of the Cit+ phenotype is the exception in experi-
mental evolution, where most evolved mutations affect independent
genes and biological pathways, driven largely by large-target loss-of-
function mutations. As long-term evolution experiments more routine-
ly stretch into the thousands or tens-of-thousands of generations,
further instances of multiple mutations affecting the same gene or
biological process will likely be observed. In these cases the patterns
of epistasis will likely differ from the general diminishing returns
epistasis ubiquitously observed in evolution experiments. Retrospective
studies of protein evolution such as mammalian hormone receptors
[47] and beta lactamase [60] reveal that sign epistasis strongly con-
strains evolutionary pathways in these systems. As the field of experi-
mental evolution—and long-term experiments themselves—continue
to age, a fuller picture of how individual mutations govern evolutionary
outcomes will emerge.
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