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OStudying evolution in the laboratory provides a means of understanding the processes, dynamics and outcomes

of adaptive evolution in precisely controlled and readily replicated conditions. The advantages of experimental
evolution aremaximized when selection is well defined, which enables linking genotype, phenotype and fitness.
One means of maintaining a defined selection is continuous culturing: chemostats enable the study of adaptive
evolution in nutrient-limited environments inwhich growth is sub-maximal,whereas cells in turbidostats evolve
in nutrient abundance that allows maximal growth. Although the experimental effort required for continuous
culturing is considerable relative to the experimental simplicity of serial batch culture, the opposite is true of
the environments they produce: continuous culturing results in simplified and constant conditions whereas
serial batch cultures are complex and dynamic. The comparative simplicity of the selective environment
that is unique to continuous culturing provides an ideal experimental system for addressing key questions in
adaptive evolution.

© 2014 Published by Elsevier Inc.
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1. Introduction

Experimental evolution with microbes commenced at least
130 years ago with the work of Darwin's contemporary, Reverend
W. H. Dallinger [1]. However, for many years progress in experimental
evolution was limited by the inability to comprehensively characterize
the genetic variation associated with adaptive evolution. The advent
of genomic technologies solved this problem, first through the use
of DNA microarrays to identify nucleotide [2,3] and structural [4]
variation, and subsequently with the application of quantitative high
throughput DNA sequencing [5–9]. Whole genome sequencing of both
individual lineages and entire populations is no longer a roadblock to
progress, and has rapidly become a routine experimental method
that has transformed the field of experimental evolution. These
technological advances mean that many long-standing questions in
evolutionary biology can now be addressed with unprecedented detail,
precision and rigor.

The dawn of a new era in experimental evolutionwarrants revisiting
the major goals of the research program of experimental evolution.
These goals have been discussed in recent publications [10,11], includ-
ing those accompanying this article, and can be summarized as follows:
1) understanding the molecular basis of adaptation at the functional
and mechanistic level, 2) understanding the consequences of adaptive
mutations on organismal phenotypes and physiology, 3) defining
the predictability and repeatability of adaptive evolution, 4) mapping
the distribution of fitness effects of mutations, 5) determining how
parameters such as population size and strength of selection affect
85
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adaptation, and 6) identifying the parameters that affect the dynamics
of adaptive evolution.

In general (but not exclusively [12,13]), experimental microbial
evolution entails selection of de novomutations that arise in an initially
genetically clonal population. Thus, experimental evolution in microbes
differs from experimental evolution in animals such as worms [14],
flies [15] and mice [16], which typically entails selection on standing
(pre-existing) genetic variation by founding populations with geneti-
cally heterogeneous individuals. When undertaking experimental
evolution with microbes, the ease of maintaining large populations
(108–1010 individuals) with short generation times (20–360 min)
that typically have small genome sizes (106–107 bases) with typical
mutation rates of 10−7–10−9 substitutions/bp/generation means that
mutation supply is extremely high. In many experimental evolution
scenarios it is reasonable to assume that on average every possible
one base substitution in a microbial genome is introduced into the
population of each generation. Thus, selection has ample diversity on
which to act.

Technically, experimental evolution with microbes entails selection
over prolonged periods of culturing in laboratory conditions. This can be
achieved by simply passaging cells in culture flasks (i.e. batch cultures)
using the method of serial transfer. For the practiced experimentalist
there are few microbiology techniques that are simpler than transfer-
ring a sample from one population to inoculate a new culture contain-
ing fresh medium and thus initiate a new round of population growth.
Moreover, the method of serial dilution of batch cultures is readily
amenable to parallelization using microtiter plates and robotic liquid
handling, which enable the simultaneous analysis of hundreds of
populations [9,17].
p://dx.doi.org/10.1016/j.ygeno.2014.09.015
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Alternatively, long-term selection can be performed using methods
of continuous culturing including chemostats and turbidostats.
In contrast to serial transfer of batch cultures, long term selection
using continuous culture can be logistically challenging and less
amenable to large-scale multiplexing, leading to the reasonable
question: “why bother?” The goal of our article is to argue that the
answer to this question lies in the great utility of maintaining a
continuous and invariant selection during experimental evolution.
Continuous culturing, using chemostats or turbidostats, provides
the onlymeans of ensuring a sustained and invariant selective pressure,
a feature that greatly simplifies the goal of connecting adaptive
genotypes with their phenotypic consequences and explaining
why they result in increased fitness. As a result, continuous culturing
is ideally suited to addressing some of the central goals of experimental
evolution.

2. The principle of the chemostat

The principle of the chemostat differs in several respects from batch
culture [18]. In a chemostat, freshmedium is continuously added to the
growing culture at a defined rate and at the same rate culture is
removed. Eventually, the culture reaches a steady-state in which the
cells grow continuously at a constant rate and the growth rate of the
population is equal to the rate at which it is diluted [19,20]. Through
the process of continuous dilution a growing population of cells can be
maintained in a chemostat indefinitely. An essential requirement of
the chemostat is the use of a definedmedium in which a single nutrient
is present at a growth limiting concentration [21]. A nutrient is said to
be limiting in the chemostat when its concentration dictates the
steady-state cell density, such that increasing the concentration of the
limiting nutrient results in a proportional increase in the steady-state
cell density. In the steady-state condition the concentration of the
growth-limiting nutrient is typically in the low micromolar range.
Thus, cells in a chemostat grow continuously in a chemically defined
environment where all nutrients but one are present in excess. This
environment is most similar to a batch culture just prior to nutrient ex-
haustion and has been described as placing the cells in an environment
in which they are “poor, not starving” [22] or “hungry” [23]. The low
concentration of the growth-limiting nutrient defines the selection
imposed on cells. A variety of growth-limiting nutrients can be used,
so long as they are essential for growth of the organism. Typically,
these are sources of carbon, nitrogen, phosphorous or sulfur, though
non-essential nutrients can also be made essential by the use of
appropriate auxotrophic mutants that are defective in a biosynthetic
pathway. Increases in fitness in the chemostat environment are
typically achieved by improved capabilities in the acquisition or
utilization of the growth-limiting nutrient.

3. The principle of the turbidostat

A turbidostat is analogous to a chemostat in that the culture is con-
tinuously diluted by the addition of freshmedium. However, in contrast
to a chemostat, the goal of a turbidostat is to avoid cells ever experienc-
ing nutrient limitation. This is achieved by continuous addition of fresh
medium to the growing culture to maintain a specific cell density. As
with a chemostat, the culture is continuously diluted by the addition
of medium and the removal of an equivalent volume culture. However,
in the case of a turbidostat, all nutrients are present in excess and the
dilution rate is set near themaximal growth rate of the cells. In practice
this is achieved by constant monitoring of cell density and automated
addition of media when the density exceeds the specified value. The
resulting steady-state environment is most similar to a batch culture
during the mid-log exponential phase of growth, when growth rate is
maximal, and nutrients are in abundant supply.

Unlike a chemostat, the growth rate of cells in a turbidostat is
determined by intrinsic properties of the cell. As the turbidostat
Please cite this article as: D. Gresham, M.J. Dunham, Genomics (2014), htt
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environment is never nutrient poor, the ability of cells to grow is not
constrained by nutrient abundance. Instead, the limits to growth are in-
herent properties of the cell that determine how rapidly it can replicate.
Factors that likely limit the rate a cell can reproduce itself when
resources are abundant include the rate of nutrient uptake and the
rate of macromolecular and organelle biogenesis, as well as complex
molecular processes such as DNA replication, transcription and transla-
tion. In principle, increases in fitness in the turbidostat might result
from enhancements in any of these processes. Variants on turbidostats
include devices inwhich the ability to growmaximally is constrained by
an environmental agent, for example by adding growth inhibitors such
as high ethanol or antibiotics [24,25].

4. Distinction from serial transfer in batch cultures

Despite the very different selective pressures that operate in the
chemostat comparedwith a turbidostat, bothmethods share the princi-
ple of continuous culturing and therefore a continuous selection. A com-
parable constancy of selective pressure is not possible using serial
dilution of batch cultures, even when great care is taken to transfer
from exponentially growing cultures prior to the onset of stationary
phase [26,27]. Regardless of whether an undefined medium is used,
in which the environmental factor that determines the population size
at the end of each growth phase is unknown, or a defined medium in
which the nutrient that is first exhausted and therefore determines
the final population size is pre-determined, dramatically fluctuating
levels of nutrient abundance are characteristic of experimental
evolution using serial transfer (Fig. 1). In fact, a batch culture
of cells experiences both a turbidostat-like and chemostat-like
environment during each growth cycle in addition to experiencing
near or complete starvation, depending on the period length of the
transfer cycle.

It is certainly true that the repeated cycles of feast and famine in a
serial transfer experiment impose a strong selection on cells. However,
at this point we do not understand which phase of the growth cycle is
the predominant selective force in a serial passage regime, and the rel-
ative importance of factors, such as nutritional abundance, intracellular
processes and excreted products, is likely to change over the course of a
single passage during a serial dilution evolution experiment. As a result,
increased fitness in batch culturemay result from decreased duration in
lag phase (the time taken to reinitiate growth upon encountering fresh
medium), increased growth rate during the growth phase or a de-
creased probability to enter a quiescent, non-reproductive, state upon
nutrient depletion [28,29]. It is quite plausible that alleles that improve
fitness in each of these growth phases are antagonistically pleiotropic
with respect to each other. Thus, allele frequencies may fluctuate
throughout each serial passage or different lineages may specialize in
optimizing one or more of each of the phases of batch culture growth.
Continuous culturing provides a means of avoiding this complexity.
The constancy of selection in a chemostat or turbidostat enables the
selection to be precisely defined and indefinitely maintained providing
considerable advantages for addressing the following key questions
using experimental evolution.

5. What is the molecular basis of adaptation?

Determining the molecular basis of adaptation is critical for advanc-
ing understanding in evolutionary biology [30]. By understanding the
mechanistic basis of adaptation we can begin to explain why particular
outcomes of adaptive evolution are favored over other possibilities.
For example, adaptation in some selective environments may entail
alteration of a single biochemical pathway or protein complex whereas
in other selective environments there may exist a plethora of catalytic
and regulatory pathways that are potential targets for adaptive muta-
tion. These contrasting scenarios will profoundly impact the extent to
which the outcomes of repeated adaptive evolution converge at the
p://dx.doi.org/10.1016/j.ygeno.2014.09.015
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Fig. 1. Continuous versus discontinuous modes of selection used in microbial experimental evolution. A. Serially diluted cultures experience variations in nutrient level and cell density
over each growth cycle, including turbidostat-like and chemostat-like phases. B. Chemostat cultures grow at a set dilution rate and experience constant nutrient limitation akin to that
seen in batch cultures just before nutrient exhaustion. C. Turbidostats can grow cultures at theirmaximal growth rate by tuning dilution rate based on culture density, generating constant
population size and selection pressure.
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phenotypic and genotypic level. Moreover, evolutionary dynamics
within adapting populations will be shaped by the diversity of possible
solutions to selective ‘problems.’ Understanding the relationship be-
tween the selection that operates in a particular environment and the
functional basis of adaptation at the molecular level is essential to
predicting the tempo, trajectories and outcomes of evolutionary change.

In natural populations, few notable examples exist in which the
molecular basis of adaptive evolution has been resolved to causative
variants of known functional effects [31,32]. Studies of adaptation in
the wild require identification of putative adaptive phenotypes and
methods to map the quantitative trait loci (QTL) that often underlie
these phenotypes. Such studies can provide insight into how genetic
networks evolve in response to a particular selective pressure in those
rare cases where it is possible to infer exactly what factor(s) drove
selection of the QTL in the natural environment. Such studies provide
insight into the relationship between genotype and fitness. However,
individual examples of adaptation in natural populations make it diffi-
cult to derive general principles regarding this causal relationship. The
goal of identifying the functional basis of adaptation is ideally suited
to laboratory experimental evolution in which the type and strength
of selection, the genetic background and the evolutionary parameters
can be pre-defined and controlled. Through the combination of
whole genome sequencing, genetics and strain reconstruction, the
identification and quantification of fitness effects associated with
adaptive mutations can be achieved with a high level of rigor.
Please cite this article as: D. Gresham, M.J. Dunham, Genomics (2014), htt
A key requirement for achieving the goal of determining the
functional basis of adaptation is understanding, and controlling, the
selection experienced by the population. Knowledge of the selection
facilitates connecting the identified molecular variation with its
functional causality. For example, the low nutrient concentration in a
chemostat represents the primary selection [33]. Studies to date suggest
that the primary means by which fitness is increased in a chemostat
is through improved nutrient import [7,33–37]. This explains the
recurrent selection for copy number variants in nutrient transporter
genes [7,35–38] as well as repeated selection of adaptive mutations in
regulators of nutrient transporters [7,38].

By contrast, the heterogeneous and dynamic environment of a
batch culture makes it difficult to identify the selection experienced
by cells in this environment. Although the spectra of mutations
associated with adaptation in serial dilution are now easily identified
[9], it is often difficult to explain which of these mutations are
beneficial and why. Even if one tries to impose a defined stress,
such as temperature, in conjunction with serial dilution, the adaptive
mutations that are identified are often difficult to interpret and ex-
plain [39]. The lack of a clearly defined, experimentally-controlled
selection creates a considerable challenge for experimental evolu-
tion using serial dilution for identifying the functional basis of
increased fitness. By contrast, the constancy of selection in a chemostat
or turbidostat simplifies the goal of connecting increasedfitnesswith its
molecular basis.
p://dx.doi.org/10.1016/j.ygeno.2014.09.015
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6. What are the phenotypic consequences of adaptive mutations?

In experimental evolution, the overarching objective is to select and
characterize lineages with increased fitness. This is defined as a growth
advantage in the relevant environment compared to the ancestral
strain. Technical advances in DNA sequencing now make it possible
to identify every mutation in a high-fitness lineage; however, that is
only the first step in understanding the functional basis of adaptation.
A persistent challenge for understanding the forces that drive adaptive
evolution is connecting genotype to phenotype and explaining how
the resultant phenotypic changes impact fitness. Meeting this challenge
requires careful analysis of the phenotypic consequences of adaptive
mutationswhere those phenotypes can vary from the transport kinetics
of a nutrient transporter to the binding affinity of a transcription factor.
An understanding of the phenotypes that are associated with increased
fitness provides an explanation forwhy a particular class ofmutations is
beneficial, and why certain of thesemutationsmay be deleterious in al-
ternative environments (i.e., why they are antagonistically pleiotropic).

When microbes are continuously cultured in a chemostat, their
fitness is frequently increased by improvements in the import and
utilization of the growth-limiting nutrient. Enhanced nutrient transport
capabilities are directly causative of increased fitness, and can be
estimated via uptake assays that use radiolabeled nutrients. Dramatic
improvements in this function have repeatedly been observed in
chemostat-evolved lineages [34,40].

Another route to increased fitness in the chemostat is the inhibition
of stress responses that are activated in response to nutrient deprivation
[41,42]. In wildtype cells, robust stress responses are critical for surviv-
ing in environments thatfluctuate in nutrient abundance. In response to
starvation, manymicrobes exit a proliferative state and initiate a quies-
cent state in which they exhibit increased stress resistance. Quiescence
enables long-term survival until conditions improve; however, initia-
tion of this state in a chemostat confers a strong disadvantage as these
cells will no longer contribute to future generations in the continuously
diluted population. Thus, loss of a robust stress response is an expected
and repeatedly observed outcome of chemostat selection [8,42,43].

The chemostat is also uniquely suited to studying the global molec-
ular phenotypes associated with adaptation including changes in the
transcriptome and proteome. A number of studies have demonstrated
that a large fraction of yeast [44–46] and bacterial [47] genes change
in their expression with changes in growth rate. In a batch culture or a
turbidostat, adaptation is nearly always accompanied by increases in
growth rate. As a result, distinguishing specific gene expression changes
that directly result from adaptive mutations versus gene expression
changes that are correlated with growth rate changes represents a
significant challenge. The chemostat makes it possible to assay the
transcriptome or proteome of both evolved and ancestral populations
at the same growth rate, allowing controlled analyses of these high
dimensional phenotypes [36,48,49].

In contrast to the straightforward connection between phenotype
and fitness in chemostat environments, the complexity and dynamics
of the batch culture regimemake it difficult to knowwhich phenotypes
are relevant to fitness. Increased fitness in batch cultures may result
from increased growth rates during the rapid growth phase (i.e. “log
phase”), the ability to eke out extra cell divisions once nutrients become
scarce (i.e. “stationary phase”), or the ability to reinitiate growth more
rapidly (i.e. “lag phase”) [28,29]. However, in general, fitness in batch
cultures is typically estimated as the aggregate of these different growth
phases. Thus, in most cases it remains unexplained why batch evolved
lineages have increased fitness and which phenotypes are adaptive.

7. How reproducible is adaptive evolution?

The extent to which evolutionary outcomes are reproducible is one
of the most central and enduring questions in evolutionary biology.
If adaptive evolution is reproducible then it follows that the outcome
Please cite this article as: D. Gresham, M.J. Dunham, Genomics (2014), htt
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of selection in a particular environment should be predictable at the
phenotypic and genotypic level, subject to population size andmutation
supply. Of critical importance for addressing this central question
is knowledge of the type and strength of selection operating in an
environment of an adapting population, as this will dictate the target
size for adaptive mutations.

For some selections there may be several adaptive solutions while
for other selections there may be a very limited set of solutions.
Although the primary selection in a chemostat is nutrient limitation,
there are a range of selective conditions that can be explored by varying
the identity and concentration of the limiting nutrient. Indeed, whereas
the response to selection in a sulfur-limited chemostat at the phenotyp-
ic and genotypic level is highly repeatable, the response to selection in
glucose or phosphate limited chemostats appears to be more variable
[36]. Thus, the reproducibility of adaptive evolution is likely to vary
depending on the selection even in the comparatively simple selective
environment of a chemostat.

Addressing the question of the reproducibility of adaptive evolu-
tion is significantly more difficult if the selection is not well defined.
As the selection is less well-defined in batch culture regimes, and is
likely to vary between experimentalists depending on the precise
details of the experimental regime (e.g. the frequency of transfers,
the duration of the starvation phase, whether the culture is well
aerated), it is likely that this approach will encounter significant
challenges in addressing the central question of the reproducibility
of adaptive evolution.
E
D8. What is the distribution of fitness effects of new mutations?

Determining the distribution of fitness effects attributable to new
mutations is closely related to the question of the reproducibility of
adaptive evolution. If the distribution of fitness effects is highly skewed,
with a small number of mutations having large fitness effects, a limited
number of solutions are expected to be observed. By contrast, if there
are many possible mutations with similar fitness effects, and the
distribution of fitness effects has less variance, then the outcome of
adaptive evolution is likely to be more variable.

Defining the distribution of fitness effects must be conditioned on
the environment in which fitness is measured. An analogy may be
found with drug resistance. For some drugs, such as canavanine, drug
resistance is conferred by inactivation of a single locus (CAN1) in
the Saccharomyces cerevisiae genome by loss of function mutations.
Thus the distribution of fitness effects in a canavanine-containing
environment is extremely skewed: there is a single class of mutations
with high fitness, all of which result in a non-functional CAN1 gene.
By contrast, the drug nystatin targets ergosterol biosynthesis, and thus
mutations in at least four genes that are required for ergosterol biosyn-
thesis can result in nystatin resistance [50]. Moreover, these mutations
can result in a range of resistances. Thus the distribution of fitness
effects in a nystatin-containing environment is much broader and
more continuously distributed. By analogy, for some selective environ-
ments there may be a small number of possible beneficial mutations
that result in similar fitness, whereas in other environments there
may be tens to thousands of possible beneficial mutations associated
with a range of fitness effects.

The knowledge of the selection that operates in the environment is
central to anticipating and interpreting such differences. Precise control
of the environment in a chemostat enables systematic exploration of the
distribution of fitness effects and how they vary in different selective
environments. By using different nutrient selections, it is feasible to
explore how this distribution differs as a function of selection.
Undertaking such studies using batch culture one is faced with a
number of challenges, notably that fitness effects are typically
integrated over the entirety of a growth curve, blurring any fitness
differences specific to a particular phase of growth.
p://dx.doi.org/10.1016/j.ygeno.2014.09.015
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9. How does population size and the strength of selection affect the
outcome of adaptive evolution?

Experimental evolution is ideally suited to systematically studying
how variation in specific parameters such as population size, mutation
supply and the strength of selection impacts the outcome of adaptive
evolution. In a chemostat, it is straightforward to vary population size
simply by varying the concentration of limiting nutrient in the feed
medium [33]. Given a constant mutation rate, varying the population
sizewhilemaintaining the identical steady-state nutrient concentration
enables a rigorous assessment of the effect of variation in mutation
supply rate on the rate, dynamics and outcome of adaptive evolution.
Alternatively mutation supply can be altered via the use of mutator
strains, and studies in chemostat cultures have been key to measuring
the importance of mutation supply [51].

Similarly, the strength of selection can be systematically varied by
controlling dilution rate and hence residual nutrient concentration. As
the dilution rate is increased the residual nutrient concentration
increases thereby altering the strength of selection in a continuous
and controlled manner [33]. A more extreme example is seen with
glucose limitation in yeast, where at a critical dilution rate, central
carbon metabolism becomes dominated by fermentation versus the
mixed respirofermentative growth experienced at lower growth rates.
The fitness effects of some adaptive mutations differ as the dilution
rate is altered [52]. Thus, chemostats are ideally suited to studying the
response to distinct, but related selections.

One downside of using a chemostat is that cultures may experience
different degrees of selection as they adapt. For example, residual nutri-
ent concentrations generally decline over time in an evolving culture.
The turbidostat and other feedback-controlled continuous culture
platforms provide an alternate approach that allows the selection to
continually be tuned and maintained at a constant strength. As the
culture adapts, the selection pressure is ramped up to keep pace.
To describe just one implementation, the “morbidostat” ramps
drug concentration as a bacterial culture evolves increased drug
resistance [25].

10. What are the dynamics and constraints of adaptive evolution?

Determining the dynamics of adaptive evolution has been a
longstanding goal that has recently been reinvigorated by the ability
to follow adaptive mutations in real time using deep sequencing
[7–9]. The absence of bottlenecks in a chemostat means that every
genotype has an equal opportunity of contributing to the next genera-
tion as a function of its associated fitness without the chance of being
randomly purged from the populations by bottlenecking events that
are characteristic of serial transfer experiments.

This lack of population bottlenecks makes the chemostat an ideal
platform for studying population dynamics and interactions. Early
observations of neutral mutation dynamics in the chemostat seemed
to indicate that evolution of microbial populations could be best
explained by serial clonal selective sweeps [53,54]. However, a more
nuanced view has since emerged, where multiple subpopulations
can coexist and compete among one another, either due to clonal
reinforcement effects such as cross-feeding interactions [55,56] or
clonal interference between genetically and/or phenotypically similar
or distinct subpopulations [8,43,57–61]. Such interactions have even
been engineered to generate novel community-level behaviors [62].

Antagonistic pleiotropy is also likely to shape the outcome of adap-
tive evolution. As a chemostat environment is constant there is limited
scope for antagonistic pleiotropy to affect the dynamics and outcome
of selection as the environment remains constant and alleles are not
subject to selection in alternate environments. By contrast, the different
phases of growth in a batch culture may mean that some alleles are
beneficial in one phase of the growth cycle but deleterious in another.
For example, constitutive expression of an allele that increases transport
Please cite this article as: D. Gresham, M.J. Dunham, Genomics (2014), htt
E
D
 P

R
O

O
F

of nutrients when they are scarce may confer a selective advantage
during stationary phase but may confer a fitness cost during the rapid
growth phase. Thus, antagonistic pleiotropy may significantly affect
the outcome of adaptive evolution in batch culture conditions, but
have less effect in continuous culturing selections.

11. Caveats regarding the use of continuous culture

Despite the many advantages of continuous culturing systems
they present unique challenges that may partially explain their limited
adoption by researchers undertaking experimental evolution. First,
chemostats and turbidostats present a number of practical difficulties,
including a reputation for being difficult to build andmaintain. Howev-
er, the accessibility of commercial fermenters is increasing [21] as are
simpler home-built devices [63–65]. Another practical challenge is the
evolution of wall growth and clumps, both adaptations to the device ge-
ometry as opposed to the experimenter-imposed selection pressure
(note that evolution of this trait is not limited to continuous culture,
as it also arises in certain serial batch transfer implementations [66]).
In addition to being undesirable “off target” adaptations that violate
the key assumptions about a single dominant selection pressure, these
phenotypes can interfere with the plumbing of the device, and with
subsequent microbiology experiments, limiting the length of time evo-
lution experiments can be maintained. Treatment of surfaces and/or
cycling to new chambers [67] present one work-around to limit wall
growth. Strain engineering will likely be required to truly address
such problems; doing so is becoming an increasingly appealing possibil-
ity asmore of themutations that underlie these phenotypes are charac-
terized [66,68]. Another violation of the assumption of constancy is the
metabolic cycle, synchronized changes in gene expression andmetabol-
ic state that occurwith certain yeast strains in particular glucose-limited
lowdilution rate chemostats [69]. Themetabolic cycle can be eliminated
or desynchronized by addition of ethanol and glycerol or growing at
higher growth rates. Finally, multiplexing on the scale of batch culture
experiments is difficult. While arrays of N1000 microfluidic chemostats
have broken through this barrier [70], the population sizes and run time
horizon of these devices make them more suitable for multiplexed
phenotyping than for evolution experiments.

It may be argued that the selection that operates in a continuous
culture is too simple. Long term, constant selection is not likely to be
the dominant experience of most natural populations (though nutrient
limitation is no doubt a common occurrence). By their very design,
chemostats are not well-suited to dynamic environments, although it
is possible to vary them by switching media feeds, injecting reagents,
changing temperature, and other perturbations [12]. However, we
would argue that this simplicity is exactly the point: by modeling adap-
tive evolution using the simplest possible selective regimen, we greatly
increase our chances of ever being able to understand and explain it
completely. Notably, continuous culture is an excellent context for
modeling, particularly since the steady state assumptions of most
metabolic models are actually met [71].

12. Conclusion

Experimental evolution using continuous culturing stands on the
bedrock of precisely defined selection. When combined with an organ-
ism that has a rich genetic tool kit there is the potential to make rapid
progress towards answering longstanding evolutionary questions. We
believe that one can draw an important parallel between experimental
evolution and genetic screens. In undertaking a genetic screen the aim is
to identify thosemolecular components that aremost directly related to
the cell biological process of interest. The informativeness of a genetic
screen is a function of the careful definition of the selection. Thus, the
art of designing genetic screens lies in defining selections that are
directly relevant to themolecular processes that are of interest. A poorly
defined selection yieldsmutants that are remotely related to theprocess
p://dx.doi.org/10.1016/j.ygeno.2014.09.015
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of interest. We believe that a similar level of careful consideration and
control of the selection is critical to advances in experimental evolution.
The chemostat and turbidostat provides an unparalleled level of
control making them indispensible tools for realizing the goals of
the experimental evolution research program.
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