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ABSTRACT: Most yeast genes are dispensable for optimal growth in
laboratory cultures. However, this apparent lack of fitness contribution
is difficult to reconcile with the theory of natural selection. Here we use
stochastic modeling to show that environmental fluctuations can select
for a genetic mechanism that does not affect growth in static laboratory
environments. We then present a novel experimental platform for
measuring the fitness levels of specific genotypes in fluctuating
environments. We test this platform by monitoring a mixed culture
of two yeast strains that differ in their ability to respond to changes in
carbon source yet exhibit the same fitness level in static conditions.
When the sugar in the growth medium was switched between galactose
and glucose, the wild-type strain gained a growth advantage over the
mutant strain. Interestingly, both our computational and experimental
results show that the strength of the adaptive advantage conveyed by the wild-type genotype depends on the total number of
carbon source switches, not on the frequency of these fluctuations. Our results illustrate the selective power of environmental
fluctuations on seemingly slight phenotypic differences in cellular response dynamics and underscore the importance of dynamic
processes in the evolution of species.

■ INTRODUCTION

The theory of evolution1 asserts that genotypes that convey
optimal fitness in a given environment will be selected for
through a competition for resources among individuals with
various genetic sequences. The ability to predict the selective
advantage of a particular allele has been exploited throughout
human history in various contexts from farms to laboratories,
where a specific environment is created to artificially select for
desired traits. However, competitive fitness has been less well
explored for cases where the selective advantage of an adaptive
trait is strongly dependent on environmental dynamics. While it
is easy to accept that polymorphisms that affect gene expression
dynamics would influence fitness in fluctuating environments,
experiments to measure actual fitness advantages in dynamic
situations have been technically challenging. The goal of the
present study was to invent an experimental platform for the
long-term monitoring of mixed population dynamics in
fluctuating environments and to use this technology to measure
the selective advantage conveyed by a genetic mechanism that
enhances a cell’s ability to respond to environmental changes.

The ideal system for conducting dynamic evolution experi-
ments would allow a mixed population of cells to be cocultured
in a precisely controlled environment over long periods of time
while granting the periodic collection of culture samples. Mixed
populations can be cultured continuously in fermentors or
bioreactors, but environmental dynamics cannot be precisely
controlled in these devices, and the cost of replacing the
medium once in every generation time can quickly become
prohibitive. Microfluidic chemostats are a potentially suitable
alternative because the environment can be controlled
dynamically, while the small volume of the growth chamber
dramatically reduces the cost of media consumption over long
experiments.2−5 However, most microfluidic devices are not
designed to hold enough cells for evolution experiments and do
not allow the culture to be sampled. We sought to combine the
best features of large-scale fermentors and microfluidic
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chemostats to create a device that could be used to measure
population dynamics. The resulting microfluidic device has a
cell growth chamber large enough to maintain a log-phase
culture of ∼106 yeast cells for at least 500 generations. In
addition, samples of culture can be collected from the effluent
line for real-time monitoring of population dynamics using any
of several genetic or biochemical assays. Alternatively, the
monolayer growth chamber allows the experiment to be
monitored by fluorescence time-lapse microscopy. The design
of the media ports was based on our dial-a-wave (DAW) chip
and are used to generate media fluctuations of practically any
frequency or waveform, providing exquisite control over
environmental dynamics.6 We named this device the evoDAW
(evolution dial-a-wave) chip and tested it by monitoring the
population dynamics of a mixed culture of two yeast strains that
differ in their ability to respond to changes in carbon source.
Glucose is the preferred carbon source of Saccharomyces

cerevisiae cells, although they are capable of growth on many
types of sugar. Yeast metabolic networks contain several
mechanisms to ensure that secondary carbon sources are not
consumed in the presence of glucose. The most well studied of
these networks is that of galactose metabolism, which is
inactivated by transcriptional and post-transcriptional means in
response to glucose addition.7,8 Cells growing on galactose
respond to glucose by rapidly degrading specific gene
transcripts encoding enzymes for galactose metabolism and
entering the cell division cycle.7,9−12 The ability of galactose-
induced cells to respond to glucose has been attributed to the
spatial sequestration of transcripts for galactose network genes
and the cell cycle regulator, Cyclin 3 (Cln3p). The physical
proximity of the transcripts creates competition for translational
resources when galactose is the sole carbon source. When
glucose is reintroduced, the GAL gene transcripts are
specifically degraded and the competition is relieved, inducing
the translation of CLN3 messages, leading to cell cycle entry.
The spatial regulation of GAL1 and CLN3 transcripts is only
detected in cells that have recently experienced growth in both
glucose and galactose. Therefore, this is thought to be a
mechanism that allows the cell to anticipate the return of
glucose to the growth medium when glucose availability has
been transient (Figure 1).
As part of a previous study,12 we created a mutant version of

the GAL1 transcript that is stabilized in the presence of glucose.
Strains expressing this allele of GAL1 (called ST for stable)
degrade GAL1 messages inefficiently in response to glucose
addition, and consequently the translation of CLN3 transcripts
is delayed in response to glucose relative to wild-type (WT)
cells. Since the cells cannot transition into the cell cycle until
GAL1 mRNA has fallen below a certain threshold, small
increases in the GAL1 half-life will be exacerbated on
population-wide cell cycle entry delays. When growing in a
constant environment containing either galactose or glucose,
WT and ST cells have identical growth rates. However, the
stabilization of GAL1 mRNA causes ST cells to have a transient
cell cycle defect immediately following the addition of glucose
to a galactose culture. We began the current study by
developing a computational model to predict whether the
transient difference in GAL1 mRNA levels would convey a
measurable selective advantage to WT cells over ST cells
growing in conditions where the sugar source alternates
continuously between glucose and galactose. We then used
the microfluidic evoDAW chip to experimentally validate the
predictions put forth by the model. Our experimental results

support the model’s prediction that the WT genotype does
convey a selective advantage to cells growing in dynamic
conditions. Interestingly, the strength of the adaptive advantage
conveyed by glucose-sensitive GAL1 mRNA decay depended
on the total number of carbon source switches, not on the
period of these fluctuations. Our results underscore the
importance of dynamic processes in the evolution of species.

■ METHODS
Strains. Strains were constructed as described in ref 12. The

relevant genotypes of S. cerevisiae strains are GAL1::LEU2-
GAL1(−1000 to +450)-CFP-URA3 (yBB114, WT) and
GAL1::TRP1-random5′UTR-GAL1(−1000 to +450)-CFP-
URA3 (yBB115, ST).

Experimental Section. Microfluidic evoDAW devices were
assembled as previously described.6 Overnight cultures of WT
and ST were grown in 25 mL 1% galactose/1% glucose
synthetic complete medium.12 The inoculated devices were
then loaded with an approximately equal mixture of WT and
ST cells. The microfluidic cultures were attached to two media
sources: 0.5% galactose synthetic complete (medium 1) and
0.5% galactose/0.25% glucose synthetic complete (medium 2) .
The devices were incubated at 30 °C in a custom-fabricated
acrylic enclosure. The media syringes were placed on automatic
DAW tracks programmed to produce square wave oscillations
of various periods, as previously described.6 The effluent was

Figure 1. Translational competition mechanism regulating response of
galactose-induced culture to glucose addition. (1) When cells are in
galactose medium lacking glucose, GAL1 transcripts are highly
expressed and spatially sequestered with less-abundant CLN3
transcripts. The GAL1 transcripts have a higher translational efficiency,
so CLN3 translation is kept low, and the length of G1 phase is long.
(2) Glucose is introduced into the medium triggering catabolite
repression that includes the transcriptional silencing of GAL genes,
and (3) the rapid degradation of GAL transcripts. The half-life of
GAL1 transcripts in the presence of glucose is determined by
sequences in the 5′UTR and is ∼4 min in the WT strain and ∼17 min
in the ST strain. (4) The degradation of GAL1 transcripts relieves the
competition for translation components, leading to an increase in
Cln3p synthesis. (5) Cells enter S-phase as the result of Cln3p-induced
gene expression. The longer half-life of GAL1 transcripts in ST cells
causes a delay in the cell cycle response to glucose.
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collected from the waste port (Figure 4). The devices were
periodically monitored for cell growth and full occupancy using
an inverted (Nikon Diaphot) light microscope equipped with
4x(Nikon, N.A. 0.1) objective.
Data Collection and Analysis. Samples were collected

every 24 h, serially diluted 1:1000 and plated on -Leu and -Trp
plates to select for WT and ST colonies, respectively. Once
colonies formed, the plates were imaged using UVP BiodDoc-It
Imaging System. The number of colonies in each image was
counted using ImageJ. The ratio of WT cells was calculated as
the number of WT colonies divided by the sum of WT and ST
colonies R = WT/(WT + ST). Multiple repeats were
performed for each media switching period. The data for
each experiment was normalized to a starting ratio of 0.5, and
average and standard error were calculated. Linear fit lines were
calculated in Excel using a linear regression algorithm with y-
intercept set to 0.5.

■ RESULTS

Modeling Dynamics of Mixed WT and ST Populations.
WT colonies grow better than ST colonies when the sugar
source oscillates between galactose and glucose.12 The reason
for this is not obvious because the differences in cell cycle
dynamics between the two strains is slight and exists for only a
few minutes following the transition from galactose to glucose.
For most of the time, the two strains have identical growth
rates. To predict whether the transient cell cycle difference
provided by glucose-sensitive GAL1 mRNA could contribute
significantly to population dynamics, we turned to mathemat-
ical modeling. We created a stochastic model of cellular growth
and division consisting of a modified version of Gillespie’s
algorithm that takes into account various phases of the cell
cycle (Figure2, see Supporting Information for details). We
took into account the geometry of cell growth chamber and
available space as a limiting factor in our model. In yeast, the
restriction point beyond which a cell is committed to entering
the cell cycle is called START. While in G1 phase, each cell
spontaneously begins the cell cycle (i.e., passes START) with
rate rSTART, which depends on the current carbon source and
the time since the last switch. Simply put, rSTART will switch
between two values, rgal and rglu, for galactose and glucose
environments, respectively. However, as the carbon source is
changed from galactose to glucose, the switch happens
according to the function

λ= − − − *r r r r t( ) exp( )START glu glu gal (1)

where λ is the decay rate of GAL1 mRNA, and t* is the time
since the addition of glucose. Once past START, a dividing cell
enters the S/G2/M phases. We chose to model these phases
with a variable delay of average length tc, which also depends on
the carbon source (Figure 2A). Since the decay rate of GAL1
mRNA differs between the WT and ST strains, so too does the
rate at which rSTART relaxes after the addition of glucose. In our
simulations, this difference causes the relative fraction of cells in
G1 phase to decline faster in WT cells than in ST cells, similar
to what was observed by flow cytometry.12 Interestingly, even
though the half-lives of GAL1 mRNA while in glucose are short
in both strains (≈4 min for WT and ≈17 min for ST), the
relative difference in the G1 fraction persists for much longer
after the introduction of glucose. Figure 2B shows the time
evolution of the population fraction, R(t) = nWT/(nWT + nST),
of a mixed population containing nWT WT cells and nST ST cells

in several dynamic environments, obtained from stochastic
simulations. The symbols represent the averaging of 100 trials
in which the media was regularly and periodically switched
from galactose to glucose, and back, such that each medium was
in the environment for an equal amount of time. In each
simulation, the WT strain eventually takes over the entire
population at a rate that depends on the period of the cycling.
In particular, one can show that if the population undergoes m
switches from galactose to glucose, and if they remain in either
environment sufficiently long, then the population fraction of
the WT strain after the mth switch, Rm, is given by

στ
=

+ −−R
m

1

1 exp( )
m R

R
1

eff
0

0 (2)

where R0 is the population fraction of the WT cells before the
first switch, τeff is the effective delay in growth rate change
caused by slowly decaying GAL1 mRNA, and σ is the difference
in growth rate between glucose and galactose environments
(see Supporting Information for details). The solid lines shown
in Figure 2B are eq 2 simultaneously fit to all three trials, with
τeff = 10.5 min and m = t/T, where T is the period of
environmental cycling. Note that the rate of increase of the
relative population fraction depends primarily on the total
number of switches from glucose to galactose. If we plot each of
the relative population fractions obtained from the three trials
shown in Figure 2C against the total number of switches, we
find that they collapse onto a single curve defined by eq 2 (see
Figure 2D).

Experimental Results. To test the predictions of our
computational model, we developed a novel microfluidic device
capable of long-term culturing in a dynamic environment.

Figure 2. Modeling transcript decay-dependent growth. (A) Cellular
growth in the stochastic model consists of two phases. Cells leave the
G1 phase according to the rate rSTART, and then enter a delayed growth
and division cycle (S/G2/M phases) that takes, on average, a time tc.
(B) Relative fraction of cells in G1 phase for WT (blue) and ST cells
(red) immediately after the introduction of glucose. Solid lines are the
results of a single stochastic simulation and symbols are the
experimental results obtained from flow cytometry. (C) Population
fraction of WT in a mixed population of WT and ST cells in a dynamic
environment. Symbols represent the average population fraction of
100 stochastic trials for an environmental cycling period of 100 min
(squares), 400 min (circles), and 1000 min (diamonds). The solid line
is the analytical prediction (eq 2) fit to all curves simultaneously with
τeff = 10.5 min. (D) The same three trials plotted against the total
number of switches from galactose to glucose.
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Previous microchemostat designs, based on a mixed culture
bioreactor, have the significant drawback of being unable to
produce nearly instantaneous changes in the growth medium.13

We designed the evoDAW device based on a flow-through
bioreactor (see Figure 3). The height of the trapping region is
approximately equal to the diameter of a single yeast cell.
Because the cells were immobilized in the device, the
surrounding media could be changed as fast as necessary
without the risk of dilution. This allowed us to achieve medium
switching within a 1 s interval. Once the cell traps are
completely full, the division of any cell causes the release of
another cell into the media flow and the eventual exit of that
cell into the effluent. Therefore, although the culture inside the
device is maintained in log-phase, the density of the culture is
constant, and the population of cells in the effluent at any time
should be an accurate representation of the population in the
cell traps.
Our computational model predicted that the final ratio of

WT cells in a mixed population depends on the total number of
glucose switches that have occurred, but not on the frequency
of the switches. WT cells are predicted to experience a growth
advantage during the first division in a glucose-rich environ-
ment. To test these predictions, we performed a series of
experiments where a mixed population was exposed to square
wave oscillations of galactose and glucose with various periods.
The shortest period length was determined by the generation
time of a yeast cell (≈ 2 h) and set at 4 h (2 h galactose, 2 h
glucose). Since cells have galactose memory for around six

division cycles, the total time spent in glucose was limited to ≤9
h.14 We did not intend to study the effects of galactose memory
loss, so we chose our longest switching period to be 10 h (5 h
galactose, 5 h glucose).
To control for any effects in long-term growth in either of

the carbon sources, we measured the WT:ST ratio of cultures
experiencing growth in only galactose or only glucose. The
change in the population composition under these static
conditions was minimal, with a change of −7% in the WT
fraction occurring over 19 days in glucose medium. Growth in a
constant galactose environment produced a 5% increase in the
WT fraction over the same 19 days (Figure 5A). In contrast,
carbon source fluctuations with a 10 h period lead to a 22%
increase in WT over 19 days. Therefore, the large changes in
population ratios observed in dynamic conditions are due to
media switching and not to a competitive difference between
the strains in either medium.
For all periods of sugar switching, the WT strain gradually

took over the population of the culture. The rate of change
varied with the frequency of media switching (Figure 5B). To
achieve a comparable number of switches with different driving
frequencies, the total length of the experiments ranged from 12
days (T = 4 h) to 25 days (T = 8 h). The 4 h period resulted in
the fastest rate of population change, reaching WT > 90%
within 12 days. Doubling the period of the media oscillation
nearly doubled the time required for the WT to take over, with
the 8 h period experiments reaching WT >90% in 24 days,
while the 10 h cycling cultures achieved only WT > 75% in 22

Figure 3. Overview of the evoDAW microfluidic chip design for evolutionary experiments. (A) These three ports comprise the DAW network of
channels for continuous media switching. Ports 1 and 2 connect to two different media syringes, while port 3 acts as an overflow shunt for media not
going to the cell chamber. Media is supplied to the cells from the DAW region and exits, along with daughter cells, through port 4. During loading
the cells enter the device through port 4 and exit through temporary port 5. Once the cells have been loaded, port 5 is permanently filled in with
silicon elastomer. (B) 4× magnification of an actual device with trapped S. cerevisiae. (C) 20× magnification. Cells fill most of the trap and maintain a
uniform morphology throughout the experiment. (D) Time-lapse fluorescent microscopy images of a mixed culture of WT (red) and ST (green)
cells grown in the microfluidic device. The cells were exposed to a square-wave signal of 0.25% glucose over 0.5% galactose background with 8 h
period. Plot of ratio change as the experiment progressed. Each glucose period produced an increase in the ratio of WT cells. Time between frames is
in hours. The upper and lower sets of images, while from different devices, exhibit the same take over by the WT strain.
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days. Consistent with our model predictions, when the
population ratio is plotted as a function of the number of
carbon source switches, the results from all conditions fall on
the same curve (Figure 5B). We calculated that the total
number of switches required to reach WT > 85% is 60 for 4 and
8 h periods. Due to the length of the experiments with a 10 h
period, the population did not exceed 75% WT; however, the
trend in these experiments is highly similar to the results from
shorter cycling periods. Statistical analysis of the slopes
obtained from linear fits of the population ratios versus time
for each period indicated that all three cycling periods produced
statistically different population dynamics (z-test with p = 0.05).
The same statistical test of the slopes of the population ratios
versus the number of switches showed that the selective effect
of each carbon source switch did not vary statistically with
cycling period.

■ DISCUSSION
Cells growing in a constant environment, such as a laboratory
culture, are free to dedicate all of their resources to growth and
division and often reach their maximal growth rate. However, in
the natural world, cells rarely experience static conditions.
Whether they exist as isolated cells or as part of a large
multicellular organism, natural-living cells must cope with
frequent changes to their surroundings. To survive in a dynamic
environment, cells are equipped with gene networks that allow
growth to continue in spite of changing conditions. However,
this flexibility comes at a price, and cells experiencing
environmental fluctuations usually do not attain their fastest
growth rate. In light of this, it is likely that there are genetic
mechanisms that exist because they have been selected for in
natural environments, though they appear to have little

Figure 4. Overview of the experimental procedure. (A) Square wave of
0.25% glucose with different periods pulsed over a background of 0.5%
galactose synthetic complete media. Tracer dye was added to the
glucose media during testing and experiments to confirm proper
function of the device. Pressure changes for media switching were
accomplished off-chip using the custom built device described in the
Supporting Information. Cell growth and function of media switching
was confirmed using fluorescent imaging. Sample images show that
traps remain full throughout the entire experiment. (B) Waste from
the device, carrying population samples, was collected in a tube over
the period of 24 h. (C) The samples were serially diluted 1:1000 and
plated on -Trp (ST) and -Leu (WT) plates. Colonies were visible after
48 h incubation at 30 °C. Plates were imaged, and the total number of
colonies on each plate was determined.

Figure 5. Experimental results of driving WT and ST mixed
populations with different periods of galactose/glucose. (A) A mixed
population of WT and ST cells were grown in constant 0.5% galactose
background with square wave of 0.25% glucose pulsed at different
periods. Samples were collected at the exit port of the microfluidic
device and plated on auxotrophic plates. The ratio of WT to total
number of cells for each experiment was scaled to start at a common
value of 50%. Actual starting ratios were with 10% of the common
value. Glucose and galactose data point represent experiments in
constant mediums. (B) The ratios were plotted vs calculated number
of switches for each period. Error bars represent standard error.
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competitive advantage in highly controlled laboratory experi-
ments. In this study, we measured the adaptive advantage of
one such mechanism that allows cells to respond rapidly to
changes in glucose availability. As illustrated in Figure 1, cells
quickly shorten the time spent between cell divisions when
glucose is introduced into the environment. Interestingly, this
mechanism is only active in cells that have experienced glucose
in their recent past. Cells that have only previously been grown
in galactose do not respond quickly to glucose, but have shorter
cell division times in galactose than those with glucose
experience. Therefore, in a dynamic environment, cells trade
slower growth in the absence of glucose for the ability to
rapidly respond to its return. This can be thought of as a
history-dependent form of bet-hedging, whereby a cell
anticipates the presence of its favorite carbon source for a
while after its removal, but that anticipation fades over time if
glucose does not return.15−18 Similarly, mechanisms involving
chromatin organization and the transcription of GAL genes
exist to provide cells with galactose memory.19

Glucose-sensitive transcripts have been described as part of
several glucose-repressed pathways, suggesting that this may be
a conserved mechanism for regulating the response to transient
glucose availability in general, not just in the presence of
galactose. This further suggests that glucose memory conveys a
significant selective advantage to cells growing in dynamic
environments. Consistently, we have observed that ST colonies
do not grow well, relative to their WT counterparts, when
galactose and glucose alternate continuously in the environ-
ment. However, whether the competitive translation mecha-
nism is sufficient to explain the advantage of the WT genotype
was less clear, as the resulting difference in cell division
dynamics between WT and ST is small and transient. Our
computational model was designed to specifically answer this
question. In the model, the cell doubling time is dependent on
the level of GAL1 mRNA. Therefore, differences in growth rate
between WT and ST are directly related to the half-lives of
GAL1 transcripts in the two strains, which differ in the presence
of glucose. Our simulations, as well as our experimental results,
confirm that glucose-mediated degradation of GAL1 transcripts
provides a sufficient growth advantage to be selected for in
dynamic environments. These results are important in that they
illustrate the selective power of environmental fluctuations on
seemingly modest phenotypic differences in cellular response
dynamics.
A general interest in how life evolved has been at the center

of biological study for more than a century. Maps of the
evolutionary trajectories of species that are currently inhabiting
the planet, and hypotheses of how others have become extinct
are always rooted in speculation. To meet the challenges that
go along with retroactively interpreting evolutionary mecha-
nisms, researchers set up forward evolution experiments using
microbes to measure the competitive fitness of particular
genotypes in predetermined environments. Combined with the
power of genomics technology, this method for determining
the fitness associated with particular genetic variations is
potentially revolutionary. However, genome-wide measure-
ments of competitive fitness using the yeast deletion collection
have yielded only moderate results that have called into
question long held theories explaining natural selection.20−26

Particularly bewildering has been the discovery that only ∼20%
of yeast genes are essential, and most gene deletions have little
to no apparent effect on competitive fitness.27,28 How, then, is
genetic integrity maintained if the majority of the genome is

dispensable? The answer could be that the fitness contribution
of individual genes is dependent on interactions with a dynamic
environment in which yeast cells are evolved.29−34 As we show
in this study, the relationship between genes and fitness is
potentially highly nuanced, incorporating changing conditions
in the present as well as information about past growth
environments and the anticipation of future events.
We invented our evoDAW device to measure fitness

advantages that are strongly dependent on environmental
dynamics. To test the device, we set up a competition
experiment between two strains with a predicted fitness
difference in environments that were known to favor the
growth of one strain over the other. The resulting population
dynamics that we measured were in good agreement with
theoretical predictions for each environment, and were highly
reproducible relative to competition experiments carried out in
batch cultures. The reproducibility of our results may be
attributed to the multiple cell traps (10 total) that each
evoDAW device contains. Any variation due to uneven loading
of the two strains is likely to have been normalized because
each device essentially contains 10 individual populations. We
tracked the evolution of the population by selecting for
metabolic markers that differed between the two strains.
However, the amount of cells collected each day (∼ 107) is
sufficient for use in many cellular and molecular assays, such as
immunoblotting, flow cytometry, and qPCR. If more material
were desired, for use in genomic techniques for example, the
collected cells could be amplified through growth in rich
medium. In this study, experiments were performed for ∼500
generations or ∼30 days, but there is no theoretical limit to
how long these cultures can be maintained. Finally, the
dimensions of the growth chambers can easily be altered to
accommodate microbes other than yeast or animal cell cultures.
The evoDAW chip provides a powerful platform to measure
the fitness contributions of individual genes in dynamic
conditions that more accurately reflect the environments in
which cells have evolved.

■ CONCLUSIONS

In conclusion, we have shown that a microfluidic chemostat can
be used to study population dynamics in the presence of
precisely controlled environmental fluctuations. The results of
our modeling and experiments support the conclusion that
environmental dynamics can contribute to the selection of
particular traits, even when those traits do not lead to
measurable gains in fitness during growth in static environ-
ments. In future studies, this experimental platform may be
used to determine the environmental conditions that have
naturally selected for the large number of yeast genes that do
not contribute a fitness advantage in standard laboratory
evolution experiments.

■ ASSOCIATED CONTENT

*S Supporting Information
Detailed descriptions of design criteria used to build and test
the evoDAW device are included in the SI. Also included is
information on the derivation of the mathematical model for
growth in dynamic environments, the numerical simulations of
population dynamics in those environments, and definitions of
variables used in mathematical equations. This material is
available free of charge via the Internet at http://pubs.acs.org.
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