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population bottlenecks

Abstract

Population bottlenecks can impact the rate of adaptation in evolving populations. On the one hand,
each bottleneck reduces the genetic variation that fuels adaptation. On the other hand, each
founder that survives a bottleneck can undergo more generations and leave more descendants
in a resource-limited environment, which allows surviving beneficial mutations to spread more
quickly. A theoretical model predicted that the rate of fitness gains should be maximized using ~8-
fold dilutions. Here we investigate the impact of repeated bottlenecks on the dynamics of
adaptation using numerical simulations and experimental populations of Escherichia coli. Our
simulations confirm the model’s prediction when populations evolve in a regime where beneficial
mutations are rare and waiting times between successful mutations are long. However, more

extreme dilutions maximize fitness gains in simulations when beneficial mutations are common



and clonal interference prevents most of them from fixing. To examine these predictions, we
propagated 48 E. coli populations with 2-, 8-, 100-, and 1000-fold dilutions for 150 days.
Adaptation began earlier and fithess gains were greater with 100- and 1000-fold dilutions than
with 8-fold dilutions, consistent with the simulations when beneficial mutations are common.
However, the selection pressures in the 2-fold treatment were qualitatively different from the other
treatments, violating a critical assumption of the model and simulations. Thus, varying the dilution
factor during periodic bottlenecks can have multiple effects on the dynamics of adaptation caused

by differential losses of diversity, different numbers of generations, and altered selection.

Impact Statement

Many microorganisms experience population bottlenecks when propagated in the laboratory or
during their transmission between hosts. These bottlenecks reduce genetic diversity, potentially
impeding natural selection. However, bottlenecks can also increase the number of generations
over which selection acts, potentially accelerating adaptation. We explored this tension by
performing simulations that reflect these opposing factors, and by evolving bacterial populations
under several dilution treatments. The simulations show that the dilution factor that maximizes the
rate of adaptation depends critically on the rate of beneficial mutations. On balance, the
simulations agree well with our experimental results, which imply a high rate of beneficial mutation

that generates intense competition between mutant lineages.



INTRODUCTION

Population sizes often fluctuate in time, sometimes greatly, with important effects on evolution [1,
2]. A bottleneck occurs when a population’s size drops suddenly, typically leading to the loss of
some genetic variants and a concomitant increase in frequency or even fixation of other variants.
Bottlenecks occur in a variety of contexts, with some important distinctions including: (i) whether
the survivors of a bottleneck are a random subset of the population or possess some particular trait
(e.g., resistance to a selective agent); and (i1) whether a bottleneck and subsequent recovery are
singular events or occur periodically (e.g., seasonally). Our focus here is on periodic bottlenecks
in which the survivors are a random subset of the population. This situation arises with the serial
transfer protocols used in many evolution experiments with microorganisms [3—5]. It is also similar
to the transmission of pathogens and commensals between successive host individuals [6—10],
although the transmitted pathogens may often be a non-random subset of the population. Therefore,
the effects of periodic bottlenecks are important for experimental evolution and potentially also

for understanding the evolution of host-associated microbes.

In the case of extreme bottlenecks, a population’s mean fitness can decline over time, even in a
constant environment. For example, in mutation-accumulation experiments, lineages are
repeatedly propagated via single-cell bottlenecks (or full-sibling crosses for sexual organisms),
thereby purging genetic variation and preventing natural selection from acting (except against
lethal mutations, which are not observed and thus cannot be propagated). New mutations still arise
in these experiments but, in the absence of selection, populations accumulate mutations without
regard to their fitness effects; and because more mutations are deleterious than beneficial, the

accumulation of these random mutations causes fitness to decline over time [11-13].

In this study, we are concerned with less severe bottlenecks that, nonetheless, can have important



consequences for the dynamics of adaptation. In particular, we consider populations of asexual
organisms that are propagated via periodic (e.g., daily) serial transfers into fresh medium. We
consider cases in which the organisms can grow fast enough that, regardless of the dilution
imposed, the population depletes the limiting resource before the next dilution takes place. The
population thus reaches a final stationary-phase density prior to the next transfer, and we assume
for simplicity that no death occurs. The situation described above closely matches the long-term
evolution experiment (LTEE) with Escherichia coli that has been running for over 35 years and
75,000 generations [3, 13—17]. Each day in the LTEE, the bacteria are diluted 100-fold into 10 mL
of fresh medium, with glucose as the limiting resource. The glucose concentration allows the
bacteria to reach a final density of ~5 x 107 cells per mL, or ~5 x 108 cells in total. After each
dilution, the population then grows 100-fold to reach stationary phase. That regrowth corresponds
to logz 100 = 6.6 doublings per day. In this medium, the ancestral bacteria grow with a doubling
time of ~1 h, and so they readily reach the final density well before the next dilution and transfer.
Indeed, they could be diluted a million-fold and still achieve the 20 doublings required to reach
stationary phase. Depending on the strain and culture medium, some bacteria might experience
death after they exhaust their resources. However, in the case of the ancestral strain and culture

conditions used in the LTEE, there is little or no cell death between transfers [18].

We ask the following question: What daily dilution factor, D, would maximize the rate of fitness
gain? Changing the dilution factor has two opposing effects. On the one hand, more severe
bottlenecks cause the loss of a higher proportion of beneficial mutations soon after they arise and
while they are still at low frequencies, resulting in fewer surviving beneficial mutations. On the
other hand, more severe bottlenecks increase the number of generations between successive

transfers, which amplifies the growth advantage of those beneficial mutations that survive a



bottleneck. For example, populations subjected to D = 2 have only 1 generation (i.e., one doubling)
between transfers, while populations experiencing D = 8§ have 3 generations per transfer and those
propagated at D = 1000 have ~10 generations between transfers. (More severe bottlenecks also
mean that more cells are produced during the regrowth, with the potential for more new beneficial
mutations at higher dilution factors. However, this effect cannot be greater than 2-fold, because at
least as many new cells are produced in the last population doubling as in all previous doublings.)
We consider the case where the fate of individuals during dilution is random; thus, the fitness effect
of a mutation does not influence whether it survives the bottleneck. However, fitness differences
matter during the regrowth between bottlenecks. An individual that has a beneficial mutation is
expected to have more descendants than its parent before the next bottleneck, which increases the
mutation’s probability of survival. Moreover, greater dilutions lead to more generations between
transfers (assuming the dilutions are not so severe that they cause extinction), which allows the

growth advantage of a beneficial mutation to compound faster on a per-transfer basis.

Wahl et al. [4] analysed a mathematical model corresponding to this same scenario, and they
derived the value of D that maximizes fitness gains given certain assumptions. According to their
analysis, the supply of surviving beneficial mutations is maximized when D = ¢? = 7.4 (Fig. 1).
That result assumes the evolving populations are in a strong-selection, weak-mutation (SSWM)
regime, such that the fitness effects of beneficial mutations are large and beneficial mutations are
rare [19-21]. In this regime, the waiting time between the appearance of beneficial mutations
bound for fixation dominates the dynamics, whereas the transit time for successful beneficial
mutations is comparatively short (i.e., the time taken for a mutation to go from occurring in a single
individual to being present in every individual). Consequently, there is an absence of competition

between multiple lineages that independently acquired beneficial mutations. Many theories of



adaptation assume a SSWM regime. However, many microbial evolution experiments, including
the LTEE, clearly violate the weak-mutation assumption. When beneficial mutations are common,
the waiting times between beneficial mutations that survive genetic drift are short relative to the
transit times required for their spread and eventual fixation. In asexual populations, this strong-
selection, strong-mutation (SSSM) regime causes clonal interference, in which multiple lineages
with independent beneficial mutations must compete with one another and contend for fixation
[22-28]. Clonal interference causes those beneficial mutations that eventually fix to have larger
effect sizes than those that would fix without that competition [29]. Thus, the dilution factor that

maximizes the rate of fitness increase when beneficial mutations are common remained unclear.

Campos and Wahl [30] extended the previous theory to include clonal interference along with
population bottlenecks. However, their analysis assumed that each contending lineage had only a
single beneficial mutation before one eventually fixed in the population. Using simulations, they
showed that the extended theory’s predictions can fail when multiple mutations occur in the same
lineage. In fact, there is compelling evidence from the LTEE that multiple beneficial mutations can
arise during a selective sweep before any one of them reaches fixation. For example, five beneficial
mutations contributed to the first three selective sweeps in one well-studied population [31, 32].
Moreover, we will show later in this paper that multiple beneficial mutations not only can occur
in the same lineage before contending lineages go extinct but, in fact, it is typical for the parameters
that govern the LTEE. We expect such outcomes also occur in many other evolution experiments

with microbes.

To address these issues, we first report the findings from numerical simulations with and without
the assumption made by Wahl et al. [4] that beneficial mutations are rare. Our simulations take

advantage of knowledge gained from the LTEE, including previous estimates of the beneficial



mutation rate, distribution of fitness effects associated with beneficial mutations, and other relevant
parameters [14]. The ancestral strain used in the LTEE has a low point-mutation rate, on the order
of 1071° per base pair and ~10-* across the entire genome [13, 33]. Both the theoretical model of
Wabhl et al. [4] and our simulations ignore the fixation of deleterious mutations, which is justified
by the low genome-wide mutation rate and the large minimum population size (i.e., during the

transfer bottleneck).

We also performed an evolution experiment using bacteria to examine the effect of different
dilution treatments on the rate of adaptive evolution in the laboratory. To that end, we propagated
12 populations of E. coli in each of four daily dilution treatments (2-, 8-, 100-, and 1000-fold) for
150 days. These treatments are such that the minimum population size is >10° cells even with the
most severe bottleneck. We used the same ancestral strains and culture medium as the LTEE, and
we performed competition assays to measure changes in the bacteria’s competitive fitness. One
methodological difference in our experimental setup from the LTEE is that each population began
with an equal mixture of two ancestral strains that differ by a neutral genetic marker, whereas each
LTEE population began with one or the other variant. By starting each population with a mixture
of the two variants, and by monitoring their relative abundance over time, we could determine
when a beneficial mutation began to sweep through the population, causing a shift in the ratio of
the marked lineages. For the numerical simulations, we assume that nothing else changes about
the environment and the growth rates that govern selection when we vary the dilution factor; the
model of Wahl et al. [4] makes the same assumption. In our experiments, however, we examine

whether this assumption is violated.

Several experimental studies have recently explored the effects of population bottlenecks on

bacterial evolution [34-38]. However, some of the experiments imposed a single bottleneck rather



than repeated bottlenecks, while others varied the selective environment, final population size, or
both. Hence, these experiments do not answer the question posed by Wahl et al. [4], and which we
examine in our study: What dilution factor maximizes fitness gains in large populations that
experience periodic bottlenecks while reaching the same population size between successive

bottlenecks?

RESULTS AND DISCUSSION

Simulations with rare beneficial mutations

Wahl et al. [4] showed that the supply of beneficial mutations that survive periodic bottlenecks is
highest when D = 7.4. If beneficial mutations limit adaptive evolution, then the same dilution factor
should also maximize the rate of fitness increase. However, that dilution factor might not maximize
the rate of fitness increase if beneficial mutations are common. Indeed, as Wahl et al. pointed out,
when beneficial mutations are common, many that survive drift loss during the bottlenecks will go
extinct owing to clonal interference between competing beneficial mutations [22]. Therefore, the
results of Wahl et al. [4] should be most relevant for predicting the rate of adaptive evolution when

populations evolve under the SSWM regime [19-21].

To examine these issues, we developed a numerical simulation package, which allows one to vary
the dilution factor and rate of beneficial mutations along with other relevant parameters. Our
simulations track the abundance of every lineage with a new beneficial mutation; a lineage can go
extinct by random drift during the periodic dilutions, or by being outcompeted by other lineages
that have acquired mutations that confer a greater advantage. Like the model of Wahl et al. [4], our
simulations assume that the final population size before each dilution event is constant, and that

selection acts only through differences in growth rate. To parameterize the simulations, we use the



same final population size as in the LTEE along with estimates derived from the LTEE for the
ancestral distribution of fitness effects and the strength of diminishing-returns epistasis [14]. (We
note in passing that larger cells evolved during the LTEE, which led to a small decline in population
sizes [18, 39]. We are interested in understanding the general effects of periodic dilutions, and so
we do not include this complication in our analysis.) The fitness effects of beneficial mutations are
drawn from an exponential distribution, with the expected benefit declining with increasing fitness
(see Methods and Supplemental Text). These parameters were previously shown to describe and
even predict with high accuracy the fitness trajectories observed in the LTEE [14, 40] when using
a rate of beneficial mutation also estimated from the LTEE. However, in this paper, we will first
use a much lower rate of beneficial mutation to confirm that the optimal D under the SSWM regime
agrees with the theory of Wahl et al. [4]. Our simulations, like that theory, should account for the
supply of beneficial mutations that survive the bottlenecks and the subsequent growth of the

surviving mutants.

To that end, we ran simulations with the beneficial mutation rate set to 1.0 x 10°'! per genome.
With a final population size of 5 x 108 cells, this rate produces, on average, only 0.005 beneficial
mutations per transfer cycle (i.e., 1 mutation in 200 cycles). Moreover, most mutations are lost to
drift while they are rare, so that surviving beneficial mutations are few and far between. Therefore,
we ran 10,000 simulations for 1500 transfers at each dilution factor to have enough replicates that

experienced some adaptation to allow a meaningful analysis.

Figure 2 shows the grand mean fitness trajectories during 1500 transfers for ten dilution factors
ranging from 2-fold to 100,000-fold under this SSWM regime. The populations propagated with
D =8 achieved the highest fitness levels, with progressively smaller gains at both lower and higher

dilutions (Table S1). The optimal D appears to change slightly during the early transfers (Fig. S1).



These changes may reflect noise associated with the small number of surviving beneficial
mutations and differences in the time required for new beneficial mutations to reach meaningful
frequencies (i.e., where they impact average fitness) as a function of the dilution factor. However,
when the runs were extended to 100,000 transfers, and thus encompassed many more surviving
beneficial mutations, D = 8 clearly achieved the highest fitness gains (Fig. S2, Fig. S3). Thus, our
simulations support the finding of Wahl et al. [4] that a dilution factor of that magnitude maximizes
fitness gains, provided evolution occurs in the SSWM regime where beneficial mutations are rare.
However, that assumption requires that the beneficial mutation rate be much lower than it is in the

LTEE and, we expect, many other study systems.

In this SSWM regime, most populations had no surviving beneficial mutations after 1500 transfers
(Table S1). For the populations with fitness gains, each individual trajectory typically has only a
single step-like increase, with the height of the step determined by the effect size of the surviving
beneficial mutation (Fig. S4). Another revealing feature of the individual trajectories is evident in
the slope during the step-like increase in fitness. When we compare trajectories for runs that
experienced similar fitness gains, the slope is steeper when the dilution factor is higher than when
it is lower (Fig. S4, panels A-D). This difference occurs because the higher dilution factor leads to
more generations per transfer cycle, which allows a surviving beneficial mutation to sweep through
the population in fewer cycles. The difference in steepness disappears, however, when the fitness

trajectories are shown with time expressed as the number of generations (Fig. S4, panels E-H).
Simulations with abundant beneficial mutations

We then sought to examine the effects of violating the assumption that beneficial mutations are
rare on the fitness trajectories and the resulting optimal dilution factor. To that end, we ran

simulations using the beneficial mutation rate of 1.7 x 1076 per genome estimated from the LTEE

10



[14], while keeping all other parameters the same. Given this beneficial mutation rate, population
size, and distribution of fitness effects, the evolving populations should experience a strong-
selection, strong-mutation (SSSM) regime, in which beneficial mutations are both common and
have large fitness effects. In this regime, multiple clones with different beneficial mutations are
typically present at the same time, and the resulting competition among them will interfere with

their progress towards fixation [22-29].

We simulated ten dilution treatments and ran 100 replicates each for 1500 transfers, using the high
beneficial mutation rate. Each population had at least one surviving beneficial mutation by transfer
1500 under this SSSM regime; therefore, we did not need to run as many replicates as in the SSWM
regime. Figure 3 shows the grand mean fitness trajectories for each dilution factor; Figure S5
shows the trajectories for the replicate populations. These simulations have several noteworthy
features. First, the fitness trajectories show a declining rate of improvement over time (Fig. 3),
similar to the LTEE [14, 31, 40]. The declining rate results from diminishing-returns epistasis, such
that the fitness effects of beneficial mutations tend to be smaller in more-fit genetic backgrounds
[14]. In contrast, the mean fitness trajectories in the mutation-limited regime are nearly linear after
an initial lag (Fig. 2), even though the diminishing-returns parameter is identical for the SSWM
and SSSM simulations. Diminishing-returns epistasis only reduces the fitness gains produced by
second and later beneficial mutations, and the populations in the SSWM regime rarely had even
one surviving beneficial mutation by transfer 1500 (Table S1). The quasi-linear increase in the
grand mean fitness in the SSWM regime thus results from the independently evolving populations
fixing single mutations at different times in the replicates. When the SSWM trajectories are
extended to 100,000 transfers, the effect of diminishing-returns epistasis becomes apparent (Fig.

S2). However, the curvature of the trajectories is still less pronounced in the SSWM regime than

11



in the SSSM regime, where the cumulative fitness gains and therefore the impact of diminishing

returns are much greater (Fig. 3).

Second, there are large step-like increases in the grand mean fitness trajectories under the SSSM
regime when D is small (Fig. 3). These steps reflect an initial lag period that depends on the time
required for the first selective sweep to become evident in a typical population (Fig. S5). These
steps are more noticeable when D is small because each transfer cycle allows fewer generations
and thus beneficial mutations require more transfers to fix (Fig. S6). When one examines the
fitness trajectories for individual populations, they all show step-like increases in fitness (Fig. S5,
Fig. S7). Indeed, step-like dynamics are an expected feature of evolving asexual populations [3,
22]. The size of each step reflects the benefit conferred by a mutation, or multiple linked mutations,

sweeping through the population.

Third, and most importantly, by 150 transfers, the highest mean fitness was achieved with D = 100
in the SSSM regime, followed by dilution factors of 300 and 32 (Fig. S6, Fig. S8). Table S2 shows
that the final mean fitness values differ significantly for all pairs of adjacent dilution factors, even
though the magnitude of the difference is small in some cases (e.g., D = 100 versus D = 300). Thus,
while our simulations confirmed the prediction that ~8-fold dilutions are optimal for maximizing
fitness gains in the mutation-limited SSWM regime (Fig. 2), they also demonstrate that 8-fold
dilutions are far from optimal when beneficial mutations are common and clonal interference is
important. Notice also that the mean fitness trajectories consistently fall away at both higher and
lower dilution factors, which highlights the general trade-off. On the one hand, a lower dilution
factor allows more beneficial mutations to survive the transfer bottlenecks. On the other hand,
higher dilutions result in more generations between the successive transfers, allowing the fitness

advantage of beneficial mutations to compound at a faster rate on a per-transfer basis. Moreover,

12



when beneficial mutations are common, multiple lineages with independently arising beneficial
mutations must compete, which evidently increases the dilution factor that maximizes the rate of

adaptation.

It is also noteworthy that the grand mean fitness trajectories appear to become strikingly parallel
across a wide range of dilution factors, after the more complex trajectories during the early
transfers (Fig. 3). To verify this impression, we calculated the change in fitness over the last 500
transfers for each replicate population (Fig. S5), and we compared the average change between
adjacent dilutions (Table S3). There were no significant differences in the fitness gains over these
final transfers. In fact, the fitness gains during this period were similar even when the dilution

factor ranged from 2-fold to 10°-fold.

These simulations demonstrate that ~8-fold dilutions do not produce the greatest fitness gains in
the SSSM regime, where beneficial mutations are common. In fact, there is no single dilution
factor that maximizes gains for all other parameter values in this regime. To demonstrate this fact,
we ran simulations where we changed the mean effect size of beneficial mutations to values that
were lower or higher than estimated for the LTEE while keeping all other parameters the same
(Fig. S9). Dilution factors of 100, 300, and 1000 produced similar grand mean fitness trajectories
when the initial beneficial effect size was reduced to one-third or even one-tenth of the estimate
based on the LTEE. When the initial effect size was increased three-fold, dilution factors of 16, 32,
and 100 produced the greatest fitness gains; and with a ten-fold increase in the beneficial effect

size, dilution factors of 8, 16, and 32 had the greatest gains.
Multiple beneficial mutations during selective sweeps

In the Introduction, we noted that Campos and Wahl [30] examined the effect of bottlenecks on

adaptation when beneficial mutations are abundant. We pointed out that their theoretical analysis

13



assumed that beneficial mutations are common enough to generate clonal interference, but not so
common that two or more beneficial mutations could occur in the same lineage before one of them
fixes. However, for the parameters in our SSSM simulations, which are estimated from the LTEE,
not only can multiple beneficial mutations occur in the same lineage, but in fact they typically do
so. To demonstrate this fact, we ran our simulations with two neutral marker states, each starting
at 50% of the population. Beneficial mutations can occur at random in one or both backgrounds,
and we tracked the relative abundance of the two markers over time. For each run, we also recorded
the average number of beneficial mutations per genome until one marker state went extinct. Figure
S10 shows the mean fitness (top panel), average number of mutations (middle panel), and marker
ratio (bottom panel) for three illustrative runs at D = 100. Each trajectory ends when one marker
is nearly extinct, which indicates that one or more beneficial mutations is near fixation in that
population. In one run (solid lines), a single beneficial mutation drove the other marker state to
near-extinction; in another run (dashed lines), two beneficial mutations fixed in the lineage that
prevailed before the other marker went extinct; and in the third run, three beneficial mutations
fixed in the winning lineage before the other marker was extinct. Table S4 summarizes the number
of beneficial mutations in the prevailing lineage for 100 simulations at each of four dilutions. In
the great majority of runs, a second beneficial mutation had reached a frequency of at least 50%
in the prevailing marked lineage (i.e., average mutations > 1.5), and in most cases the average
genome had at least two mutations. More than 10% of the runs had three or more beneficial
mutations, with as many as seven occurring before the alternative marker state was extinguished.
Thus, the SSSM regime not only generates clonal interference, it also often leads to multiple
beneficial mutations arising together in the same lineage, at least for the parameters estimated from

the LTEE. This effect occurs despite the facts that (i) the LTEE was designed to have a small final

14



population size (by bacterial standards) to minimize cross-feeding and other frequency-dependent
interactions [42]; and (ii) we used the low ancestral mutation rate, whereas some of the LTEE lines
evolved much higher rates [13, 14, 43]. More generally, the process of clonal interference slows
the spread of beneficial mutations, thereby increasing fixation times and making it more likely that
a second beneficial mutation will occur in the lineage that ultimately prevails before contending

lineages go extinct.
Marker divergence in evolution experiment with bacteria

Our simulations show that SSWM and SSSM regimes—with beneficial mutations being rare and
common, respectively—produce fitness trajectories with distinct features. Moreover, the dilution
factors predicted to maximize fitness gains differ substantially between these regimes: ~8-fold
dilutions are optimal in the SSWM regime, whereas more extreme (e.g., 100-fold) dilutions are
optimal in most of the SSSM regimes we tested. To examine the effects of the dilution factor on
the dynamics of adaptation in an actual biological system, we performed an evolution experiment
using the same ancestral E. coli and culture medium as in the LTEE (see Materials and Methods),
except with four dilution treatments. To that end, we propagated 48 populations for 150 days with
2-, 8-, 100-, or 1000-fold daily dilutions of the previous day’s culture in fresh medium. Each day,
a population grew for log> D cell generations until it reached its final population size, at which
point the glucose was depleted. The four treatments thus allowed 1, 3, ~6.6, and ~10 generations

per daily transfer, respectively, and 150, 450, 1000, and 1500 generations over the full experiment.

All populations started with an equal mix of Ara” and Ara” strains that have equal fitness in the
glucose-limited medium but differ by a mutation that causes cells to form red and white colonies,
respectively, when plated on tetrazolium arabinose (TA) agar [3]. The ratio of the marked lineages

should remain constant over time, except for statistical fluctuations (primarily sampling error when

15



only a few hundred colonies are counted), until a beneficial mutation arises and spreads through
one or the other lineage. Beneficial mutations cause sustained perturbations to the ratio in each
population, but across multiple populations the direction of the perturbation is random. Comparing
the trajectories of the ratio between treatments allows us to quantify differences in the timing of
the perturbations produced by the beneficial mutations. Each marked lineage within a particular
treatment started from an inoculum obtained by plating for single colonies (each derived from a
single cell) to ensure that the replicate populations did not share any mutations that were identical
by descent [42]. However, the same two source colonies were used as founders for one population
in each treatment. We sampled each evolving population every 3 days and spread the sample on a
TA agar plate, allowing us to score cells based on whether they were descended from the Ara™ or
Ara” founder. We continued this procedure until a population appeared to have fixed one or the

other marker state, after which we plated samples every 15 days.

Figure 4 shows the resulting trajectories of the logz-transformed ratio of the abundances of the
marked lineages for the 12 populations in each dilution treatment. For 10 populations in each
treatment, the ratio remained essentially constant for several weeks, as expected given the marker’s
neutrality. However, for 2 populations in each treatment, the marker ratio systematically increased
(grey trajectories) or decreased (mauve trajectories) from the beginning of the experiment. These
deviations imply that the founding clones already harboured mutations that were not neutral. This
inference is supported by the fact that the same replicates (founded from the same pair of colonies)
experienced the same directional deviations in all four treatments. Having saved frozen samples
of the 24 founding colonies, we tested whether those clonal isolates had mutations that affected
their fitness by competing them against the reciprocally marked LTEE ancestors using the 100-

fold dilution protocol. Indeed, the founding clones from the two atypical populations differed

16



significantly in fitness (Table S5), and in the directions expected from their aberrant trajectories
(Fig. 4), confirming the presence of non-neutral mutations in the founders. We therefore excluded
these 2 populations in each dilution treatment from our subsequent analyses, because they violate
the assumption of initial neutrality. The trajectories of the 10 remaining populations suggest that
deviations from the initial 1:1 ratio (0 on the log-transformed scale) of the marked lineages tended

to start earlier in the populations that were subject to the more severe bottlenecks (Fig. 4).
Time to divergence in the experiment and simulations

To confirm the visual impression that the marker-ratio trajectories started diverging earlier in the
populations that experienced more severe bottlenecks, we calculated the time to divergence, 7D,
for each population, based on when the ratio diverged from 1:1 by at least a factor of 2 (i.e., the
log ratio deviated from 0 by 1) in either direction. One population in the 2-fold dilution treatment
never deviated by 2-fold from the 1:1 ratio, and we used 150 days (i.e., the duration of the

experiment) as its 7D for this analysis.

Figure 5 shows the 7D values obtained for the experimental populations in all four treatments. All
six pairwise comparisons between the treatments are significant (Table S6), even after a Bonferroni
correction for multiple comparisons. Also, a log-log regression of 7D on D is highly significant (¢
=-10.63, 38 df, p <0.0001). Thus, the marker ratios diverged earlier with increasing values of D,

indicating that selective sweeps began earlier at the higher dilutions.

To better understand these results, we also analysed the marker-ratio trajectories for the simulations
under the SSSM regime across the extended range of dilution factors (Table S7). These simulations
show earlier divergence times for 300- to 10*-fold dilutions than for lower or higher dilution factors.
The simulations thus indicate that the average time to divergence is minimized at an intermediate

dilution factor. However, the dilution factor that minimizes the time to divergence (300 < D < 10%)
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differs from the one that maximizes long-term fitness gains (32 < D < 300; Table S2). For the four
dilution factors used in both the simulations and experiment, the divergence times show similar
trends, with one conspicuous exception: namely, for D = 2 the marker ratio took much longer to
diverge in the simulations than in the experiment. In fact, none of 100 simulations at that dilution
factor showed divergence within 150 transfers, whereas 9 of the 10 experimental populations had
diverged by that timepoint. We will see further evidence of this discrepancy for D = 2 when we

examine the changes in fitness in the experimental populations.
Fluctuations in the marker ratio

We also examined the magnitude of the fluctuations in the marker ratio between consecutive
samples through day 21 (i.e., just before the earliest 2-fold divergence in any of the 40 qualifying
populations). We did so to check whether the dilution regimes produced different fluctuation
patterns that might confound our use of the same criterion (i.e., a 2-fold shift in ratio of the marked
lineages) to identify perturbations caused by selective sweeps of beneficial mutations. We did not
expect to see different fluctuation profiles across the treatments, despite the different bottleneck
sizes, because the sampling error associated with scoring a few hundred cells in a typical sample
is much greater than the effect of random drift in populations with >10 cells even during the most
severe experimental bottleneck treatment (i.e., ~5 x 107 cells/mL x 10 mL, then diluted 1000-fold).
As expected, an ANOVA shows no significant differences among the treatments (Table S8). Also,
only 3.6% (10/280) of the fluctuations were even half as large as the 2-fold change in marker ratio
used as the cutoff to identify perturbations caused by beneficial mutations. Moreover, those 2-fold
changes were generally followed by further large changes (Fig. 4), as expected for selective sweeps,

but not for fluctuations caused by drift or sampling noise.

Readers unfamiliar with marker-divergence experiments might, on first inspection, be surprised
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by the reversals in the marker-ratio trajectories that occurred in some populations after the onset
of a selective sweep (Fig. 4). However, such reversals are often observed, and indeed expected,
given clonal interference between contending lineages that have independently acquired beneficial
mutations [22, 26, 44, 45]. As a beneficial mutation sweeps through one marked lineage, it must
compete not only against the progenitors (of both marker types) but also against any beneficial
mutations that arise in the opposing lineage. If the competing mutations have similar fitness effects,
then the marked lineages might appear to equilibrate at some new ratio. If the later-arising mutation
is more beneficial than the one that arose first, then the marker-trajectory may reverse direction,

and further reversals can occur as additional beneficial mutations arise in one or both lineages.

Fitness in evolved and common environments

To quantify the extent of adaptation in the experimental populations, we measured the fitness gains
of the final evolved bacteria (from day 150 of our experiment) by competing them against the
ancestral strain. We could not measure the fitness of the whole-population samples because we had
to mix the evolved bacteria with the ancestral strain bearing the alternative marker to measure their
relative fitness, and some of the populations still had cells from both marked lineages at the end
of the experiment (see Materials and Methods). Instead, we isolated clones from each endpoint

population, and we competed them against the reciprocally marked ancestor.

We first sought to determine whether adaptation is interchangeable across the treatments. An
implicit assumption of both the theory and simulations is that fitness is simply the growth rate of
a mutant carrying a beneficial mutation relative to that of its parent. In reality, other demographic
[18] or ecological [46] factors could come into play. For example, fitness might be more sensitive
to changes in the duration of the lag phase at lower dilutions, and the effect of metabolic byproducts

carried over in the medium during transfers might be more important at lower dilutions. To address
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this issue, we measured the fitness of each evolved clone in two conditions, which we call the
“evolved” and “common” environments. For the former, we measured fitness using the same
dilution protocol in which the clone had evolved. For the latter, we used the 100-fold dilution

protocol, regardless of the treatment in which the clone evolved.

Figure 6 shows the relative fitness values for the 150-day clones (excluding the two clones from
the aberrant populations in each treatment), plotted as the values in their evolved environment
versus in the common environment. The clones that evolved in the 2-fold dilution treatment were
significantly more fit in their evolved environment than in the common environment (Fig. 6A,
Table S9). They had an average fitness gain of ~24% with 2-fold dilutions, but only ~6% when
subjected to 100-fold dilutions. Thus, the nature of selection must have differed between the 2-
fold and 100-fold dilution treatments. This difference might reflect the heightened importance of
shortening the lag phase relative to faster growth when there is only one doubling per day, or the
fact that half of the medium contains any byproducts from the previous day with a 2-fold dilution

(as opposed to only 1% carryover with a 100-fold dilution).

The clones that evolved in the 8-fold dilution treatment also tended to be more fit in their evolved
environment than in the common environment with 100-fold dilutions, but this difference was
much smaller than for the 2-fold treatment (Fig. 6B, Table S9). To see whether the difference in
fitness between the evolved and common environments of the clones in the 8-fold treatment might
undermine using the common environment for comparison purposes, we measured the fitness of
the clones from both the 8- and 100-fold treatments under the 8-fold dilution protocol (Fig. S11A).
The clones that evolved in the 100-fold treatment had higher fitness than those that evolved in the
8-fold treatment, even when the competitions were performed with the 8-fold protocol (p =0.0195,

two-tailed Wilcoxon’s signed-ranks test). Also, the values measured using the 8-fold and 100-fold
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dilutions were well correlated for the clones from both evolutionary treatments (Fig. S11B, r =
0.8218, p < 0.0001). Thus, selection in these treatments was sufficiently similar that evolution in
the 100-fold dilution treatment led to higher fitness than evolution in the 8-fold treatment,

regardless of the competition environment.

Therefore, the fitness gains measured in the evolved and common environments for the bacteria
that evolved in the 8-, 100-, and 1000-fold dilution treatments are largely consistent with simple
selection for faster growth. However, the bacteria that evolved in the 2-fold treatment experienced
substantially different selection pressures. Thus, that treatment cannot be used to test predictions
about the dilution factor that maximizes fitness gains based on the theoretical model and numerical

simulations, both of which assume equivalent selection for faster growth across all dilutions.
Comparison of fithess gains in bacteria that evolved in different treatments

We ran additional competitions with 5-fold replication to obtain more accurate estimates of the
fitness levels of the clones that evolved for 150 transfers in the 8-, 100-, and 1000-fold dilution
treatments, when all were measured using the common 100-fold protocol (Fig. 7). The populations
from the 100- and 1000-fold treatments were significantly more fit than those from the 8-fold
treatment (Fig. 7, Table S10), whereas there was no significant difference between the 100- and
1000-fold treatments. These direct measurements of fitness therefore support the findings from the
SSSM simulations of faster adaptation with 100- and 1000-fold dilutions than with 8-fold dilutions,

and they are contrary to the model and simulations that assume a mutation-limited SSWM regime.
Fitness improvement during later transfers

Our experiment shows that selective sweeps began earlier (Fig. 4, Fig. 5) and cumulative fitness

gains were larger (Fig. 7, Table S10) with D =100 and D = 1000 than with D = 8. Our simulations
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in the SSSM regime show similar outcomes (Fig. 3, Fig. S6, Table S7). By contrast, the theoretical
model and simulations under the SSWM regime predict that adaptation should be maximized when
D = 8. Thus, it seems that the assumption of whether beneficial mutations are common or rare can
explain these different outcomes. Before accepting that explanation, however, we also considered
the following possible complication. The model implicitly assumes a steady-state scenario,
whereas both simulated and actual populations deviate from steady-state dynamics. In particular,
asexual populations generally exhibit time lags before their fitness trajectories begin to increase

appreciably because they begin without any genetic variation for fitness.

To address this potential complication, we examined the change in mean fitness between 90 and
150 transfers in the experimental populations (Fig. 7). We chose 90 transfers for the earlier
timepoint because the ratio of the marked lineages had diverged, and thus measurable adaptation
was underway, in the three relevant treatments by that timepoint (Fig. 4). As before, we excluded
the populations that harboured the non-neutral mutations that caused their marker ratios to deviate
from the outset of the experiment. The average fitness increases over these 60 transfers were higher
for both the 100- and 1000-fold dilution treatments than for the 8-fold treatment (Fig. 7), although
the differences were not significant (Table S11). The slight decline in average fitness in the 8-fold
treatment is also not significant; it presumably reflects measurement error, which is unavoidable
in experimental data. In any case, there is no evidence that the fitness improvement in the 8-fold
dilution treatment would, after a slow start, overtake the gains observed in the 100- and 1000-fold

treatments.
Summary of key findings and conclusions

We performed simulations and experiments to understand how varying the dilution factor in serial-

transfer protocols affects the dynamics of adaptation in large populations of asexual organisms. In
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particular, we examined the scenario in which both the final population size reached in each
transfer cycle and the number of transfers that take place are held constant. We examined only
those cases in which the minimum population size during the transfer bottleneck was large, with
at least thousands of cells in our simulations and hundreds of thousands of cells in our experiments.
We did so because our focus in this study is on the effects of moderate bottlenecks on the dynamics
of adaptive evolution. These effects are not as well understood as those that occur during extreme
bottlenecks, which cause random mutations to accumulate with a concomitant loss of fitness over

time [11-13].

A theoretical study by Wahl et al. [4] derived the value of the periodic dilution factor, D, that
maximizes the rate of adaptive evolution in this same scenario. They demonstrated that adaptation
should be fastest at D = 7.4 (Fig. 1). A key assumption of their analysis is that beneficial mutations
that survive the periodic bottlenecks are so rare that the mutations fix individually and sequentially
in an evolving population. However, numerous experiments with microbes have shown that
beneficial mutations are common in large populations, such that many of them survive moderate
bottlenecks. In that case, concurrent lineages that possess different beneficial mutations compete

with one another, leading to the extinction of most lineages via clonal interference [23-29].

When we ran numerical simulations of evolving populations across a wide range of dilutions—
with parameters estimated from the canonical E. coli LTEE, except using a much lower rate of
beneficial mutation—we confirmed the theoretical prediction that ~8-fold dilutions produce the
highest fitness gains (Fig. 2). In these simulations, however, only a minority of the populations in
any treatment had substituted even a single beneficial mutation after 1500 transfers (Table S1).
With daily propagation in a laboratory, 1500 transfers would require over 4 years, and still most

populations would not have undergone any adaptation whatsoever.
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Using the same parameters, but with the higher rate of beneficial mutations estimated in the LTEE,
adaptation was evident within just 150 transfers across a wide range of dilution factors. Among
the ten treatments in our simulations, we saw the highest average fitness gains after 150 transfers
with 100- and 300-fold dilutions (Fig. S6). By 1500 transfers, the 100-fold treatment produced the

maximum gains by a small, but significant, margin (Fig. 3, Table S2).

In both cases, therefore, fitness gains are maximized at an intermediate dilution factor. An
intermediate optimum occurs when beneficial mutations are rare, as shown for the SSWM regime
analysed by Wahl et al. [4] and seen in our simulations with a low beneficial mutation rate (Fig.
2). An intermediate optimal value for the dilution factor also exists when beneficial mutations are
common, as shown by our simulations with a high rate of beneficial mutations (Fig. 3). However,
the optimal dilution factor shifts to a higher value when competition between multiple lineages
with different beneficial mutations is important (Fig. 3, Fig. S8). In this case, the specific location
of the optimum dilution factor also depended somewhat on whether it was defined by the average
time required for the earliest beneficial mutations to sweep through evolving populations (Table

S7) or by the average long-term fitness gains (Fig. 3).

The results of our experiment with E. coli populations are largely consistent with the simulations
that used the high rate of beneficial mutation estimated from the LTEE. However, the experiment
had lower resolution than the simulations for several reasons: fewer dilution treatments (4 versus
10); fewer populations per treatment (10 versus 100); shorter duration (150 versus 1500 transfers);
and less precise fitness estimates (owing to measurement noise). Even so, measurable adaptation
began sooner (Fig. 5) and fitness gains were larger (Fig. 7) in the 100- and 1000-fold dilution

treatments than in the 8-fold treatment, consistent with the simulations.
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There was, however, one noteworthy discrepancy between the experiment and simulations: namely,
the experimental populations subjected to 2-fold dilutions evolved increased fitness earlier (Fig.
4) and to a greater extent (Fig. 6) than did the corresponding simulated populations (Fig. 3, Fig.
S6). The simulations assume that genotypes vary only in their exponential growth rates, such that
the fitness of any evolved genotype relative to the ancestor (expressed as the ratio of the growth
rates) is the same when measured in competition at different dilution factors. However, the bacteria
that evolved in the 2-fold treatment had much higher fitness when competed against the ancestor
using 2-fold dilutions than when using 100-fold dilutions (Fig. 6A). Thus, the assumption that
fitness gains involved only changes in the exponential growth rate was violated when the bacteria
evolved in the 2-fold dilution treatment. By contrast, our results are largely consistent with the
assumption that selection favoured faster exponential growth for the bacteria that evolved at higher

dilutions (Fig. 6).
Future directions

Our results show that the effect of periodic bottlenecks on the dynamics of adaptation in large
asexual populations involves a trade-off between the loss of genetic diversity, which is exacerbated
by more severe bottlenecks, and the rate of spread of surviving beneficial mutations, which is
enhanced by having more generations between severe bottlenecks. However, several interesting
questions remain for future work. In terms of our experiment with bacteria, we would like to
understand why the effects of selection were so different in the 2-fold dilution treatment from the
other treatments. In the 8-, 100-, and 1000-fold treatments, our results were largely consistent with
simple selection for faster growth. In the 2-fold treatment, selection evidently favoured other traits.
For example, the bacteria might have evolved a shorter lag phase before starting to grow after each

transfer [18]; or they might tolerate and even exploit secreted metabolites [46], which would be
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especially important in an environment where half the medium is carried over with each transfer.
Whole-genome sequencing of the bacteria might reveal how the genetic targets of selection differ
between the 2-fold and other dilution treatments [47], which in turn could provide insights into the

phenotypic traits under selection.

In terms of theory, numerical simulations can guide future efforts to identify the dilution factor
that maximizes adaptation under a broader set of conditions than those considered by Wahl et al.
[4] or our own study. Further development of a more general theory might enable one to examine
the sensitivity of the optimal dilution factor and the resulting rate of adaptation to other potentially
relevant parameters, including the rate of deleterious mutations. Like the theory of Wahl et al., we
ignored deleterious mutations in our simulations. We did so because the mutation rate in E. coli
with functional DNA repair is extremely low. From the rate of accumulation of synonymous
mutations in the LTEE, the point-mutation rate has been estimated as ~107!° per bp per generation
[34]. With a genome of ~5 x 10° bp, this rate implies <0.001 mutations per genome replication,
and many of them will be neutral rather than deleterious. The rates of other types of mutations,
including insertions and deletions, are less certain, but mutation-accumulation experiments show
that the genome-wide rate of all deleterious mutations is very low [11, 13]. However, six of the
twelve LTEE lines evolved hypermutability that increased their point-mutation rates by ~100-fold
[13, 15, 43], although some of them later evolved compensatory changes that reduced the elevated
rate [13, 15, 48]. Moreover, as the LTEE goes forward, the rate of adaptive evolution should
continue to slow owing to pervasive diminishing-returns epistasis [ 14]. With higher mutation rates
and reduced effect-sizes of beneficial mutations, deleterious mutations may become important for
understanding the dynamics of adaptive evolution in the LTEE. More generally, deleterious

mutations are undoubtedly important in some other evolution experiments, such as with highly
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mutable RNA viruses or when imposing extreme bottlenecks that can allow some deleterious
mutations to fix. Therefore, it will be interesting to perform simulations and extend existing theory
[49] to investigate the combined effects of deleterious and beneficial mutations on the dynamics
of adaptive evolution in large asexual populations that harbour lineages with multiple beneficial
and deleterious mutations, and which are subject to periodic bottlenecks. For example, such work
might be used to predict the dilution factor that balances adaptive and maladaptive evolution. Mean
fitness generally rises in large populations that experience moderate bottlenecks, as seen in the
LTEE, but it tends to decline in populations subject to extreme (e.g., single cell) bottlenecks, as in
mutation-accumulation experiments [11, 13]. Thus, there presumably exists some intermediate
bottleneck size where fitness gains and losses tend to offset one another, albeit with stochastic
fluctuations in any given population. Identifying and then experimentally probing that quasi-

equilibrium are worthwhile goals for future research.

MATERIALS AND METHODS

Computer simulations

We wrote a program called STEPS—for Serially Transferred Evolving Population Simulator—to
simulate mean fitness and marker-ratio trajectories. The program tracks unique lineages, each
defined by one or more mutations, in a population propagated by serial transfers. The STEPS
program takes the following parameters as inputs: final population size after growth has exhausted
the limiting resource (Ny), dilution factor (D), beneficial mutation rate (xz), mean effect size of
beneficial mutations in the ancestor (so), and strength of diminishing-returns epistasis (g). Each
population starts with an initial size of Ny/ D that is split between two equally abundant founding

lineages that differ only by a neutral marker. Beneficial mutations are introduced at random as the
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population grows, thereby generating new lineages that are tracked over time. The size of each
benefit is drawn from an exponential distribution, with the expected benefit declining as a lineage’s
fitness increases. The lineages grow exponentially according to their relative fitness values.
Growth continues until the total population reaches its final size. At that point, the population’s
mean fitness is recorded along with the ratio of the two markers. The population is then
bottlenecked by the specified dilution factor, with survivors determined by randomly sampling the
lineages. In all simulations, we used Ny= 5.0 x 108, as estimated by Lenski et al. [3] for the ancestral
strain in the LTEE environment. For simulations in the strong-selection, strong-mutation (SSSM)
regime, we used the following parameters estimated from the LTEE by Wiser et al. [14]: uz = 1.7
x 1075, 5o = 0.012, and g = 6.0. We used the same parameters for the strong-selection, weak-
mutation (SSWM) regime except with uz = 1.0 x 107!\, We provide further details regarding
implementation of the simulations in the Supplemental Text.

Evolution experiment and dilution treatments

We isolated 12 clones as single colonies from freezer stocks of each of two E. coli strains, REL606
(Ara") and REL607 (Ara"). The clones were incubated in Luria-Bertani broth for 24 h in a shaking
incubator at 37°C and 120 rpm, then diluted 10,000-fold in Davis minimal medium supplemented
with 25 pg/mL glucose (DM25) and incubated for another 24 h in the same conditions. On day 0
of the evolution experiment, we mixed one Ara™ isolate and one Ara® isolate equally to make 12
cultures. These mixed cultures were transferred to test-tubes with fresh DM25 medium using four
dilution treatments. For the 2-fold treatment, we transferred 5 mL of each mixed culture into 5 mL
of DM25. For the 8-fold treatment, we transferred 1.25 mL of each culture into 8.75 mL of DM25.
For the 100-fold treatment, we transferred 0.1 mL into 9.9 mL of DM25. For the 1000-fold

treatment, we diluted a portion of each mixed culture 10-fold in saline solution and then transferred
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0.1 mL into 9.9 mL of DM25. By using the same culture volume and resource concentration, the
bacteria reached the same final population size in all four treatments. However, the number of
generations (doublings) varied with the treatment, such that the bacteria underwent 1, 3, ~6.6, or
~10 generations per daily transfer cycle. We incubated the 48 populations for 24 h in a standing
incubator at 37°C and transferred them daily following the same dilution protocols for 150 days.
Every 15 days, we froze samples of each population at —80°C with glycerol as a cryoprotectant
(13.3% v/v final concentration).

Marker divergence analysis

During the evolution experiment, we diluted and spread cells from each population on tetrazolium
arabinose (TA) indicator agar plates on days 0, 1, 3, and every 3 days thereafter for the first 90
days to track the ratio of the Ara™ and Ara® lineages. Most of the populations in the 1000-fold
dilution treatment had fixed one of the marker states by day 90, and we subsequently plated them
only every 15 days. Similarly, we plated the populations in the 100-fold treatment every 15 days
from day 120 onward.

Fitness measurements

We sampled clones from each population after 90 and 150 transfers (Table S12). The clones
sampled after 150 transfers were taken from the numerically dominant marked lineage at that point.
We used clones sampled after 90 transfers from the same marked lineage to avoid confusion while
performing competition assays; in most cases, the same lineage was dominant at both time points.
These clones competed against the ancestral strain with the opposite marker state, which allowed
us to enumerate them by plating on TA agar. Our methods were the same as described elsewhere
for the LTEE [3, 14, 16, 31, 42] except in three respects: (i) the competition assays were performed

in static test-tubes (the same as in our evolution experiment), rather than in shaken flasks; (ii) the
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volume of the inoculum and the dilution factor varied, as described above and indicated for the
reported assays; and (iii) the competitions ran for multiple days, with daily dilutions, in order to
estimate small fitness differences with greater precision. Specifically, we ran competitions with 2-
fold dilutions for 12 days (12 generations), with 8-fold dilutions for 6 days (18 generations), and
with 100-fold and 1000-fold dilutions for 2 days (~13.3 and ~20 generations, respectively). We
then calculated relative fitness as the ratio of the realized (i.e., net) growth rate of the evolved
competitor to that of its ancestral counterpart during the competition: W= In (D" x E¢/ E;) / In (D"
x Ar/ A;), where D is the dilution factor, n is the number of transfers (i.e., the duration of the assay
minus 1), E; and Erare the initial and final densities of the evolved competitor, and 4; and Ay are
the corresponding densities of the ancestor.

Statistical analyses

We performed all the statistical analyses using the referenced tests in R version 4.3.2. All the data
and analysis scripts used in this study will become available in the Dryad Digital Repository upon

acceptance (doi: 10.5061/dryad.8cz8w9grx).
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Fig. 1. Effect of varying the dilution factor, D, on the number of surviving beneficial mutations per
transfer (relative scale) in asexual populations propagated via periodic serial transfers. The
maximum occurs at D = e?=7.39 (i.e., log2 D = 2.89), as shown by Wahl et al. (4).
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Fig. 2. Simulations showing trajectories of relative fitness for populations evolving under a strong
selection, weak mutation (SSWM) regime with dilution factors, D, ranging from 2-fold to 10°-fold.
Each trajectory shows the grand mean fitness based on 10,000 runs for 1500 transfer events.
Individual runs for D =2, 8, 100, and 1000 are shown in Fig. S4. See text for details.
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Fig. 3. Extended simulations showing trajectories of relative fitness for populations evolving
under the strong selection, strong mutation (SSSM) regime with dilution factors, D, ranging from
2-fold to 10°-fold. Each trajectory shows the grand mean fitness based on 100 runs for 1500
transfer events. Individual runs are shown in Figs. S5 and S7.
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Fig. 4. Trajectories of the relative abundance of two marked lineages in 12 E. coli populations evolving
in each of 4 dilution treatments for 150 daily transfers. With a neutral marker, the ratio remains
essentially constant until a beneficial mutation sweeps through one of the marked lineages. Two
populations (gray and mauve lines) in each regime were founded by the same pair of clones that had
inadvertently acquired non-neutral mutations; they were excluded from all subsequent analyses. Note
the logz-transformed scale for the marker ratio.

38



150

100

o1
Q
q

Time to divergence (transfers)

E =

2 8 100 1000
Dilution factor

Fig. 5. Time to divergence, TD, of the marker ratio in populations propagated under different
dilution treatments. For each population, TD is defined as the time of the first sample when the
ratio of the neutrally marked lineages deviated from unity by two-fold in either direction, based
on counts made every third day. Black and gray symbols show means and replicate assays,
respectively; error bars are 95% confidence intervals. See text for details and Table S5 for
statistical analysis.
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Fig. 6. Comparisons of fitness measured in the evolved and common environments for bacteria
propagated by 2-fold (A), 8-fold (B), 100-fold (C), and 1000-fold (D) dilutions for 150 days. In the
evolved environment, bacteria sampled at day 150 competed against a marked ancestor in the
same dilution treatment where they had evolved. In the common environment, competition
assays were performed using 100-fold dilutions, regardless of the evolutionary treatment. Dashed
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lines show the expectation if fitness values are equal in the two environments.
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Fig. 7. Relative fitness measured after 90 and 150 transfers for bacteria that evolved in the 8-fold,
100-fold, and 1000-fold dilution treatments. Error bars show 95% confidence intervals based on
10 replicate populations in each treatment.

41



