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Summary

Evolution of large asexual cell populations underlies ~30% of deaths worldwide, including those 

caused by bacteria, fungi, parasites, and cancer. However, the dynamics underlying these 

evolutionary processes remain poorly understood because they involve many competing beneficial 

lineages, most of which never rise above extremely low frequencies in the population. To observe 

these normally hidden evolutionary dynamics, we constructed a sequencing-based ultra high-

resolution lineage tracking system in Saccharomyces cerevisiae that allows us to monitor the 

relative frequencies of ~500,000 lineages simultaneously. In contrast with some expectations, we 

find that the spectrum of fitness effects of beneficial mutations is neither exponential nor 

monotonic. Early adaptation is a predictable consequence of this spectrum and is strikingly 

reproducible, but the initial small-effect mutations are soon outcompeted by rarer large-effect 

mutations that result in variability between replicates. These results suggest that early evolutionary 

dynamics may be deterministic for a period of time before stochastic effects become important.

Introduction

A major focus of biomedical research has been to identify mutations responsible for 

increased pathogenicity, cancer progression, or drug resistance in large evolving asexual cell 

populations1–12. Yet, even characterizing all mutations underlying a disease is not sufficient 
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to understand its progression. Rather, a quantitative understanding of the evolutionary 

dynamics is necessary to determine which adaptive mutations contribute significantly to 

driving the population fitness higher, and which are serendipitous or inconsequential. 

Mutations identified through genome sequencing are likely to constitute only the “tip of the 

iceberg”, with many beneficial mutations that impact the evolutionary dynamics never rising 

above extremely low frequencies13,14.

A lineage trajectory, the size of a small subpopulation of cells over time, can be used to 

discover a beneficial mutation present at an extremely low frequency, and to measure its 

time of occurrence and selective advantage (Figure 1A)1,15–18. A lineage increasing in size 

faster than can be explained by stochastic drift indicates that a beneficial mutation has 

occurred and risen to a high enough frequency to grow almost deterministically (i.e. it has 

“established”). Most beneficial mutations will drift to extinction before establishing (SM 4.1 

and 4.4). For those that do establish, the exponential rate at which a lineage grows is a 

measure of the fitness effect (s) of the mutation. Extrapolating back the exponential growth, 

the establishment time (τ) can be inferred: this is a rough estimate of when the mutation 

occurred19 (SM 4.1 and 4.2). A systematic characterization of the distributions of s and τ for 

beneficial mutations has been lacking, although these are fundamental to the evolutionary 

dynamics of large populations20.

The major experimental challenge is developing a method to quantitatively measure the 

trajectories of large numbers of small lineages. Large lineages will accumulate multiple 

beneficial mutations contemporaneously, confounding measurements of s and τ (Figure 1A, 

multiple mutations, SM 4.5). Small lineages are unlikely to acquire a beneficial mutation at 

all, so many trajectories must be observed to characterize the distributions of s and τ. DNA 

barcodes offer a powerful way to simultaneously track multiple lineages21–23, yet technical 

barriers have limited the number of barcodes that can be inserted into cells24. Here we 

constructed a system capable of inserting ~500,000 random DNA barcodes into an initially 

clonal yeast population. Using this system in populations of ~108 cells growing in a defined 

glucose-limited minimal medium, we identify ~25,000 lineages that gain a beneficial 

mutation within ~168 generations, measure s and τ for each, and determine the spectrum of 

mutation rates to each fitness effect. This spectrum results in a deterministic increase in the 

mean population fitness early, with stochastic events governing its trajectory later.

Results

We generated yeast lineages by inserting a random 20-nucleotide barcode at a single 

location in the genome (Figure 1B, SM 1.3). To achieve a large number of integration 

events, we inserted a “landing pad” into a neutral location in the yeast genome that allows 

for high-frequency, site-specific genomic integration of plasmids via the Cre-loxP 

recombination system25,26. A plasmid library containing ~500,000 random barcodes was 

inserted into the genome at the landing pad. Barcoding requires ~48 generations of growth 

from a common ancestor (Extended Data 1). Adaptive mutations begin to occur during this 

initial growth and can be carried forward into the evolution.
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The same barcoded yeast library was evolved in replicate experiments (E1 and E2) for ~168 

generations in serial batch culture, diluting 1:250 every ~8 generations, with bottleneck 

population size of ~7×107 (Extended Data 1, SM 4.4). To count the relative frequency of 

each lineage across time, we isolated genomic DNA from the pooled population, amplified 

lineage tags using a 2-step PCR protocol, and sequenced amplicons (Figure 1B, SM 1.5, 

5.2).

Plotting the relative frequency of each barcode over ~168 generations shows a reproducible 

pattern of population dynamics across replicates (Figure 2A and Extended Data 2A). Most 

lineages decline in frequency (blue lines, neutral lineages), but a modest fraction (~5%, see 

below) have acquired a beneficial mutation that established (red lines, adaptive lineages). At 

later time points, the growth of adaptive lineages attenuates as the population mean fitness 

increases (clonal interference)27.

To calculate the probability that a lineage contains an adaptive mutation, one must 

differentiate between a trajectory that increases due to an adaptive event from one that 

increases due to genetic drift and measurement errors. Because either scenario is rare, the 

right-hand tail of the distribution of read numbers is particularly important. Thus, we 

characterized the full distribution of noise that results from drift and sampling errors due to 

DNA isolation, amplification and sequencing, (black curve, Extended Data 2B, SM 5). The 

decline in frequency of neutral lineages is used to infer the increase in mean fitness of the 

population4 (Figure 2A and Extended Data 2A and 2B).

Using our estimates of noise and the mean fitness, we calculate the probability that a 

trajectory is explained by a mutation with fitness effect, s, having an establishment time, τ, 

over a broad range of s and τ (under a uniform prior in τ and an exponential prior in s, 

Extended Data 2C). If this exceeds the probability that no beneficial mutation occurs, we 

define the lineage as adaptive, with the peak of the probability our best estimate of s and τ 

(SM 7). Estimates of s and τ for each adaptive lineage are combined to calculate a second 

measurement of the increase in mean fitness (Figure 2A and Extended Data 2A, insets). Our 

two methods to infer mean fitness agree, indicating that most lineages driving the mean 

fitness have been detected. Uncertainties in s and τ depend on the specific lineage trajectory; 

however, they are generally low (Δs ± 0.5%, Δτ ± 10 generations, SM 7.7).

To validate estimates of s and τ, we first analyzed a simulated data set with comparable 

levels of noise to our experiment (SM 12). We find a strong correlation between the known 

and inferred values for both s (R2 = 0.88 in Figure 2B) and τ (R2 = 0.93 in Figure 2C). 

Second, we picked 33 clones from generation 88 that belong to different adaptive lineages 

and performed pairwise competitive fitness assays on each (SM 2). We find a strong 

correlation between these two methods (R2 = 0.81, Figure 2D). Outliers (lightened data 

points) are likely due to a neutral cell being sampled from a lineage containing mostly 

adaptive cells. Other deviations could be due to interactions between adaptive lineages (i.e. 

frequency dependent fitness) or to multiple mutations on the same genome (SM 8).

In total, ~25,000 beneficial mutations with a fitness effect of >2% established before 

generation 112 in E1 (Figure 3A), a number that is roughly consistent with E2 (Extended 
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Data Figure 3A) and simulated data (Figure S44, S45, SM 12). Adaptation occurs quickly: 

by generation 112 the population mean fitness is over 5% higher than the ancestor, with 

some lineages having a fitness advantage of >10%. E1 and E2 share 48 generations of 

common growth. During this time, ~6,000 lineages acquire a beneficial mutation that is 

sampled into, and establishes in, both replicates (Figure 3A and Extended Data Figure 3A, 

purple circles). We define these mutations as “pre-existing”: their presence is not an artifact 

of our experiment, but a general expectation for large populations grown from a single cell.

Beneficial mutation rates

To estimate the spectrum of beneficial mutation rates in the serial batch conditions, we 

consider only lineages that are identified as adaptive in one replicate but not the other (i.e. 

are unlikely to contain mutations that occurred before barcoding, SM9 and 10). Analyzing 

the total number of cells with each s yields the best estimate of the mutation rate spectrum 

(Figure 3A and Extended Data 3A, insets, and SM 11.1). These estimates are worse for 

fitness effects that have only occurred a few times. We find that beneficial mutations with 

s>5% occur at a rate of ~1×10−6 /cell /generation (SM 11.2, Figure 3A and Extended Data 

3A, insets), a rate that is consistent across replicates. Using a fluctuation test28,29, we find 

that the ancestor to our barcoded strains has a spontaneous mutation rate in non-repeat 

regions of ~4×10−10 per nucleotide per generation (SM 1.7)30,31. This implies that mutations 

in ~0.04% of the genome, ~5,000 bases, confer beneficial fitness effects of >5%. This target 

size is broadly consistent with previous reports32,33, although it will certainly depend on the 

selective conditions. The beneficial mutation rate includes all events that have a heritable 

effect on fitness, and could include point mutations, indels, large genomic rearrangements or 

duplications, whole genome duplications, and possibly even heritable epigenetic 

modifications. Reported beneficial mutation rates depend on the range of fitness effects that 

can establish and be detected. For example, if we include lower fitness effect mutations that 

are mostly pre-existing (2%<s< 5%), we find a beneficial mutation rate that is ~50x higher. 

However, as we discuss below, the total beneficial mutation rate is not necessary for a 

predictive understanding of the evolutionary dynamics. Instead, knowledge of the rate of 

mutation to the range of fitness effects that drive the dynamics is what is needed.

Spectrum of mutation rates as a function of fitness effect

Several authors have used extreme value theory to predict that the spectrum of beneficial 

mutation rates is exponential34,35, with some experiments that sample small numbers of 

beneficial mutations supporting17,36,37 or contradicting38 this prediction. We do not find 

support for an exponential or even a monotonically decreasing distribution. Rather, most 

mutations we observe are confined to a narrow range of fitness effects (2%<s<5%). At 

larger fitnesses, the distribution is relatively flat with two slight peaks in the fitness ranges 

7–8% and 10–11%, a feature that is consistent across replicates (Figure Figure 3A and 

Extended Data 3A, insets). Mutation rates to these two peaks are consistent with genomic 

target sizes of loss-of-function mutations for a single gene (~300 bases31); these have 

previously been shown to be adaptive in yeast grown in simple environments1,3,4,39. Weaker 

effect mutations (s < 2%), which are hard to detect because they are rapidly outcompeted 

before establishing, do not occur at high enough rates to impact the population dynamics 

(SM 9.3).

Levy et al. Page 4

Nature. Author manuscript; available in PMC 2015 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Distribution of establishment times, τ

For mutations that establish τ roughly corresponds to the time at which a beneficial mutation 

occurred, with an uncertainty of a few times 1/s due to variability in initial stochastic drift 

(SM 4.1). Establishment times are broadly distributed (−90<τ< 48). Lineages containing 

beneficial mutations with very negative τ (-90<τ<-40) are usually identified as adaptive in 

both replicates (Figure 3A and Extended Data Figure 3A, purple). Establishment times as 

negative as −90 generations are expected39 because of beneficial mutations that occur during 

the period of common growth (t<0, SM 10.1). Indeed the number of pre-existing beneficial 

mutations is broadly consistent with the beneficial mutation rate we infer (SM 10). We 

observe very few mutations with τ>48 for reasons we now discuss.

A beneficial mutation with a fitness effect s, that occurs in generation t will typically take 

another ~ 1/s generations to reach a size large enough to grow exponentially19. If before this 

time the mean fitness has increased by more than s, the mutation will decline in frequency 

and never grow exponentially. Thus, there is a time limit after which a beneficial mutation 

that occurs is unlikely to establish (Figure 3A and Extended Data 3A larger dashed lines). 

This time limit is shorter for smaller s for two reasons: (i) small s mutations must drift to 

higher numbers in order to establish, and (ii) the mean fitness of the population surpasses its 

fitness advantage in a shorter time. A mutation with s < 2% is therefore extremely unlikely 

to establish because this limit is reached quickly. Thus, a fundamental lower limit on which 

fitness-effects can establish emerges from the population dynamics.

In addition to establishing, beneficial mutations in our assay must also grow to a large 

enough number to be detectable above the number of neutral (ancestral) cells remaining in 

its lineage. This shortens the time window in which a beneficial mutation must occur to be 

observed (Figures 3A and Extended Data 3A, smaller dashed lines, SM 9). Beneficial 

mutations we are unable to detect (those occurring close to, or after, the time limit) never 

reach sizes much above their establishment number (1/s), are rapidly outcompeted, and 

typically go extinct. Such mutations are unlikely to have a significant impact on the 

population dynamics. Deleterious mutations are largely irrelevant here: given the mean 

fitness increases by a few percent in ~80 generations, a deleterious mutation will not rise to 

high frequency unless it occurs contemporaneously in a cell with a large beneficial mutation, 

and even then is unlikely to reach high frequencies40.

Overall population dynamics

Plotting the fitness distribution of all adaptive cells over time reveals that massive clonal 

interference underlies the population dynamics (Figure 3B and Extended Data 3B). Many 

beneficial mutations (~20,000 observed in E1, ~11,000 observed in E2) of small s 
(2%<s<5%, the “low fitness class”) drive the mean fitness early (t<72), but begin to be 

outcompeted by cells with larger s (~10%) that stem from fewer beneficial mutations 

(~5,000 in E1 and ~3,000 in E2). For the first ~80 generations the mean fitness trajectory in 

both replicates is strikingly similar (grey curtain, Figure 3B and Extended Data 3B and SM 

6.5). However, by ~112 generations, the mean fitness is being driven by ~100 of the most 

beneficial mutations (s>10%). Because mutations to these higher fitness effects are rare, 

they display stochastic establishment times that lead to differences in the mean fitness 
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between the two replicates at late times (SM 6.5). In E2, these higher fitness mutations 

happen to establish earlier, contributing to a quicker decline in the low fitness class, and 

fewer observed adaptive lineages overall. By generation ~132, we observe that the low 

fitness class has shrunk to a small fraction of the population. This, however, does not mean 

that cells in this class are inconsequential: they prevent mutations with even smaller s from 

establishing. Because they are so numerous early in the evolution, some cells in this class 

are likely to accumulate additional beneficial mutations whose expansion could enable them 

to eventually outcompete cells that initially acquired higher s mutations.

Fitness effects that drive the early evolutionary dynamics in this large population are a 

predictable consequence of the population size and spectrum of mutation rates. The range of 

s at the highest frequency at time t (those that are dominating the increase in mean fitness) 

are those that maximize st + log(µ(s)), with µ(s) being the mutation rate to s (SM, 11.1). That 

is, the most important fitness effects at a given time are determined by a balance between 

being sufficiently probable to have established multiple times and sufficiently fit to have 

grown to large cell numbers.

Adaptive lineages that accumulate an additional beneficial mutation in a cell with an 

existing beneficial mutation (double mutants), can impact the dynamics. However, double 

mutants are rare before ~168 generations because most single mutants are not yet present at 

high enough cell numbers to acquire a second mutation that establishes. We estimate that 

fewer than ~50 of the inferred values of s and τ are impacted by double mutants (~0.2% of 

all adaptive lineages, SM 4.5). Ecological changes in the environment caused by mutants 

can result in frequency-dependent selection and impact the evolutionary dynamics. But, over 

the time range used to infer fitnesses (up to ~100 generations) our observations are 

consistent with the simplifying assumption that beneficial mutations have frequency-

independent fitness effects and thus subpopulations only interact via competition against the 

mean fitness (Figure 2A and Extended Data 2A, insets).

Discussion

Tracking a large number of small lineages provides a granular view of evolutionary 

dynamics that is not possible by other methods1–3. By focusing on sequencing just 0.002% 

of the genome, we gain almost five orders of magnitude in frequency resolution over 

genome sequencing approaches. This enables us to identify tens of thousands of independent 

beneficial mutations, some of which never reach frequencies above ~10−5. By contrast, our 

previous population sequencing approach, which detected mutations at frequencies above 

~1%1, would have identified only ~15 adaptive lineages in this study (Figure 4, SM 9.4). 

Furthermore, barcode tracking yields estimates of the fitness effects and occurrence times 

for all changes that convey substantial fitness advantage, whether or not they are amenable 

to being identified via genome sequencing.

Our results show that in an asexually evolving population of ~108 cells, a large number of 

independent beneficial mutations drive adaptation. While individually each mutation is rare 

and occurs stochastically, collectively they have a predictable impact on the population 

dynamics. In large populations therefore, the early evolutionary dynamics is almost 
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deterministic: it only becomes stochastic when mutations so rare that they have occurred 

only a handful of times, or multiple mutations on the same genome, expand to an 

appreciable fraction of the population. Mutations with certain fitness effects play a far more 

important role in driving the dynamics than others, resulting in a subtle interplay between 

deterministic and stochastic effects.

High-resolution lineage tracking is a powerful tool to study many questions important to 

evolution. Using this system across many environmental regimes, perhaps for longer periods 

of time than in this work, the relationships between adaptation rate, environment, and 

ecology could be quantitatively studied. A potential limitation of lineage tracking is that 

barcode diversity will always diminish over time. However, the possibility of adding 

barcodes at different times over the course of an evolution could provide a means to 

overcome this.

Cancer and microbial infections can have population sizes up to ~1012 cells in a single 

individual, suggesting that massive clonal interference and complex population dynamics 

are likely to characterize disease progression and drug resistance41–44. While mutations that 

rise to high frequencies are often emphasized, much larger numbers of low frequency 

mutations could be at least as important for disease progression or drug resistance. To study 

these low-frequency mutations, barcode tracking could be implemented in pathogenic 

microbes, cancer cell lines, or even animal tumor models45–48. Indeed, lineage tracking has 

the potential to identify the treatment regimes that most effectively slow the rate of 

adaptation. By randomly picking clones and sequencing their barcodes, one can cheaply 

identify many clones belonging to independent adaptive lineages. By sequencing the 

genomes of these clones, the mutational determinants for a broad range of beneficial fitness 

effects can be discovered. In combination with whole genome sequencing, lineage tracking 

therefore offers a powerful method by which to characterize the mutational spectrum 

underlying evolution, disease progression and drug resistance.

Extended Data

Extended Data Figure 1. Total population size over time
A single ancestral cell is grown for ~32 generations to ~1010 cells before barcodes are 

inserted. Cells that incorporate a barcode are grown for another 16 generations. The 

population is then divided into two replicates (E1 and E2) at t=0. Beneficial mutations that 

occurred prior to barcoding can be sampled into both replicates.
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Extended Data Figure 2. Inferring the fitnesses and establishment times from lineage trajectories
(a) Selected lineage trajectories and the mean fitness trajectory from replicate E2. (b) The 

distribution of lineage sizes over time, for lineages that begin with ~100+/− 2 cells (vertical 

line). Adaptive lineages (red) begin to expand above the neutral expectation (black curve) 

and push neutral lineages to lower cell numbers (blue). (c) The posterior probability 

distribution over s and τ for an adaptive lineage in E2 (d) The measured trajectory of this 

lineage in E1 (unadaptive, blue circles) and E2 (adaptive, red circles) compared with the 

predicted trajectory with largest probability in E1 (blue line) and E2 (red line).
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Extended Data Figure 3. Fitness effects and establishment times for replicate E2
(a) Scatter plot of τ and s of all ~14,000 beneficial mutations (circles) identified in E2. 

Circle area represents the size of the lineage at generation 88. Purple circles indicate 

lineages with mutations that occurred in the period of common growth (t < 0) that were 

sampled into, and established in, E1 and E2. Green circles indicate lineages that were 

identified as adaptive in only one replicate and likely contain mutations that arose after t=0. 

Lines indicate the time limits before which mutations must occur in order to establish (large 

dash) or be observed (small dash). These limits trail the mean fitness (solid line) by ~1/s 
generations. (Inset) The spectrum of mutation rates, µ(s), as a function of fitness effect, s 
inferred from mutations that likely occurred after t=0 (SM 10.2). The y-axis is the mutation 

rate density, so the mutation rate to a range, Δs, is obtained by multiplying this by Δs. The 

total beneficial mutation rate to s>5% is inferred to be ~1 × 10−6 and is consistent across 

replicates. The observed spectrum is not exponential (gray line, with the error range shaded) 

(b) The distribution of the number of adaptive cells binned by their fitness over time. As the 

mean fitness (grey curtain) surpasses the fitness of a subpopulation, cells with that fitness 

begin to decline in frequency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Typical lineage trajectories. A small lineage that does not acquire a beneficial mutation 

(neutral, blue) will fluctuate in size due to drift before eventually being outcompeted. 

Rarely, a lineage will acquire a beneficial mutation (star) with a fitness effect of s (adaptive, 

red). In most cases, this beneficial mutation is lost to drift. If the beneficial mutants drift to a 

size >~1/s (lower dotted horizontal line), the lineage will begin to grow exponentially at a 

rate s. Extrapolating the exponential growth to the time at which the mutation is inferred to 

have reach a size ~1/s yields the establishment time (τ, dashed vertical line) which roughly 
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corresponds to the time when the mutation occurred with an uncertainty of ~1/s. At sizes > 

~1/Ub (upper dotted horizontal line), where Ub is the total beneficial mutation rate, the 

lineage will acquire additional beneficial mutations. (b) Lineage tracking with random 
barcodes. Left. Sequences containing random 20 nucleotide barcodes (colors) are inserted 

first into a plasmid and then into a specific location in the genome. Bottom. Recombination 

between two partially crippled loxP sites (loxP*) integrates the plasmid into the genome and 

completes a URA3 selectable marker, resulting in one functional and one crippled loxP site 

(loxP**). The URA3 marker is interrupted by an artificial intron containing the barcode. 

Right. To measure relative fitness, cells are passed through growth-bottleneck cycles of ~8 

generations. Before each bottleneck, genomic DNA is extracted, lineage barcode tags are 

amplified using a two-step PCR protocol, and amplicons are sequenced. By inserting unique 

molecular identifiers49 (also short random barcodes, grey bars) in early cycles of the PCR, 

PCR duplicates of the same template molecule (purple) are detected49,50.
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Figure 2. Inferring the fitnesses and establishment times from lineage trajectories
(a) Selected lineage trajectories from E1 colored according to the probability that they 

contain an established beneficial mutation. The decline of adaptive lineages at later times is 

caused by the increase of the population mean fitness (Inset). The population mean fitness is 

inferred from both the decline of neutral lineages (blue circles) and the growth of beneficial 

lineages (red line, SM 6.2). Shading indicates the error in mean fitness. The inferred 

fitnesses (b) and establishment times (c) from analysis of simulated trajectories correlate 

strongly with the known simulated values. (d) Scatter plot of the fitness of 33 clones picked 

from E2 at generation 88 inferred by sequencing and pairwise competition (coloring as in 

(a), with outliers lightened and excluded from correlation). Error bars are 1 standard 

deviation.
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Figure 3. Fitness effects, establishment times, and population dynamics
(a) Scatter plot of τ and s of all ~25,000 beneficial mutations (circles) identified in E1. 

Circle area represents the size of the lineage at generation 88. Purple circles indicate 

lineages with mutations that occurred in the period of common growth (t < 0) that were 

sampled into, and established in, E1 and E2. Green circles indicate lineages that were 

identified as adaptive in only one replicate and likely contain mutations that arose after t=0. 

Lines indicate the time limits before which mutations must occur in order to establish (large 

dash) or be observed (small dash). These limits trail the mean fitness (solid line) by ~1/s 
generations. (Inset) The spectrum of mutation rates, µ(s), as a function of fitness effect, s 
inferred from mutations that likely occurred after t=0 (SM 10.2). The y-axis is the mutation 

rate density, so the mutation rate to a range, Δs, is obtained by multiplying this by Δs. The 

total beneficial mutation rate to s>5% is inferred to be ~1 × 10−6 and is consistent across 

replicates. The observed spectrum is not exponential (gray line, with the error range shaded) 

(b) The distribution of the number of adaptive cells binned by their fitness over time. As the 

mean fitness (grey curtain) surpasses the fitness of a subpopulation, cells with that fitness 

begin to decline in frequency.
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Figure 4. The need for high frequency resolution
The fitness spectrum of adaptive lineages that could be identified at different frequency 

resolution thresholds.
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