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            Abstract
Evolution of large asexual cell populations underlies âˆ¼30% 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 allowed us to monitor the relative frequencies of âˆ¼500,000 lineages simultaneously. In contrast to some expectations, we found 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.
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                    Figure 1: Lineage tracking with random barcodes.


Figure 2: Inferring the fitnesses and establishment times from lineage trajectories.


Figure 3: Fitness effects, establishment times, and population dynamics.


Figure 4: The need for high frequency resolution.
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Extended data figures and tables

Extended Data Figure 1 Total population size over time.
A single ancestral cell is grown for âˆ¼32 generations to âˆ¼1010 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 before barcoding can be sampled into both replicates.


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 âˆ¼100 Â± 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 Ï„ 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).

                          Source data
                        


Extended Data Figure 3 Fitness effects and establishment times for replicate E2.
a, Scatter plot of Ï„ and s of all âˆ¼14,000 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 âˆ¼1/s generations. Inset, the spectrum of mutation rates, Î¼(s), as a function of fitness effect, s inferred from mutations that likely occurred after t = 0 (Supplementary Information section 10.2). The y axis is the mutation rate density, so the mutation rate to a range, Î”s, is obtained by multiplying this by Î”s. The total beneficial mutation rate to s > 5% is inferred to be âˆ¼1 Ã— 10âˆ’6 and is consistent across replicates. The observed spectrum is not exponential (grey 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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The dynamics underlying the evolution of large asexual cell populations such as bacteria, fungi, parasites and cancers remain poorly understood because they involve many competing lineages. To study these dynamics, Sasha Levy et al. have constructed a sequencing-based ultra high-resolution lineage tracking system in the yeast Saccharomyces cerevisiae and use it to monitor the relative frequencies of approximately 500,000 lineages simultaneously. They find that although individual mutations occur at random, the early dynamics of the population as a whole is a predictable outcome of the population size and the distribution of mutation rates to each fitness effect, and is strikingly reproducible.
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