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            Abstract
In rapidly adapting asexual populations, including many microbial pathogens and viruses, numerous mutant lineages often compete for dominance within the population1,2,3,4,5. These complex evolutionary dynamics determine the outcomes of adaptation, but have been difficult to observe directly. Previous studies have used whole-genome sequencing to follow molecular adaptation6,7,8,9,10; however, these methods have limited resolution in microbial populations. Here we introduce a renewable barcoding system to observe evolutionary dynamics at high resolution in laboratory budding yeast. We find nested patterns of interference and hitchhiking even at low frequencies. These events are driven by the continuous appearance of new mutations that modify the fates of existing lineages before they reach substantial frequencies. We observe how the distribution of fitness within the population changes over time, and find a travelling wave of adaptation that has been predicted by theory11,12,13,14,15,16,17. We show that clonal competition creates a dynamical ‘rich-get-richer’ effect: fitness advantages that are acquired early in evolution drive clonal expansions, which increase the chances of acquiring future mutations. However, less-fit lineages also routinely leapfrog over strains of higher fitness. Our results demonstrate that this combination of factors, which is not accounted for in existing models of evolutionary dynamics, is critical in determining the rate, predictability and molecular basis of adaptation.
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                    Fig. 1: Renewable barcoding system and lineage dynamics.[image: ]


Fig. 2: Inferred clonal dynamics.[image: ]


Fig. 3: Travelling wave dynamics.[image: ]


Fig. 4: Travelling wave dynamics and factors determining the success of mutant lineages.[image: ]
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                Data availability

              
              Raw sequencing reads have been deposited in the NCBI BioProject database under accession number PRJNA559526. All associated metadata, as well as the source code for the sequencing pipeline, downstream analyses, and figure generation, are available at GitHub (https://github.com/icvijovic/lineage-tracking). Source Data for Figs. 2–4 are provided with the paper.
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Extended data figures and tables

Extended Data Fig. 1 Allele frequency trajectories in the two populations, as detected by metagenomic sequencing.
a, b, In both the YPD (a) and the YPA (b) population, solid lines denote missense and nonsense mutations, and dotted lines denote synonymous mutations and those falling in intergenic regions. Lines are coloured according to the peak time of the trajectory. Note that a frequency of 50% (dotted line) corresponds to a mutation that fixes as a heterozygote.


Extended Data Fig. 2 Comparison of inferred and measured population mean fitness trajectories.
All fitness measurements and inferences refer to the evolution environment only. Trajectories have been offset to agree with the fitness assay at time point 3.100. Dots denote barcoding intervals. Shaded regions around the trajectories denote estimates of 95% confidence intervals for the inferred mean fitness trajectory, which often do not exceed the width of the lines (Supplementary Information section 6.1). In the case of the YPA population, lighter colours denote mean fitness trajectories over the last two epochs, offset to agree with fitness assays in the last time point (see Supplementary Information section 6.6 for a discussion of potential reasons for these discrepancies) FACS, fluorescence-activated cell sorting.


Extended Data Fig. 3 Predictors of the success of lineages.
The size of each dot denotes the number of later beneficial mutations that occur in the founding clonal background of a lineage (in the first half of the experiment).


Extended Data Fig. 4 Genetic variation over time.
a, Total number of lineages above a threshold frequency (0.01%) over time. Bars denote the number of new lineages that arise in each 100-generation interval. b, Genetic diversity within each population over time, as measured by entropy (Supplementary Information section 6.4). c, Variance in fitness over time. d, Fitness diversity within each population over time, as measured by fitness entropy. Fitness entropy quantifies how fitness variance is distributed among lineages (Supplementary Information section 6.4).
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