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Cellular evolution and disease

Yeast Pathogenesis/
Drug Resistance

Candida albicans Candida glabrata

Protist Pathogenesis/
Drug Resistance

Giardia Malaria

Bacterial Pathogenesis/
 Drug Resistance

StaphylococcusE. coliSalmonella Tuberculosis

Cancer Progression/
Drug Resistance

Breast Kidney Ovarian Cervical



Cloudy with a chance of adaptation



A probabilistic approach to understanding evolution

1. High resolution quantitative measurement of the 
properties that control evolution 

2. Mathematical modeling and numerical simulations using 
this data to assign probabilities to various outcomes



What factors impact the dynamics of evolution?

3) Population Size

1) Distribution of Fitness Effects (DFE)

2) Epistasis 5) Changing Environments

6) Sex

4) Population Structure
7) Ecology



5) Changing Environments

6) Sex

4) Population Structure 7) Ecology

bottleneck

Experimental evolution limits the unknowns

1) Distribution of Fitness Effects (DFE)

3) Population Size

2) Epistasis
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Our approach: high-resolution barcode sequencing
Random primer library

Plasmid library 

Genomic integration

Ligation

Levy, Blundell et al., Nature, 2015 
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Our approach: high-resolution barcode sequencing
Random primer library

Plasmid library 

Genomic integration

Ligation

Levy, Blundell et al., Nature, 2015 

Yeast

8 generations

Sequence
Barcodes

7e7 cells



The advantage of bar-seq: high signal / noise 

Detection limit of genome sequencing



Replicate evolutions in two environments
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A window of exponential growth measures the fitness 
effect of a single beneficial mutation



Waiting time depends the the fitness effect
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Lineage trajectories of barcodes can be used to infer the 
distribution of beneficial fitness effects

C1
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Figure 3: The distribution of fitness effects of all detected single beneficial mutations arising in each of the four replicates.
Rates to each fitness effect are inferred by counting the number of cells in a given fitness range over time and using a
deterministic approximation to infer µ(s) (see [1]).
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DFEs in replicate evolutions



C1 C2

Barcode-directed sequencing can be used characterize  
the adaptive mutational spectrum

Venkataram et al., Cell, 2016

Sequence barcodes to identify 
 adaptive lineages

WGS selected clones



The DFE and mutational spectrum 
depend on the environment
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What happens?
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C-lim Some common features

1) First, many lineages expand, 
increasing diversity quasi-
deterministically

2) With time, the expansion 
becomes more stochastic 

3) A highly stochastic diversity 
crash follows

4) A handful of lineages 
dominate late
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The effective beneficial mutation rate determines whether 
the diversity expansion is deterministic or stochastic

3⇥ 106

1⇥ 106

3⇥ 105

1⇥ 105

3⇥ 104

Cell Number at Generation 88 ~20,000 beneficial mutations

mean fitness

establishment 
frontier 

observation  
frontier 

**As the mean fitness increases, fewer and fewer mutations have high enough fitness effects to establish 
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C-lim Some common features

1) First, many lineages expand, 
increasing diversity quasi-
deterministically

2) With time, the expansion 
becomes more stochastic 

3) A highly stochastic diversity 
crash follows

4) A handful of lineages 
dominate late
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Luria-Delbruck vs. Clonal Evolution

decreasing frequency
many adaptive cells are from recent mutations

fitness

= 0

= 0

Luria-Delbruk—mutations grow at the same rate
Culture 1 Culture 4Culture 3Culture 2

fitness

= 0

> 0

First mutant 
lineage 1

First mutant 
lineage 2

First mutant 
lineage 3

First mutant 
lineage 4

Clonal evolution—mutations grow faster

bigger jackpots
most adaptive cells are from old mutations



Dynamics of first and second mutations
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Putting it all together

Constant Feeding Exponential Feeding

Blundell et al., in review



Prediction: dominant lineages should contain 
early second mutations
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Some thoughts on mutational cohorts

early second 
mutants

others

Blundell et al., in review

1) Adaptive cohorts are a natural 
feature of the adaptive 
mutation accumulation 
process

2) Population size controls the 
cohort size



Single-mutant model

Simulations using the DFE can assign outcome probabilities 
fine print: epistasis matters

simulation

experiment
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* Most likely dominant double mutants



Testing adaptation models with diploid trajectories

a b

- Benomyl + Benomyl



Additive model Epistasis model
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GoF LoF
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Testing adaptation models with diploid trajectories



1. Barcode-based lineage tracking measures the distribution of beneficial fitness effects 

2. Barcode-directed sequencing discovers the mutational spectrum of adaptation-driving 
mutations 

3. Early evolution of large populations is predictable, and is set by distribution of beneficial 
fitness effects in a particular environment 

4. Later evolution is less predictable 
• The effective beneficial mutation rate decreases  
• Stochastic occurrence of multiple mutants 

5. Diversity crashes will occur either because of a single-mutant selective sweep or because 
of anomalously early multiple-mutants 

6. Adaptive cohorts are a natural feature of the mutation accumulation process 

7. High resolution measurement of the DFE in combination with statistical modeling 
provides a means by which to forecast evolutionary outcomes 

Conclusions and Insights



How does the DFE of second mutations 
depend on the first mutation?

Fangfei Li

DFE of second 
mutations



Xianan Liu

How does the DFE of mutations 
change across genotype space?



Multiple barcodes

X
X

BC1 LoxP

plasmid library 2

Gal-Cre  cell genome LoxP Lox5171

Lox5171 BC2

plasmid library 1

Lox5171BC1 LoxP BC2Gal-Cre LoxP Lox5171
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Evolution in drug


