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Evolution as a Stochastic Algorithm

The rules are well known:  
Mutations generate variation. Drift, selection, recombination etc. alter frequencies of variants

The quantitative consequences are not understood, even in very simple situations!
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Fitness = How many offspring 
get through the dilution

Evolution in Laboratory Yeast Populations

Evolution is inherently random:
Thousands of replicates using

robotic liquid handling

Effective population size
set by bottleneck size

Haploid Asexual Budding Yeast in Rich Laboratory Media: A completely artificial system!

Can we understand evolution in the simplest possible settings?



Populations adapt in response to selective pressures



Sequencing to Observe Evolutionary Dynamics

Sequencing: 
Population (“metagenomic”) whole-genome sequencing at multiple timepoints through the evolution 

Leverage entire timecourse simultaneously to distinguish true mutations from sequencing errors. 

More generally, build error model from all the data. Find true mutations by looking for deviations  
from the error model that obey the known genealogy.  

We identify mutations that reach a frequency of at least ~10% at some point during the timecourse.



Interference and Hitchhiking Determine Outcomes



Long-Term Evolution in a Constant Environment
Our results show that rapid adaptation to a new environment on relatively short timescales are 
characterized by pervasive selection, clonal interference, and hitchhiking

Does long-term evolution in a constant environment look different?



E. coli

Population bottlenecks
Reductions in population size 
that typically also reduce 
genetic diversity. Bottlenecks 
can be deliberately imposed, 
such as in a mutation 
accumulation experiment. 
Cryptic bottlenecks also arise 
as a consequence of selective 
sweeps, especially in asexual 
populations, that drive out 
competing lineages and thus 
reduce genetic diversity.

Mutation rate
The rate at which new genetic 
mutations spontaneously occur 
during the replication and 
transmission of genetic 
information from parent to 
offspring.

some variants6 (FIG. 1a). Under these specific conditions, 
one can simply count the number of genetic changes that 
are present in independently evolved genomes after a 
known number of generations to estimate the sponta-
neous mutation rate (BOX 1). Recently, classic long-term 
mutation accumulation studies with model organisms 
— including Saccharomyces cerevisiae7, Arabidopsis 
thaliana8, Drosophila melanogaster9 and Caenorhabditis  
elegans10 — have been revisited using whole-genome 
sequencing to measure mutation rates. New mutation 
accumulation studies of microorganisms have also 
been carried out with the specific aim of estimating  
mutation rates11–13.

The overarching conclusion of these experiments is 
that spontaneous mutation rates are usually very low. 
Mutation accumulation experiments with bacteria11–13 
and single-celled eukaryotes7,13 typically find that the rate 
of single base mutations is of the order of 10−10–10−9 per 
base pair per replication. Given that the typical genome 
sizes in these organisms are of the order of 106–107 base 
pairs, these rates correspond to only one point mutation 
in every few hundred to several thousand cell divisions, 

which is in reasonable agreement with earlier esti-
mates for DNA-based microorganisms from reporter-
gene assays14. Rates of point mutations in multicellular 
eukaryotes8–10 are of the order of 0.05–1.0 per genera-
tion across the entire protein-coding portions of these 
genomes13,15, which is still fairly low given the much 
longer generation times and the multiple cell divisions 
in the germ line between generations in these organisms. 
Some types of mutations, such as insertions and dele-
tions of one or a few bases, typically occur at a lower rate 
than single base changes but vary more between species 
and with sequence context7. Other types of mutations, 
such as insertions of mobile DNA elements and large-
scale chromosomal rearrangements, are more difficult 
to identify from short-read DNA sequencing data and 
have not yet been systematically examined in mutation 
accumulation experiments.

Mutation rates can change over evolutionary time, 
so it is instructive to understand how both genetic and 
environmental factors affect these rates. In particular, 
hypermutator lineages that have increased mutation 
rates and highly biased mutational spectra may arise 

Figure 1 | Types of evolution experiments. There are three main ways that populations are propagated in evolution 
experiments, and they all lead to different types of genetic dynamics. The mechanics of how populations are maintained 
in each set-up are illustrated for microorganisms (top panels), and representative changes in population sizes over time 
are also shown for each procedure (bottom panels). Analogous procedures exist for multicellular organisms, although 
population sizes are generally much smaller. a | In mutation accumulation experiments, frequent and deliberate population 
bottlenecks through one or a few randomly chosen breeding individuals are accomplished by picking colonies of 
microorganisms that grow from single cells on agar plates. These bottlenecks purge genetic diversity and lead to the 
fixation of arbitrary mutations without respect to their effects on fitness. b | In experiments using continuous culture, 
populations are maintained in conditions that consist of a constant inflow of nutrients and an outflow of random 
individuals and waste in a chemostat, which leads to adaptive evolution and genetic diversity in populations that 
typically maintain a nearly constant size. c | In serial transfer experiments, a proportion of the population is periodically 
transferred to fresh media and allowed to regrow until the limiting nutrient is exhausted. Such batch growth also leads 
to adaptive evolution because ample genetic diversity is maintained through each transfer. Alternatively, transfers can 
be made before nutrient depletion, thereby allowing perpetual population growth. A second, cryptic type of population 
bottleneck occurs during adaptive evolution experiments (parts b and c) as a consequence of selective sweeps, 
especially in asexual populations, that drive out competing lineages and thereby reduce genetic diversity.
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mutation accumulation studies with model organisms 
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elegans10 — have been revisited using whole-genome 
sequencing to measure mutation rates. New mutation 
accumulation studies of microorganisms have also 
been carried out with the specific aim of estimating  
mutation rates11–13.

The overarching conclusion of these experiments is 
that spontaneous mutation rates are usually very low. 
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and single-celled eukaryotes7,13 typically find that the rate 
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sizes in these organisms are of the order of 106–107 base 
pairs, these rates correspond to only one point mutation 
in every few hundred to several thousand cell divisions, 

which is in reasonable agreement with earlier esti-
mates for DNA-based microorganisms from reporter-
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tion across the entire protein-coding portions of these 
genomes13,15, which is still fairly low given the much 
longer generation times and the multiple cell divisions 
in the germ line between generations in these organisms. 
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tions of one or a few bases, typically occur at a lower rate 
than single base changes but vary more between species 
and with sequence context7. Other types of mutations, 
such as insertions of mobile DNA elements and large-
scale chromosomal rearrangements, are more difficult 
to identify from short-read DNA sequencing data and 
have not yet been systematically examined in mutation 
accumulation experiments.
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so it is instructive to understand how both genetic and 
environmental factors affect these rates. In particular, 
hypermutator lineages that have increased mutation 
rates and highly biased mutational spectra may arise 

Figure 1 | Types of evolution experiments. There are three main ways that populations are propagated in evolution 
experiments, and they all lead to different types of genetic dynamics. The mechanics of how populations are maintained 
in each set-up are illustrated for microorganisms (top panels), and representative changes in population sizes over time 
are also shown for each procedure (bottom panels). Analogous procedures exist for multicellular organisms, although 
population sizes are generally much smaller. a | In mutation accumulation experiments, frequent and deliberate population 
bottlenecks through one or a few randomly chosen breeding individuals are accomplished by picking colonies of 
microorganisms that grow from single cells on agar plates. These bottlenecks purge genetic diversity and lead to the 
fixation of arbitrary mutations without respect to their effects on fitness. b | In experiments using continuous culture, 
populations are maintained in conditions that consist of a constant inflow of nutrients and an outflow of random 
individuals and waste in a chemostat, which leads to adaptive evolution and genetic diversity in populations that 
typically maintain a nearly constant size. c | In serial transfer experiments, a proportion of the population is periodically 
transferred to fresh media and allowed to regrow until the limiting nutrient is exhausted. Such batch growth also leads 
to adaptive evolution because ample genetic diversity is maintained through each transfer. Alternatively, transfers can 
be made before nutrient depletion, thereby allowing perpetual population growth. A second, cryptic type of population 
bottleneck occurs during adaptive evolution experiments (parts b and c) as a consequence of selective sweeps, 
especially in asexual populations, that drive out competing lineages and thereby reduce genetic diversity.
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some variants6 (FIG. 1a). Under these specific conditions, 
one can simply count the number of genetic changes that 
are present in independently evolved genomes after a 
known number of generations to estimate the sponta-
neous mutation rate (BOX 1). Recently, classic long-term 
mutation accumulation studies with model organisms 
— including Saccharomyces cerevisiae7, Arabidopsis 
thaliana8, Drosophila melanogaster9 and Caenorhabditis  
elegans10 — have been revisited using whole-genome 
sequencing to measure mutation rates. New mutation 
accumulation studies of microorganisms have also 
been carried out with the specific aim of estimating  
mutation rates11–13.

The overarching conclusion of these experiments is 
that spontaneous mutation rates are usually very low. 
Mutation accumulation experiments with bacteria11–13 
and single-celled eukaryotes7,13 typically find that the rate 
of single base mutations is of the order of 10−10–10−9 per 
base pair per replication. Given that the typical genome 
sizes in these organisms are of the order of 106–107 base 
pairs, these rates correspond to only one point mutation 
in every few hundred to several thousand cell divisions, 

which is in reasonable agreement with earlier esti-
mates for DNA-based microorganisms from reporter-
gene assays14. Rates of point mutations in multicellular 
eukaryotes8–10 are of the order of 0.05–1.0 per genera-
tion across the entire protein-coding portions of these 
genomes13,15, which is still fairly low given the much 
longer generation times and the multiple cell divisions 
in the germ line between generations in these organisms. 
Some types of mutations, such as insertions and dele-
tions of one or a few bases, typically occur at a lower rate 
than single base changes but vary more between species 
and with sequence context7. Other types of mutations, 
such as insertions of mobile DNA elements and large-
scale chromosomal rearrangements, are more difficult 
to identify from short-read DNA sequencing data and 
have not yet been systematically examined in mutation 
accumulation experiments.

Mutation rates can change over evolutionary time, 
so it is instructive to understand how both genetic and 
environmental factors affect these rates. In particular, 
hypermutator lineages that have increased mutation 
rates and highly biased mutational spectra may arise 

Figure 1 | Types of evolution experiments. There are three main ways that populations are propagated in evolution 
experiments, and they all lead to different types of genetic dynamics. The mechanics of how populations are maintained 
in each set-up are illustrated for microorganisms (top panels), and representative changes in population sizes over time 
are also shown for each procedure (bottom panels). Analogous procedures exist for multicellular organisms, although 
population sizes are generally much smaller. a | In mutation accumulation experiments, frequent and deliberate population 
bottlenecks through one or a few randomly chosen breeding individuals are accomplished by picking colonies of 
microorganisms that grow from single cells on agar plates. These bottlenecks purge genetic diversity and lead to the 
fixation of arbitrary mutations without respect to their effects on fitness. b | In experiments using continuous culture, 
populations are maintained in conditions that consist of a constant inflow of nutrients and an outflow of random 
individuals and waste in a chemostat, which leads to adaptive evolution and genetic diversity in populations that 
typically maintain a nearly constant size. c | In serial transfer experiments, a proportion of the population is periodically 
transferred to fresh media and allowed to regrow until the limiting nutrient is exhausted. Such batch growth also leads 
to adaptive evolution because ample genetic diversity is maintained through each transfer. Alternatively, transfers can 
be made before nutrient depletion, thereby allowing perpetual population growth. A second, cryptic type of population 
bottleneck occurs during adaptive evolution experiments (parts b and c) as a consequence of selective sweeps, 
especially in asexual populations, that drive out competing lineages and thereby reduce genetic diversity.
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some variants6 (FIG. 1a). Under these specific conditions, 
one can simply count the number of genetic changes that 
are present in independently evolved genomes after a 
known number of generations to estimate the sponta-
neous mutation rate (BOX 1). Recently, classic long-term 
mutation accumulation studies with model organisms 
— including Saccharomyces cerevisiae7, Arabidopsis 
thaliana8, Drosophila melanogaster9 and Caenorhabditis  
elegans10 — have been revisited using whole-genome 
sequencing to measure mutation rates. New mutation 
accumulation studies of microorganisms have also 
been carried out with the specific aim of estimating  
mutation rates11–13.

The overarching conclusion of these experiments is 
that spontaneous mutation rates are usually very low. 
Mutation accumulation experiments with bacteria11–13 
and single-celled eukaryotes7,13 typically find that the rate 
of single base mutations is of the order of 10−10–10−9 per 
base pair per replication. Given that the typical genome 
sizes in these organisms are of the order of 106–107 base 
pairs, these rates correspond to only one point mutation 
in every few hundred to several thousand cell divisions, 

which is in reasonable agreement with earlier esti-
mates for DNA-based microorganisms from reporter-
gene assays14. Rates of point mutations in multicellular 
eukaryotes8–10 are of the order of 0.05–1.0 per genera-
tion across the entire protein-coding portions of these 
genomes13,15, which is still fairly low given the much 
longer generation times and the multiple cell divisions 
in the germ line between generations in these organisms. 
Some types of mutations, such as insertions and dele-
tions of one or a few bases, typically occur at a lower rate 
than single base changes but vary more between species 
and with sequence context7. Other types of mutations, 
such as insertions of mobile DNA elements and large-
scale chromosomal rearrangements, are more difficult 
to identify from short-read DNA sequencing data and 
have not yet been systematically examined in mutation 
accumulation experiments.

Mutation rates can change over evolutionary time, 
so it is instructive to understand how both genetic and 
environmental factors affect these rates. In particular, 
hypermutator lineages that have increased mutation 
rates and highly biased mutational spectra may arise 

Figure 1 | Types of evolution experiments. There are three main ways that populations are propagated in evolution 
experiments, and they all lead to different types of genetic dynamics. The mechanics of how populations are maintained 
in each set-up are illustrated for microorganisms (top panels), and representative changes in population sizes over time 
are also shown for each procedure (bottom panels). Analogous procedures exist for multicellular organisms, although 
population sizes are generally much smaller. a | In mutation accumulation experiments, frequent and deliberate population 
bottlenecks through one or a few randomly chosen breeding individuals are accomplished by picking colonies of 
microorganisms that grow from single cells on agar plates. These bottlenecks purge genetic diversity and lead to the 
fixation of arbitrary mutations without respect to their effects on fitness. b | In experiments using continuous culture, 
populations are maintained in conditions that consist of a constant inflow of nutrients and an outflow of random 
individuals and waste in a chemostat, which leads to adaptive evolution and genetic diversity in populations that 
typically maintain a nearly constant size. c | In serial transfer experiments, a proportion of the population is periodically 
transferred to fresh media and allowed to regrow until the limiting nutrient is exhausted. Such batch growth also leads 
to adaptive evolution because ample genetic diversity is maintained through each transfer. Alternatively, transfers can 
be made before nutrient depletion, thereby allowing perpetual population growth. A second, cryptic type of population 
bottleneck occurs during adaptive evolution experiments (parts b and c) as a consequence of selective sweeps, 
especially in asexual populations, that drive out competing lineages and thereby reduce genetic diversity.
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can be deliberately imposed, 
such as in a mutation 
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competing lineages and thus 
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some variants6 (FIG. 1a). Under these specific conditions, 
one can simply count the number of genetic changes that 
are present in independently evolved genomes after a 
known number of generations to estimate the sponta-
neous mutation rate (BOX 1). Recently, classic long-term 
mutation accumulation studies with model organisms 
— including Saccharomyces cerevisiae7, Arabidopsis 
thaliana8, Drosophila melanogaster9 and Caenorhabditis  
elegans10 — have been revisited using whole-genome 
sequencing to measure mutation rates. New mutation 
accumulation studies of microorganisms have also 
been carried out with the specific aim of estimating  
mutation rates11–13.

The overarching conclusion of these experiments is 
that spontaneous mutation rates are usually very low. 
Mutation accumulation experiments with bacteria11–13 
and single-celled eukaryotes7,13 typically find that the rate 
of single base mutations is of the order of 10−10–10−9 per 
base pair per replication. Given that the typical genome 
sizes in these organisms are of the order of 106–107 base 
pairs, these rates correspond to only one point mutation 
in every few hundred to several thousand cell divisions, 

which is in reasonable agreement with earlier esti-
mates for DNA-based microorganisms from reporter-
gene assays14. Rates of point mutations in multicellular 
eukaryotes8–10 are of the order of 0.05–1.0 per genera-
tion across the entire protein-coding portions of these 
genomes13,15, which is still fairly low given the much 
longer generation times and the multiple cell divisions 
in the germ line between generations in these organisms. 
Some types of mutations, such as insertions and dele-
tions of one or a few bases, typically occur at a lower rate 
than single base changes but vary more between species 
and with sequence context7. Other types of mutations, 
such as insertions of mobile DNA elements and large-
scale chromosomal rearrangements, are more difficult 
to identify from short-read DNA sequencing data and 
have not yet been systematically examined in mutation 
accumulation experiments.

Mutation rates can change over evolutionary time, 
so it is instructive to understand how both genetic and 
environmental factors affect these rates. In particular, 
hypermutator lineages that have increased mutation 
rates and highly biased mutational spectra may arise 

Figure 1 | Types of evolution experiments. There are three main ways that populations are propagated in evolution 
experiments, and they all lead to different types of genetic dynamics. The mechanics of how populations are maintained 
in each set-up are illustrated for microorganisms (top panels), and representative changes in population sizes over time 
are also shown for each procedure (bottom panels). Analogous procedures exist for multicellular organisms, although 
population sizes are generally much smaller. a | In mutation accumulation experiments, frequent and deliberate population 
bottlenecks through one or a few randomly chosen breeding individuals are accomplished by picking colonies of 
microorganisms that grow from single cells on agar plates. These bottlenecks purge genetic diversity and lead to the 
fixation of arbitrary mutations without respect to their effects on fitness. b | In experiments using continuous culture, 
populations are maintained in conditions that consist of a constant inflow of nutrients and an outflow of random 
individuals and waste in a chemostat, which leads to adaptive evolution and genetic diversity in populations that 
typically maintain a nearly constant size. c | In serial transfer experiments, a proportion of the population is periodically 
transferred to fresh media and allowed to regrow until the limiting nutrient is exhausted. Such batch growth also leads 
to adaptive evolution because ample genetic diversity is maintained through each transfer. Alternatively, transfers can 
be made before nutrient depletion, thereby allowing perpetual population growth. A second, cryptic type of population 
bottleneck occurs during adaptive evolution experiments (parts b and c) as a consequence of selective sweeps, 
especially in asexual populations, that drive out competing lineages and thereby reduce genetic diversity.
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some variants6 (FIG. 1a). Under these specific conditions, 
one can simply count the number of genetic changes that 
are present in independently evolved genomes after a 
known number of generations to estimate the sponta-
neous mutation rate (BOX 1). Recently, classic long-term 
mutation accumulation studies with model organisms 
— including Saccharomyces cerevisiae7, Arabidopsis 
thaliana8, Drosophila melanogaster9 and Caenorhabditis  
elegans10 — have been revisited using whole-genome 
sequencing to measure mutation rates. New mutation 
accumulation studies of microorganisms have also 
been carried out with the specific aim of estimating  
mutation rates11–13.

The overarching conclusion of these experiments is 
that spontaneous mutation rates are usually very low. 
Mutation accumulation experiments with bacteria11–13 
and single-celled eukaryotes7,13 typically find that the rate 
of single base mutations is of the order of 10−10–10−9 per 
base pair per replication. Given that the typical genome 
sizes in these organisms are of the order of 106–107 base 
pairs, these rates correspond to only one point mutation 
in every few hundred to several thousand cell divisions, 

which is in reasonable agreement with earlier esti-
mates for DNA-based microorganisms from reporter-
gene assays14. Rates of point mutations in multicellular 
eukaryotes8–10 are of the order of 0.05–1.0 per genera-
tion across the entire protein-coding portions of these 
genomes13,15, which is still fairly low given the much 
longer generation times and the multiple cell divisions 
in the germ line between generations in these organisms. 
Some types of mutations, such as insertions and dele-
tions of one or a few bases, typically occur at a lower rate 
than single base changes but vary more between species 
and with sequence context7. Other types of mutations, 
such as insertions of mobile DNA elements and large-
scale chromosomal rearrangements, are more difficult 
to identify from short-read DNA sequencing data and 
have not yet been systematically examined in mutation 
accumulation experiments.

Mutation rates can change over evolutionary time, 
so it is instructive to understand how both genetic and 
environmental factors affect these rates. In particular, 
hypermutator lineages that have increased mutation 
rates and highly biased mutational spectra may arise 

Figure 1 | Types of evolution experiments. There are three main ways that populations are propagated in evolution 
experiments, and they all lead to different types of genetic dynamics. The mechanics of how populations are maintained 
in each set-up are illustrated for microorganisms (top panels), and representative changes in population sizes over time 
are also shown for each procedure (bottom panels). Analogous procedures exist for multicellular organisms, although 
population sizes are generally much smaller. a | In mutation accumulation experiments, frequent and deliberate population 
bottlenecks through one or a few randomly chosen breeding individuals are accomplished by picking colonies of 
microorganisms that grow from single cells on agar plates. These bottlenecks purge genetic diversity and lead to the 
fixation of arbitrary mutations without respect to their effects on fitness. b | In experiments using continuous culture, 
populations are maintained in conditions that consist of a constant inflow of nutrients and an outflow of random 
individuals and waste in a chemostat, which leads to adaptive evolution and genetic diversity in populations that 
typically maintain a nearly constant size. c | In serial transfer experiments, a proportion of the population is periodically 
transferred to fresh media and allowed to regrow until the limiting nutrient is exhausted. Such batch growth also leads 
to adaptive evolution because ample genetic diversity is maintained through each transfer. Alternatively, transfers can 
be made before nutrient depletion, thereby allowing perpetual population growth. A second, cryptic type of population 
bottleneck occurs during adaptive evolution experiments (parts b and c) as a consequence of selective sweeps, 
especially in asexual populations, that drive out competing lineages and thereby reduce genetic diversity.
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Long-Term Evolution in a Constant Environment
Our results show that rapid adaptation to a new environment on relatively short timescales are 
characterized by pervasive selection, clonal interference, and hitchhiking

Does long-term evolution in a constant environment look different?
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such as in a mutation 
accumulation experiment. 
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sweeps, especially in asexual 
populations, that drive out 
competing lineages and thus 
reduce genetic diversity.
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The rate at which new genetic 
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during the replication and 
transmission of genetic 
information from parent to 
offspring.

some variants6 (FIG. 1a). Under these specific conditions, 
one can simply count the number of genetic changes that 
are present in independently evolved genomes after a 
known number of generations to estimate the sponta-
neous mutation rate (BOX 1). Recently, classic long-term 
mutation accumulation studies with model organisms 
— including Saccharomyces cerevisiae7, Arabidopsis 
thaliana8, Drosophila melanogaster9 and Caenorhabditis  
elegans10 — have been revisited using whole-genome 
sequencing to measure mutation rates. New mutation 
accumulation studies of microorganisms have also 
been carried out with the specific aim of estimating  
mutation rates11–13.

The overarching conclusion of these experiments is 
that spontaneous mutation rates are usually very low. 
Mutation accumulation experiments with bacteria11–13 
and single-celled eukaryotes7,13 typically find that the rate 
of single base mutations is of the order of 10−10–10−9 per 
base pair per replication. Given that the typical genome 
sizes in these organisms are of the order of 106–107 base 
pairs, these rates correspond to only one point mutation 
in every few hundred to several thousand cell divisions, 

which is in reasonable agreement with earlier esti-
mates for DNA-based microorganisms from reporter-
gene assays14. Rates of point mutations in multicellular 
eukaryotes8–10 are of the order of 0.05–1.0 per genera-
tion across the entire protein-coding portions of these 
genomes13,15, which is still fairly low given the much 
longer generation times and the multiple cell divisions 
in the germ line between generations in these organisms. 
Some types of mutations, such as insertions and dele-
tions of one or a few bases, typically occur at a lower rate 
than single base changes but vary more between species 
and with sequence context7. Other types of mutations, 
such as insertions of mobile DNA elements and large-
scale chromosomal rearrangements, are more difficult 
to identify from short-read DNA sequencing data and 
have not yet been systematically examined in mutation 
accumulation experiments.

Mutation rates can change over evolutionary time, 
so it is instructive to understand how both genetic and 
environmental factors affect these rates. In particular, 
hypermutator lineages that have increased mutation 
rates and highly biased mutational spectra may arise 

Figure 1 | Types of evolution experiments. There are three main ways that populations are propagated in evolution 
experiments, and they all lead to different types of genetic dynamics. The mechanics of how populations are maintained 
in each set-up are illustrated for microorganisms (top panels), and representative changes in population sizes over time 
are also shown for each procedure (bottom panels). Analogous procedures exist for multicellular organisms, although 
population sizes are generally much smaller. a | In mutation accumulation experiments, frequent and deliberate population 
bottlenecks through one or a few randomly chosen breeding individuals are accomplished by picking colonies of 
microorganisms that grow from single cells on agar plates. These bottlenecks purge genetic diversity and lead to the 
fixation of arbitrary mutations without respect to their effects on fitness. b | In experiments using continuous culture, 
populations are maintained in conditions that consist of a constant inflow of nutrients and an outflow of random 
individuals and waste in a chemostat, which leads to adaptive evolution and genetic diversity in populations that 
typically maintain a nearly constant size. c | In serial transfer experiments, a proportion of the population is periodically 
transferred to fresh media and allowed to regrow until the limiting nutrient is exhausted. Such batch growth also leads 
to adaptive evolution because ample genetic diversity is maintained through each transfer. Alternatively, transfers can 
be made before nutrient depletion, thereby allowing perpetual population growth. A second, cryptic type of population 
bottleneck occurs during adaptive evolution experiments (parts b and c) as a consequence of selective sweeps, 
especially in asexual populations, that drive out competing lineages and thereby reduce genetic diversity.
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The overarching conclusion of these experiments is 
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Mutation accumulation experiments with bacteria11–13 
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of single base mutations is of the order of 10−10–10−9 per 
base pair per replication. Given that the typical genome 
sizes in these organisms are of the order of 106–107 base 
pairs, these rates correspond to only one point mutation 
in every few hundred to several thousand cell divisions, 
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mates for DNA-based microorganisms from reporter-
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tion across the entire protein-coding portions of these 
genomes13,15, which is still fairly low given the much 
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in the germ line between generations in these organisms. 
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than single base changes but vary more between species 
and with sequence context7. Other types of mutations, 
such as insertions of mobile DNA elements and large-
scale chromosomal rearrangements, are more difficult 
to identify from short-read DNA sequencing data and 
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environmental factors affect these rates. In particular, 
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Figure 1 | Types of evolution experiments. There are three main ways that populations are propagated in evolution 
experiments, and they all lead to different types of genetic dynamics. The mechanics of how populations are maintained 
in each set-up are illustrated for microorganisms (top panels), and representative changes in population sizes over time 
are also shown for each procedure (bottom panels). Analogous procedures exist for multicellular organisms, although 
population sizes are generally much smaller. a | In mutation accumulation experiments, frequent and deliberate population 
bottlenecks through one or a few randomly chosen breeding individuals are accomplished by picking colonies of 
microorganisms that grow from single cells on agar plates. These bottlenecks purge genetic diversity and lead to the 
fixation of arbitrary mutations without respect to their effects on fitness. b | In experiments using continuous culture, 
populations are maintained in conditions that consist of a constant inflow of nutrients and an outflow of random 
individuals and waste in a chemostat, which leads to adaptive evolution and genetic diversity in populations that 
typically maintain a nearly constant size. c | In serial transfer experiments, a proportion of the population is periodically 
transferred to fresh media and allowed to regrow until the limiting nutrient is exhausted. Such batch growth also leads 
to adaptive evolution because ample genetic diversity is maintained through each transfer. Alternatively, transfers can 
be made before nutrient depletion, thereby allowing perpetual population growth. A second, cryptic type of population 
bottleneck occurs during adaptive evolution experiments (parts b and c) as a consequence of selective sweeps, 
especially in asexual populations, that drive out competing lineages and thereby reduce genetic diversity.

Nature Reviews | Genetics

Po
pu

la
ti

on
 s

iz
e

∆t

1010

108

106

104

102

1

Po
pu

la
ti

on
 s

iz
e

1010

108

106

104

102

1

Po
pu

la
ti

on
 s

iz
e

1010

108

106

104

102

1
Time (t) Time (t) Time (t)

∆t

∆t

∆t
∆t

∆t

a  Single-cell bottlenecks b  Continuous culture c  Serial transfer

Mutation accumulation Adaptive evolution

∆t

REVIEWS

828 | DECEMBER 2013 | VOLUME 14  www.nature.com/reviews/genetics

© 2013 Macmillan Publishers Limited. All rights reserved

~ 6.6 gens / day

Ne ⇡ 3⇥ 107

Richard Lenski

x12 replicate 
populations

Long-Term Evolution in a Constant Environment
Our results show that rapid adaptation to a new environment on relatively short timescales are 
characterized by pervasive selection, clonal interference, and hitchhiking

Does long-term evolution in a constant environment look different?
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Clonal interference is widespread

But: The dynamics of the evolutionary process can be as  
important as biology in determining the fate of a mutation

Adaptive evolution:
�fdrift ⇠ t/N < 1%
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Rare large-effect mutations that can fix in many genetic backgrounds
versus common neutral or deleterious mutations that fix 

when they occur in exceptionally lucky backgrounds

The interaction between each mutation and all other variation 
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mutT
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mutM

45,000 generations (20 years)

Emergence of Quasi-Stable Ecology

Why do antimutators succeed right after mutators?

Why do mutators fix in half the lines?

Why don’t mutators change the rate of adaptation?

[Wielgoss et al., PNAS 2012]

mutT mutT-mutY(1) mutT-mutY(2)

[Good and Desai, Genetics 2016]
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still very coarse-grained view!
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The dynamics of the evolutionary process
can be as important as biology 

for determining the fate of a mutation

Parallelism at the Gene Level



Early Late

Are different mutations targeted in 
different parts of the experiment?

(1) do strongly beneficial mutations “run out”?

(2) do additional targets arise to compensate?

Targets of Selection Over Time
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(1) Running out of mutations / coupon collecting

(2) Global changes in selection pressures with increasing fitness

What could cause this?

(3) New evolutionary paths opened up by earlier substitutions (contingency, e.g. citrate metabolism in Ara-3)

expect mutations to be clustered in certain pops
(i.e., those that got potentiating mutation)

Targets of Selection Over Time
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Evolution on Standing Variation in Budding Yeast
i

i
i

i

i
i

i
i

Katya Kosheleva, Michael M. Desai · doi:10.1093/molbev/mcb MBE

FIG. 1. Schematic describing the line creation and experimental evolution protocol. We created a diverse pool of haploid
segregants by two rounds of mating and sporulation. We used the resulting diverse outcrossed population to found 36 haploid
and 36 diploid lines. We evolved these lines in batch culture for 960 generations, interspersing periods of asexual mitotic
growth with rounds of mating followed by sporulation (for haploids) or sporulation followed by mating (diploids). We varied
recombination rate by changing the duration of the asexual mitotic growth phase.
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Selection on Alleles Versus on Genotypes



Intrapopulation versus Interpopulation Variation
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· doi:10.1093/molbev/mcb MBE

A

B

FIG. 4. (A) Average within-population heterozygosity through time, computed from 15kb sliding window frequencies every
100 bp across the genome, for each haploid population at each recombination rate. (B) Average between-population standard
deviation of allele frequencies among replicate haploid populations at each recombination rate.
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100 bp across the genome, for each haploid population at each recombination rate. (B) Average between-population standard
deviation of allele frequencies among replicate haploid populations at each recombination rate.
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FIG. 4. (A) Average within-population heterozygosity through time, computed from 15kb sliding window frequencies every
100 bp across the genome, for each haploid population at each recombination rate. (B) Average between-population standard
deviation of allele frequencies among replicate haploid populations at each recombination rate.
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FIG. 6. (A) SK1 allele frequencies across chromosomes 7-10 (in 15kb sliding windows), averaged among the three replicate
haploid frequent-recombination populations, for each sequenced timepoint. (B) Corresponding average e↵ective selection
pressures seff through time.

FIG. 7. Comparison between experimental (black dots) and simulation (lines) fitness and heterozygosity data. Simulations
shown are the 10 runs with the highest log likelihood for each model among all measured parameters, with lines colored by
the average selective e↵ect of selected sites in the population. Because simulated populations are constrained to have the
same starting variance in fitness, the total number of selected sites is inversely related to the average selective e↵ect.
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the average selective e↵ect of selected sites in the population. Because simulated populations are constrained to have the
same starting variance in fitness, the total number of selected sites is inversely related to the average selective e↵ect.
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A Few Strongly Selected Loci
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FIG. 8. Schematic demonstrating the selective e↵ects of individual haplotypes in the strong-selection and dense weak-
selection regimes. In the strong-selection case, we show two mutations of selective e↵ects s1 and s2 that are initially linked,
but are quickly decoupled by recombination. Over time, the typical size of the haplotype on which each mutation is found
gets shorter, but the fitness e↵ect of the selected region stays constant. In contrast, in the dense weak-selection regime, an
initial haplotype has many mutations with selective e↵ects ±s. The central limit theorem implies that the typical fitness �0

of this haplotype is proportional to
p
n, where n is the number of mutations on the haplotype. Over time, haplotypes get

smaller and n decreases, so the typical selection pressure � of a haplotype declines. As a result, the rate of change in allele
frequencies will decline over time.
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Dense, Weak Linked Selection
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FIG. 8. Schematic demonstrating the selective e↵ects of individual haplotypes in the strong-selection and dense weak-
selection regimes. In the strong-selection case, we show two mutations of selective e↵ects s1 and s2 that are initially linked,
but are quickly decoupled by recombination. Over time, the typical size of the haplotype on which each mutation is found
gets shorter, but the fitness e↵ect of the selected region stays constant. In contrast, in the dense weak-selection regime, an
initial haplotype has many mutations with selective e↵ects ±s. The central limit theorem implies that the typical fitness �0

of this haplotype is proportional to
p
n, where n is the number of mutations on the haplotype. Over time, haplotypes get

smaller and n decreases, so the typical selection pressure � of a haplotype declines. As a result, the rate of change in allele
frequencies will decline over time.
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More “Refined” Selection in Sexuals Over Time?



Simulations Support Dense Weak Selection
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