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Evolving Evolvability: How Can an Up-Modifier of Variability Spread?



Mutation: the ultimate source of 
the variation that fuels evolution.

• Adenine (A), Guanine (G), Cytosine (C), and Thymine (T) make up the 
DNA alphabet. Their sequence in genomes encodes instructions for 
building and maintaining a new organism--and instructions for 
replicating DNA itself.

• To a first approximation, mutations may be thought of as typos or 
misprints that arise during genome replication. (Not quite the whole 
story, though.)

• The paradox of mutation is that random changes in the genome are far 
more likely to be harmful than beneficial, yet in the long run, 
evolutionary adaptation depends on the occurrence of mutation.
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Three main steps give rise to

high fidelity DNA replication

Replication or repair step Cumulative error rate

5’-3’ polymerization 1 x 10-5

3’-5’ exonucleolytic 1 x 10-7

proofreading

Postreplicative 1 x 10-9

DNA repair

Mutation: the ultimate source of the variation that fuels evolution.



VARIATION SELECTION ADAPTATION

?



Mutation rate evolution

Sniegowski et al., 2000 Raynes and Sniegowski, 2013; after Lynch, 2010





Sprouffske et al., Current Biology 2012

Experimental Microbial Evolution



Strengths

• Experimental replication

• Short generation times

• Control of world in which evolution takes place

• (Phenomenology)10

• “Living fossil record”

Limitations

• Limited timespan

• Microbes are different from…

• Relative lack of ecological complexity

– Spatial scales, dimensions

– Coevolution

– Changing abiotic environment

Experimental Microbial Evolution:
Some Strengths and Limitations



Evolutionary process (any world, in principle)

• Dynamics of genetic variants under selection, drift, mutation, 

recombination (or not), etc.

• Evolution of the genetic system itself: mutation rates, recombination rates, 

and their interaction (largely the subject of this talk)

• Roles of chance and history in evolution

• Nature of, and constraints on, major evolutionary transitions: 

unicellularmulticellular, etc.

Evolved mechanisms (the particular world studied experimentally)

• Characterization, at phenotypic/genomic/proteomic levels, of evolutionary 

changes observed in specific organisms and specific environments

Experimental Microbial Evolution:
What Can We Learn About?



Source: Chao, L. and E.C. Cox. 1983.  Evolution 37, 125-134

A Seminal Experiment on Mutation Rate Evolution

















Lenski’s Long Term Evolution Experiment in E. coli: 
An Iconic Study in Experimental Evolution 

Single ancestral colony 
of E. coli B

Ara-

Ara-

Ara+

Daily growth in 
minimal glucose
broth with 
100-fold dilution





Daily transfer regime

100 ul into 9.9 ml
fresh medium 

100 ul into 9.9 ml
fresh medium 

10 ml 10 ml 10 ml

Day n Day n + 1 Day n + 2



Fitness
• Classical definition: survival x reproduction

• In Lenski World, define fitness based on growth of 
evolved strains when competed against ancestor 
carrying opposite arabinose marker



Source: Lenski, R.E. and M. Travisano. 1994. PNAS 91, 6808-6814.

Evolution Experiment 

Average 37% increase in fitness after 2000 generations, 70% increase 
after 20,000 generations; rate of fitness increase decreases over time.



How do we measure the genomic 
mutation rate?

• Fluctuation assays are a common method for 
measuring microbial mutation rates.

• These assays have roots in the classic Luria-
Delbrück experiment, which demonstrated a 
fundamental biological concept.



The Luria-Delbrück experiment, 1943

The question: Are bacterial mutations random (spontaneous), or 
do the mutations arise in response to selection?

When Luria & Delbrück first began investigating this question, 
they grew cultures of E. coli and exposed them to phages (which 
normally infect and kill E. coli) to observe patterns of resistance.

To their annoyance, the numbers of survivors varied a lot 
between experimental replicates.

Why?



If it were true that mutations arise in 
response to selection…

Similar (not necessarily equal) numbers of surviving 
bacteria across replicates.

Image credit: Madeleine Ball (modified by MME)



In reality, Luria & Delbrück saw this:

The numbers of surviving bacteria greatly vary across 
replicates. 

Image credit: Madeleine Ball (modified by MME)



Interpreting Fluctuation Test Data 
(i.e. the # of colonies growing on the selective plates)

Selection (via the selective plate) acts upon the mutations that were randomly generated 
during the culture growth in the flask of permissive medium.

The # of colonies growing on the selective plates correlates with the mutation rate.

In this culture, no mutations occurred during the course of the 
incubation. (The mutation rate is unlikely to be high.)

Image credit: Madeleine Ball (modified by MME)

During this culture’s incubation, a mutation occurred in the final 
generation of growth—a result more likely at a low mutation rate 
than a high one..

In this culture, a mutation occurred early in growth—a result more 
likely at a high mutation rate.



Measuring mutation rate (): the fluctuation test (FT) in 
the contemporary lab

2)  Grow 
cultures to a 
given size. 

The cells may 
acquire new 
mutations.

1)  Inoculate 
3 replicate 
flasks of 
permissive 
medium 
with a tiny # 
of clonal 
cells.

3)  Plate each 
flask on a 
selective plate. 
(example: an 
antibiotic plate)

4) Incubate the 
selective plates.

5)  Count the 
colonies.

The # of colonies 
are correlated 
with the clone’s 
mutation rate.

6)  Calculate a 
mutation rate 
estimate from the 
distribution of the 
numbers of 
mutants per 
culture and the 
(common) culture 
size.
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Source: Lenski, R.E. and M. Travisano. 1994. PNAS 91, 6808-6814.

Evolution Experiment 

Average 37% increase in fitness after 2000 generations, 70% increase 
after 20,000 generations; rate of fitness increase decreases over time.



High mutation rates evolved 

• Evolution of high mutation rates (100 fold) in three of the 12 Lenski populations by spontaneous 
mutation at 2500, 3000 and 8500 generations

• Several other instances of this later in history of system, too.

• Hitchhiking, genetic drift or direct selection?



linked

not 
linked

Linkage and “mutator” hitchhiking

Sniegowski et al., 2000



Shaver et al, 2000

Hitchhiking of spontaneously arising mutators

Sniegowski et al, 1997
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CTGGCG  CTGGCG  CTGGCG

68 KKDELALALARHATS

68 KKDELALALALARHATS

68 KKDELALARHATS

Ancestor

Ara-2

Ara-4

Repeat alterations in mutL



Source: Ban, C. and W. Yang. 1998. Cell 95, 541-552.

location of LALA repeat

ATP-binding pocket
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E. coli B

E. coli O157:H7

E. coli K-12

S. typhimurium

S. enterica

S. flexneri

Y. pestis

P. aeruginosa

B. subtilis

N. meningitidis

The CTG GCG repeat array is not well conserved



Mutators can hitchhike in natural populations



The evolution of 
genomic mutation

rate is upwardly
biased

Andre and Godelle, 2006

The fitness cost of an 
increased mutation rate does 

not apply immediately

Johnson, 1999

The mutation rate may 
evolve upward to a 
level that threatens 
population viability

Gerrish et al, 2007

Consequences of mutator hitchhiking in asexual 
populations





Allele replacement experiments confirm mutL repeat mutations as 
cause of mutator phenotype in Ara-2 and Ara-4 populations






