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A canonical example of parallelism in evolution

Slide 1 of 25Protas et al. Nature Genetics 2006
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Gould’s Gedankenexperiment

“our origin is the product of massive 
historical contingency, and we would 
probably never rise again even if life’s 
tape could be replayed a thousand 
times.”

Stephen Jay Gould, Wonderful Life

“evolutionary routes are many, but the 
destinations are limited.”

Simon Conway Morris, Life’s Solution
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Inoculate

Dilution

Growth

Analysis

Growth

Dilution

A laboratory system for studying evolution

Automation

Flow Cytometry

“Frozen fossil record”

AutomationSequencing

Yeast

• Rapid growth!
• Haploid or diploid!
• Sexual or asexual!
• Small genome size!
• Model system

Yeast as a model system
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How much parallelism should we expect?

E. coli

Fitness effect
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Set of Possibilities

Evolutionary Dynamics

Set of Outcomes

Mutation, Drift, Selection, 
Genetic Hitchhiking
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Chance in adaptation
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Sterility provides a fitness advantage

Lang, Murray, & Botstein. PNAS 2009
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Tracking sterile mutations in evolving populations

Experimental setup 
• Two strains 

 0.6% 
 1.5% 

• Two bottlenecks 
 Small: N ~ 104 
 Large: N ~ 106 

• 148 replicates each (592 total populations) 
!

Experimental details 
• Daily (or twice daily) transfers in YPD 
• Flow cytometry every 40 generations 
• 1000 generations 

!
The Goal  
Watch sterile strains arise and move through populations

Robotics for transfers

96-well flow cytometry
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The simplest case
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Unresloved, Steriles Rising
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Multiple Mutations
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Unresloved, Possible Clonal Interference
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Unresloved, Steriles Rising
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Unclear

Frequency-Dependent Selection
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Steriles Sweep
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Clonal Interference

Clonal Interference

sdown=0.98%

max=0.3%

max=1.2%

0 100 200 300 400 500 600 700 800 900 1000
0.1

1

10

100

Generations

P
e

r
c

e
n

t 
S

te
r
il
e

s

BYS1  H07

0 100 200 300 400 500 600 700 800 900 1000
0.1

1

10

100

Generations

P
e

r
c

e
n

t 
S

te
r
il
e

s

BYS1  H08

Unresloved, Steriles Rising

Clonal Interference
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Unresloved, Steriles Rising
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Steriles Sweep
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Unresloved, Possible Clonal Interference
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Multiple Mutations

Clonal Interference

Clonal Interference

sup=3.03%
sdown=1.17%

sup=1.38%

sup=3.29% sdown=4.52%

sdown=0.54%

max=1.0%

max=5.1%

max=0.5%

0 100 200 300 400 500 600 700 800 900 1000
0.1

1

10

100

Generations

P
e
r
c
e

n
t 

S
te

r
il

e
s

BYS2  F09

0 100 200 300 400 500 600 700 800 900 1000
0.1

1

10

100

Generations

P
e

r
c

e
n

t 
S

te
r
il

e
s

BYS2  F12
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Multiple Mutations

Unresloved, Steriles Rising
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Unresloved, Steriles Rising
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Clonal Interference

Unclear

Unresloved, Possible Clonal Interference

Clonal Interference

Clonal Interference
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Unresloved, Possible Clonal Interference

Clonal Interference

Unclear
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The most successful mutations are the luckiest
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Predictions 
• Cooperating mutation 
• Competing mutation

Sterile Mutation

Sequencing to reveal dynamics

AAGTCTTCTTTAATAAAAGCTTCAGCGTATTGTAGCATTTTTTCATTACT
GCTTTTATAACCCTGGCAGCAGAGCGTTAAAAACGCTTCAAACATTAAGT
+
AGAAGTAACGAGTTGGAAATACGGGGAAAATATGTTGTTGTACCAGAAAC
TTCACAAGATATGGCCTTCAAATGTCCAATTTGTAAGGAAACCGTTACTG
+
TGCAGACCGCCAAAGTCATTGCGGATGTCACGGCAAAATATCCTGATGGA
GATTCTGCCATAACTGGTCCCGTTATTGCAACGACTCTAGCGTTACTATG
+
TCATCAAATTTGGATTCCCATTTCCCGCTACTGGTATTTATTTTCATGGG
TACACCTTCCCAATTGGTAAACGCCCCAGCGATCTTTGACTCTGGAAAGT
+
CAACGGTACCGAAGTAAGTAGCCAAAGTAATCTTTGGTAGATTGCTTTGT
TCACCGAAGTAAGTGTAAGCCTTCTTAATGGCGGCTTGGGCGTTGGCCGG
+
TAAGAGATGTTCTCTGTACATTGAAATAATGATGGCATTCCATACTTGAG
AAATCAAAACCTTTGGTTTGTATTTAATTTCCATATCAGTAGTAGCCAAA

AAGTCTTCTTTAATAAAAGCTTCAGCGTATTGTAGCATTTTTTCATTACT
GCTTTTATAACCCTGGCAGCAGAGCGTTAAAAACGCTTCAAACATTAAGT
+
AGAAGTAACGAGTTGGAAATACGGGGAAAATATGTTGTTGTACCAGAAAC
TTCACAAGATATGGCCTTCAAATGTCCAATTTGTAAGGAAACCGTTACTG
+
TGCAGACCGCCAAAGTCATTGCGGATGTCACGGCAAAATATCCTGATGGA
GATTCTGCCATAACTGGTCCCGTTATTGCAACGACTCTAGCGTTACTATG
+
TCATCAAATTTGGATTCCCATTTCCCGCTACTGGTATTTATTTTCATGGG
TACACCTTCCCAATTGGTAAACGCCCCAGCGATCTTTGACTCTGGAAAGT
+
CAACGGTACCGAAGTAAGTAGCCAAAGTAATCTTTGGTAGATTGCTTTGT
TCACCGAAGTAAGTGTAAGCCTTCTTAATGGCGGCTTGGGCGTTGGCCGG
+
TAAGAGATGTTCTCTGTACATTGAAATAATGATGGCATTCCATACTTGAG
AAATCAAAACCTTTGGTTTGTATTTAATTTCCATATCAGTAGTAGCCAAA

AAGTCTTCTTTAATAAAAGCTTCAGCGTATTGTAGCATTTTTTCATTACT
GCTTTTATAACCCTGGCAGCAGAGCGTTAAAAACGCTTCAAACATTAAGT
+
AGAAGTAACGAGTTGGAAATACGGGGAAAATATGTTGTTGTACCAGAAAC
TTCACAAGATATGGCCTTCAAATGTCCAATTTGTAAGGAAACCGTTACTG
+
TGCAGACCGCCAAAGTCATTGCGGATGTCACGGCAAAATATCCTGATGGA
GATTCTGCCATAACTGGTCCCGTTATTGCAACGACTCTAGCGTTACTATG
+
TCATCAAATTTGGATTCCCATTTCCCGCTACTGGTATTTATTTTCATGGG
TACACCTTCCCAATTGGTAAACGCCCCAGCGATCTTTGACTCTGGAAAGT
+
CAACGGTACCGAAGTAAGTAGCCAAAGTAATCTTTGGTAGATTGCTTTGT
TCACCGAAGTAAGTGTAAGCCTTCTTAATGGCGGCTTGGGCGTTGGCCGG
+
TAAGAGATGTTCTCTGTACATTGAAATAATGATGGCATTCCATACTTGAG
AAATCAAAACCTTTGGTTTGTATTTAATTTCCATATCAGTAGTAGCCAAA

FASTQ BAM

#CHROM POS ID REF ALT
chrVII 421566 . C CT
chrVII 421675 . G GA
chrVII 421932 . C A
chrVII 422399 . AT A
chrVII 422650 . G GA
chrVII 423491 . CA C
chrVII 423995 . TA T
chrVII 424021 . TG T
chrVII 428029 . TC T
chrVII 428063 . T TA
chrVII 428082 . AAT A
chrVII 428134 . CT CTT,C

VCF

#CHROM POS ID REF ALT
chrVII 421566 . C CT
chrVII 421675 . G GA
chrVII 421932 . C A
chrVII 422399 . AT A
chrVII 422650 . G GA
chrVII 423491 . CA C
chrVII 423995 . TA T
chrVII 424021 . TG T
chrVII 428029 . TC T
chrVII 428063 . T TA
chrVII 428082 . AAT A
chrVII 428134 . CT CTT,C

VCF

#CHROM POS ID REF ALT
chrVII 421566 . C CT
chrVII 421675 . G GA
chrVII 421932 . C A
chrVII 422399 . AT A
chrVII 422650 . G GA
chrVII 423491 . CA C
chrVII 423995 . TA T
chrVII 424021 . TG T
chrVII 428029 . TC T
chrVII 428063 . T TA
chrVII 428082 . AAT A
chrVII 428134 . CT CTT,C

VCF
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Predictions 
• Cooperating mutation 
• Competing mutation
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Identification of 1020 mutations in 40 populations
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Recurrent mutations drive adaptation

Yeast genome contains 5799 genes 
We found 723 mutations in coding sequence

  0.6% of the yeast genome by size (74 kb / 12,463 kb)  
14.0% of the observed mutations (141/1020)
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Diminishing returns epistasis is a general phenomena

Chou et al. Science 2011 
Kryazhimskiy et al. BioRxiv 2014
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The distribution of epistatic interactions be-
tween mutations may greatly influence evolution-
ary outcomes—from the maintenance of sexual
reproduction to the fixation rate of beneficial
alleles—and hence the speed of adaptation itself.
The most consistent finding across studies of
laboratory-evolved populations has been a rapid
deceleration of the rate of fitness increase (10).
Theoretical analysis suggests that the observed
dynamics of fitness increase and accumulation of
substitutions (11) are best described by a class of
fitness landscapes with antagonistic interactions
between beneficial mutations (12).

We took both experimental and theoretical
approaches to investigate potential epistasis in
populations that were initiated with an engi-
neered strain of Methylobacterium extorquens
AM1 (hereafter, EM) (table S1) and evolved in
batch culture with methanol as the sole carbon
source (3). In order to grow onmethanol,Methylo-
bacterium must oxidize formaldehyde into for-
mate. Wild-typeMethylobacterium (WT) performs
this oxidation with a tetrahydromethanopterin-
dependent pathway (13). In EM, this native

pathway was eliminated and replaced by a non-
orthologous, glutathione (GSH)-dependent path-
way fromParacoccus denitrificans (fig. S1) (14).
As a result, the EM strain could grow on meth-
anol, but at a rate one-third that of WT (fig. S2).
Adaptation in eight replicate populations depen-
dent on this engineered metabolic function (anal-
ogous to natural horizontal gene transfer) resulted
in an average fitness increase after 600 generations
of 66.8% (fig. S3), as determined by competition
assays (3), and was largely carbon substrate–
specific (fig. S4).

The genome of an evolved isolate from gen-
eration 600 (“EVO”) (9) with the highest fitness
(WEVO = 1.94) (table S2) was sequenced to iden-
tify the genetic basis of adaptation in that lineage
(3). In total, nine mutations were identified (fig.
S5) (3). We found an 11-base pair (bp) deletion
between the two genes that encode the GSH-
dependent pathway, f lhA and fghA (i.e., fghAEVO),
in a plasmid specifically introduced into EM
(pCM410) (fig. S6). This deletion removed the
apparent ribosome-binding site for fghA and
decreased expression of these enzymes by 55%

and 73% (3), respectively. This change, however,
increased fitness by 14.2% (Fig. 1A), which sug-
gested that production of these enzymes in the
EM ancestor was higher than the optimum. In
WT, where the GSH pathway is extraneous, a
strain with an empty vector had a 14.1% fitness
advantage relative to fitness when both genes
were expressed. It therefore appeared that the pri-
mary advantage of the fghAEVO allele was to re-
duce the costs of protein overexpression (e.g.,
energy consumption, ribosome sequestering, and
protein misfolding). We also identified a single-
nucleotide polymorphism (SNP) in the promoter
region of pyridine nucleotide transhydrogenase
(pntABEVO), and a 2-bp deletion in the promoter
of the most rate-limiting enzyme of GSH biosyn-
thesis, g-glutamylcysteine synthetase (gshAEVO).
These gene products have clear linkages to meth-
anol utilization in EM (3). The remaining six ge-
netic changes included a large deletion (fig. S7),
a synonymous SNP, the loss of a plasmid, two
transposon insertions, and a 6-bp insertion (3).
The last-named six are difficult to reconstruct
genetically, were individually neutral under our
experimental conditions (15), or were deemed
unlikely to greatly contribute to fitness. We thus
treated them as a single collective locus, the “ge-
netic background” (GBEVO), for the purpose of
examining epistasis between beneficialmutations.
All identified alleles, when present individually
in the ancestral background conferred fitness ben-
efits ranging from 10 to 51% (Fig. 1A).

In order to investigate epistasis between these
beneficial mutations, strains with each allelic com-
bination (24 = 16) were constructed (3), and their
fitness values weremeasured (Fig. 1A). The adapt-
ive landscape of this genotypic space contained
a single peak; each allele was universally bene-
ficial across genetic backgrounds (i.e., showed no
sign epistasis, but the degree of benefit conferred
varied) (Fig. 1B). Except for pntABEVO, the re-
maining three alleles exhibited a significant trend
of diminishing returns: Their selective benefits de-
clined in genetic backgrounds with higher fitness.
In contrast, the resistance to cefotaxime conferred
by each mutation within the E. coli b-lactamase
gene (5) was idiosyncratic with regard to the
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Fig. 2. Morphological aberrations caused by expression of the foreign pathway. Distinct cellular mor-
phologies of (A) WT or an EM ancestor showing (B) curved, (C) branched, or (D) elongated cells. (E) Mean
cell length and proportion of elongated (black), branched (white), and curved (gray) cells for various
strains. Plasmid pCM410 expresses the foreign pathway; pCM160 is an empty control plasmid.

Fig. 3. Antagonistic trend of epistasis detected from the data and captured by
the benefit-cost model. (A toD) Plots of measured (open circles) and predicted
(solid triangles) selective coefficients s for each of the four evolved alleles,

respectively, versus the fitness of the background onto which the allele was
introduced. Dashed lines indicate selective advantages for each allele on the
ancestral background (i.e., expectation for no epistasis).
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The distribution of epistatic interactions be-
tween mutations may greatly influence evolution-
ary outcomes—from the maintenance of sexual
reproduction to the fixation rate of beneficial
alleles—and hence the speed of adaptation itself.
The most consistent finding across studies of
laboratory-evolved populations has been a rapid
deceleration of the rate of fitness increase (10).
Theoretical analysis suggests that the observed
dynamics of fitness increase and accumulation of
substitutions (11) are best described by a class of
fitness landscapes with antagonistic interactions
between beneficial mutations (12).

We took both experimental and theoretical
approaches to investigate potential epistasis in
populations that were initiated with an engi-
neered strain of Methylobacterium extorquens
AM1 (hereafter, EM) (table S1) and evolved in
batch culture with methanol as the sole carbon
source (3). In order to grow onmethanol,Methylo-
bacterium must oxidize formaldehyde into for-
mate. Wild-typeMethylobacterium (WT) performs
this oxidation with a tetrahydromethanopterin-
dependent pathway (13). In EM, this native

pathway was eliminated and replaced by a non-
orthologous, glutathione (GSH)-dependent path-
way fromParacoccus denitrificans (fig. S1) (14).
As a result, the EM strain could grow on meth-
anol, but at a rate one-third that of WT (fig. S2).
Adaptation in eight replicate populations depen-
dent on this engineered metabolic function (anal-
ogous to natural horizontal gene transfer) resulted
in an average fitness increase after 600 generations
of 66.8% (fig. S3), as determined by competition
assays (3), and was largely carbon substrate–
specific (fig. S4).

The genome of an evolved isolate from gen-
eration 600 (“EVO”) (9) with the highest fitness
(WEVO = 1.94) (table S2) was sequenced to iden-
tify the genetic basis of adaptation in that lineage
(3). In total, nine mutations were identified (fig.
S5) (3). We found an 11-base pair (bp) deletion
between the two genes that encode the GSH-
dependent pathway, f lhA and fghA (i.e., fghAEVO),
in a plasmid specifically introduced into EM
(pCM410) (fig. S6). This deletion removed the
apparent ribosome-binding site for fghA and
decreased expression of these enzymes by 55%

and 73% (3), respectively. This change, however,
increased fitness by 14.2% (Fig. 1A), which sug-
gested that production of these enzymes in the
EM ancestor was higher than the optimum. In
WT, where the GSH pathway is extraneous, a
strain with an empty vector had a 14.1% fitness
advantage relative to fitness when both genes
were expressed. It therefore appeared that the pri-
mary advantage of the fghAEVO allele was to re-
duce the costs of protein overexpression (e.g.,
energy consumption, ribosome sequestering, and
protein misfolding). We also identified a single-
nucleotide polymorphism (SNP) in the promoter
region of pyridine nucleotide transhydrogenase
(pntABEVO), and a 2-bp deletion in the promoter
of the most rate-limiting enzyme of GSH biosyn-
thesis, g-glutamylcysteine synthetase (gshAEVO).
These gene products have clear linkages to meth-
anol utilization in EM (3). The remaining six ge-
netic changes included a large deletion (fig. S7),
a synonymous SNP, the loss of a plasmid, two
transposon insertions, and a 6-bp insertion (3).
The last-named six are difficult to reconstruct
genetically, were individually neutral under our
experimental conditions (15), or were deemed
unlikely to greatly contribute to fitness. We thus
treated them as a single collective locus, the “ge-
netic background” (GBEVO), for the purpose of
examining epistasis between beneficialmutations.
All identified alleles, when present individually
in the ancestral background conferred fitness ben-
efits ranging from 10 to 51% (Fig. 1A).

In order to investigate epistasis between these
beneficial mutations, strains with each allelic com-
bination (24 = 16) were constructed (3), and their
fitness values weremeasured (Fig. 1A). The adapt-
ive landscape of this genotypic space contained
a single peak; each allele was universally bene-
ficial across genetic backgrounds (i.e., showed no
sign epistasis, but the degree of benefit conferred
varied) (Fig. 1B). Except for pntABEVO, the re-
maining three alleles exhibited a significant trend
of diminishing returns: Their selective benefits de-
clined in genetic backgrounds with higher fitness.
In contrast, the resistance to cefotaxime conferred
by each mutation within the E. coli b-lactamase
gene (5) was idiosyncratic with regard to the
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respectively, versus the fitness of the background onto which the allele was
introduced. Dashed lines indicate selective advantages for each allele on the
ancestral background (i.e., expectation for no epistasis).
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The distribution of epistatic interactions be-
tween mutations may greatly influence evolution-
ary outcomes—from the maintenance of sexual
reproduction to the fixation rate of beneficial
alleles—and hence the speed of adaptation itself.
The most consistent finding across studies of
laboratory-evolved populations has been a rapid
deceleration of the rate of fitness increase (10).
Theoretical analysis suggests that the observed
dynamics of fitness increase and accumulation of
substitutions (11) are best described by a class of
fitness landscapes with antagonistic interactions
between beneficial mutations (12).

We took both experimental and theoretical
approaches to investigate potential epistasis in
populations that were initiated with an engi-
neered strain of Methylobacterium extorquens
AM1 (hereafter, EM) (table S1) and evolved in
batch culture with methanol as the sole carbon
source (3). In order to grow onmethanol,Methylo-
bacterium must oxidize formaldehyde into for-
mate. Wild-typeMethylobacterium (WT) performs
this oxidation with a tetrahydromethanopterin-
dependent pathway (13). In EM, this native

pathway was eliminated and replaced by a non-
orthologous, glutathione (GSH)-dependent path-
way fromParacoccus denitrificans (fig. S1) (14).
As a result, the EM strain could grow on meth-
anol, but at a rate one-third that of WT (fig. S2).
Adaptation in eight replicate populations depen-
dent on this engineered metabolic function (anal-
ogous to natural horizontal gene transfer) resulted
in an average fitness increase after 600 generations
of 66.8% (fig. S3), as determined by competition
assays (3), and was largely carbon substrate–
specific (fig. S4).

The genome of an evolved isolate from gen-
eration 600 (“EVO”) (9) with the highest fitness
(WEVO = 1.94) (table S2) was sequenced to iden-
tify the genetic basis of adaptation in that lineage
(3). In total, nine mutations were identified (fig.
S5) (3). We found an 11-base pair (bp) deletion
between the two genes that encode the GSH-
dependent pathway, f lhA and fghA (i.e., fghAEVO),
in a plasmid specifically introduced into EM
(pCM410) (fig. S6). This deletion removed the
apparent ribosome-binding site for fghA and
decreased expression of these enzymes by 55%

and 73% (3), respectively. This change, however,
increased fitness by 14.2% (Fig. 1A), which sug-
gested that production of these enzymes in the
EM ancestor was higher than the optimum. In
WT, where the GSH pathway is extraneous, a
strain with an empty vector had a 14.1% fitness
advantage relative to fitness when both genes
were expressed. It therefore appeared that the pri-
mary advantage of the fghAEVO allele was to re-
duce the costs of protein overexpression (e.g.,
energy consumption, ribosome sequestering, and
protein misfolding). We also identified a single-
nucleotide polymorphism (SNP) in the promoter
region of pyridine nucleotide transhydrogenase
(pntABEVO), and a 2-bp deletion in the promoter
of the most rate-limiting enzyme of GSH biosyn-
thesis, g-glutamylcysteine synthetase (gshAEVO).
These gene products have clear linkages to meth-
anol utilization in EM (3). The remaining six ge-
netic changes included a large deletion (fig. S7),
a synonymous SNP, the loss of a plasmid, two
transposon insertions, and a 6-bp insertion (3).
The last-named six are difficult to reconstruct
genetically, were individually neutral under our
experimental conditions (15), or were deemed
unlikely to greatly contribute to fitness. We thus
treated them as a single collective locus, the “ge-
netic background” (GBEVO), for the purpose of
examining epistasis between beneficialmutations.
All identified alleles, when present individually
in the ancestral background conferred fitness ben-
efits ranging from 10 to 51% (Fig. 1A).

In order to investigate epistasis between these
beneficial mutations, strains with each allelic com-
bination (24 = 16) were constructed (3), and their
fitness values weremeasured (Fig. 1A). The adapt-
ive landscape of this genotypic space contained
a single peak; each allele was universally bene-
ficial across genetic backgrounds (i.e., showed no
sign epistasis, but the degree of benefit conferred
varied) (Fig. 1B). Except for pntABEVO, the re-
maining three alleles exhibited a significant trend
of diminishing returns: Their selective benefits de-
clined in genetic backgrounds with higher fitness.
In contrast, the resistance to cefotaxime conferred
by each mutation within the E. coli b-lactamase
gene (5) was idiosyncratic with regard to the
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Fig. 3. Antagonistic trend of epistasis detected from the data and captured by
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respectively, versus the fitness of the background onto which the allele was
introduced. Dashed lines indicate selective advantages for each allele on the
ancestral background (i.e., expectation for no epistasis).
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Adaptation is bound by the chance effects of mutation, drift, and hitchhiking 
Unpredictability of genomic evolution

Summary

Caveat:  It has been observed over long time scales that 
chance events can affect subsequent evolutionary change.

*

Blount et al. PNAS 2008 Slide 23 of 25

Selection acts deterministically on a small number of driver loci 
Only a few traits under selection, but many mutations will give the desired phenotype

Lack of specific epistatic interactions 
The identity of fixed mutations does not constrain future evolution

The number of phenotypic solutions is strongly limited such that replicate populations 
will converge on the same phenotype, each by way of a unique evolutionary trajectory.



Gould’s Gedankenexperiment

“our origin is the product of massive 
historical contingency, and we would 
probably never rise again even if life’s 
tape could be replayed a thousand 
times.”

Stephen Jay Gould, Wonderful Life

“evolutionary routes are many, but the 
destinations are limited.”

Simon Conway Morris, Life’s Solution

Genotypic evolution is not predictable. 

Phenotypic evolution is predictable over short time scales, but over longer time 
scales, evolutionary outcomes are conditioned by specific epistatic interactions that 
either permit (or prohibit) particular evolutionary paths.
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Versatile system for studying evolution
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