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What fraction of possibilities has life
explored?

Number of bacteria on Earth
1030

Number of cell divisions
since origin of life
1030 x (3.5 x 10°) x (2.6 x 10%) = 1044

Daniel Fisher

Number of genomes explored by life
1044 x 104 x 106 = 1046

Number of possible genomes
/1,000,000 ~ 4()600,000



Do evolutionary outcomes depend on
identity and order of mutations?

+2% —6%

ACCG =——p AGCT AGCG =P AGCT
ACCG =——p ACCT ACCG == ACCT
+2% +2%
Effects of mutations are Effects of mutations are
context-independent context-dependent
(no epistasis) (epistasis)
One fittest genotype Potentially multiple

“fitness peaks”



Do evolutionary outcomes depend on
identity and order of mutations?

+2% —6%

ACCG === ACCT ACCG === ACCT
ACCG === ACCT ACCG === ACCT
+2% +2%

All mutational paths lead Evolutionary outcomes
to the same final genotype may be path-dependent

no historical contingency historical contingency
smooth fithess landscape rugged fithess landscape



Evidence for historical contingency due
to epistasis
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Evidence for historical contingency due
to eplsta5|s
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Evidence for historical contingency due

to epistasis

Mutations involved
in Cit++ phenotype
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Talk outline

1. How typical is historical contingency?
How does adaptation depend on the initial genotype?
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Michael Desal Dan Rice Elizabeth Jerison

2. What is the metabolic basis of epistasis?
What kinds of epistasis should we expect to observe?



The basics of evolution experiments

Saccharomyces
cerevisiae

transfer

growt

—80°C



Measure fitness by direct competition
with ancestor

Evolved
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Labeled Ancestor

Fithess o In( Ratio 2 ) — In( Ratio 1)



ldentify adaptive mutations by parallel
evolution in replicate lines

YMR1
f%%’g?& YDR222W
OSW5
RSO ATGS
Evolved 3\ D1 MKK?2

VID30 TRP1
ZWF1 whip  FKST

TOP1
ECM21 EDE1 ROT2

ACE2
Lb1 ELRA YOR389W LAG2 /.55
YPR1 <3

D6
e%gég@%& Lt A MGA1 STEe Evolved 2
TDA9 SEC6 EOS1 ©
Evolved 1 SMF1  PSE" STE6
ET2
ENP1 - PUF6 gTE °ET2 LFD1

PRT1



Experimental evolution in hundreds of
parallel populations
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How does prior evolution affect future
evolutionary outcomes?

Mutations are beneficial in
all backgrounds

Mutations are beneficial in
specific backgrounds
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Does initial genotype affect further
evolution?

Founder 1

Founder 2

DivAnc

Founder 64



Does initial genotype affect further
evolution?
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Rate of adaptation varies among
Founders
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Adaptation rate declines with
Founder fitness
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Kryazhimskiy et al, Science 2014



Why does “adaptability”
decline with fithess?



Sequenced full genomes of 104
adapted clones

Found 1150 mutations

intron

(1)

frameshift

(49)
premature

stop (54)



Hypothesis: “Running out” of beneficial
mutations

A
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Number of acquired
beneficial mutations
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>
depleted pool of
adaptive mutations

large pool of
adaptive mutations Founders ordered

by initial fithess



No support for the running out of
beneficial mutations
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Hypothesis: Different Founders acquire
different mutations

Number of populations with mutation 0 1 2 - 3

Multihit genes (number of hits)




Consider all data together

All Founders acquire mutations from the same pool
All Founders acquire same number of mutations
Fitter Founders adapt slower
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“Diminishing returns” epistasis

Mutation
in Gene1
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Test diminishing returns epistasis by
allele replacement

AN ’

SFL1 (6)

WHI2 (5)

GAT2 (3 [ ]




Knock-out genes in different genetic
backgrounds

whi2A
Background
strain 11 18 backgrounds
/ S X
— 4 genes
- — ge
gat2A =
/2 strains
negative
control E hoA
*

Measure fithess of knock-out strains



Diminishing returns epistasis supported
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Fithess landscape structure

Classic smooth
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Ruggedness likely depends on scale of
genetic divergence
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Adaptation from divergent strains

Lab strain b

<—O
Vinyard
strain
40,000 SNPs

230
Founders

Bloom et al, Nature 2013



Observe similar decline in adaptability
with fitness among divergent strains

Evolved in YPD + 30°C Evolved in SC + 37°C
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Observe similar decline in adaptability
with fitness among divergent strains

Evolved in YPD + 30°C Evolved in SC + 37°C
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SNP at KRE33 locus affects adaptability

Evolved in YPD + 30°C Evolved in SC + 37°C

. ¢ . C BMR2 A A
X * BYR2=067| . BY R =0.63
Q o) .
S ' @ 30}
o0t ++ =
< é 20 |
s | TGO O
2 S
210} = 107
® \ S of
= e i
o I 2 10,
20 15 10 5 0 5 10 15 30 -25 20 -15 -10 -5 0 5 10 15

Initial fitness in YPD, % Initial ithess in SC, %



SNP at KRE33 locus affects the pool of
adaptive mutations
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Conclusions

“Rule of declining adaptability” = rate of adaptation
declines with initial fitness

Negative “diminishing returns” epistasis is at least
partially responsible

Pool of adaptive mutations is common to most
closely related genotypes

Some (rare) mutations dramatically change the
pool of adaptive mutations



Part 2.

Where does epistasis come from?



Epistasis between two mutations

“Diminishing returns” epistasis between two
beneficial mutations
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Systematic measurements of epistasis
between gene knock-out mutations

Saccharomyces cerevisiae
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We measured epistasis. So what?



Do we have a null expectation for
epistasis?

Defining genetic interaction

Ramamurthy Mani*, Robert P. St.Ongef, John L. Hartman IV*, Guri Giaever$, and Frederick P. Roth*"!

Properties Expected of an Ideal Definition for Identifying Functional
Relationships. Gene function can be defined at multiple levels of
spectficity (27). By definition, there are few genes that hold any
given specific function, and gene pairs sharing a specific function
should then also be rare. Therefore, if interaction (either synthetic
or alleviating) 1s to be an ideal indicator of specific functional
relationships, the vast majority of gene pairs should be noninter-
acting. An 1deal definition for interaction should then yield a
distribution of observed double-mutant fitness values that closely
approximates the expected distribution over most gene pairs.




Do we have a null expectation for
epistasis?

Quantitative analysis of fitness and genetic
interactions in yeast on a genome scale

Anastasia Baryshnikova'*!%) Michael Costanzo"'’; Yungil Kim”?, Huiming Ding', Judice Koh',

Kiana Toufighil, Ji-Young Youn!?2, Jiongwen Ou®, Bryan-Joseph San Luis!, Sunayan Bandyopadhyay’,

Matthew Hibbs®, David Hess’”, Anne-Claude Gingras®, Gary D Bader"?, Olga G Troyanskaya®, Grant W Brown”,
Brenda Andrews! 2, Charles Boone!? & Chad L Myers?

size 1s related to the corresponding query mutation. From Eq. 1 above, we assume that

observed colony area 1s a function of the single mutations fitness defects as well as time:

as 1 most cases & ~ 0 because genetic interactions are rare. Due to the



Is “no epistasis” a biologically
meaningful expectation?

Simple example: epistasis between mutations in the
same enzyme

A

enzyme activity x

, | I N

WT A XA XWT
mutant enzyme activity




Within-protein epistasis arises from two

contributions

1. Activity Is not
additive

A

2. Fithess Is a non-linear
function of activity
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enzyme activity
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Within-protein epistasis arises from two
contributions

F = F(x) Fitness is function of activity
0%x, OBx, 0ABx Effects of mutations on activity
gABx = §ABx — §Ax — oBx Epistasis for activity
0AF, OBF, 0ABF Effects of mutations on fitness
eABl = 9ABE _ 3AF — dBF Epistasis for fitness

cABF = (C-eABx + H-0%x-0Bx

“Propagation of epistasis”



Epistasis between enzymes also arises
from two contributions

F = F(x1,x2) Fitness is function of activities x1, x>
02xi, 0Bx;, 0°Bx; Effects of mutations on activity i
eABx; = 0ABx; — 0%x; — Bx; Epistasis for activity i
0AF, OBF, 6ABF Effects of mutations on fithess

eABl = 9ABE _ 3AF — dBF Epistasis for fitness

eABE = C-gABx + (82x)T-H-6Bx

“Propagation of epistasis”



What is function F?
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Bacterial growth laws offer a simple
“‘coarse” description of metabolism

matn L - /é\/

Vo) Precursors (K) Amino acids (a) Protein synthesis



T. Hwa’s model predicts epistasis
between mutations that affect different
cellular processes

C
l/xc+1/an + 1/27

F =

Mutation A reduces only xc
Mutation B reduces only xx

cABF > ()



What about epistasis between
mutations that affect the same process?

1. Break down metabolic networks into pathways
2. Characterize pathways by effective parameters
3. Propagate epistasis
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What about epistasis between
mutations that affect the same process?

1. Break down metabolic networks into pathways
2. Characterize pathways by effective parameters
3. Propagate epistasis

C-e*Bx + (54x)T-H-8Bx

XUglyc(X) XLglyc(X)

" Upper glyc " Lower glyc oyr




What about epistasis between
mutations that affect the same process?

1. Break down metabolic networks into pathways
2. Characterize pathways by effective parameters
3. Propagate epistasis

SABXgZyc — C‘8ABx 1 (BAX)T‘H‘5BX

® g Xglyc(XUglyc, XLglyc) > @
glu pyr




Some properties of propagation of
epistasis can be derived for metabolic
networks with unsaturated reactions

Large metabolic network, xr

Small metabolic
network, xs

Mutations A and B reduce only xs with g2Bxs# 0
C>0 H<0



Some properties of propagation of
epistasis can be derived for metabolic
networks with unsaturated reactions

Large metabolic network, xr

Small metabolic
network, xs

Mutations A and B reduce only xs with g2Bxs# 0

Negative epistasis tends to accumulate
but positive epistasis does not



Can propagation of epistasis explain
prevalence of negative epistasis for
fitness Iin evolution experiments?
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Number of mutations indistinguishable
among Founders

Number of mutations
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Founders ordered by initial fithess




