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| venture another, and perhaps equally reckless, generalization —
nothing makes sense in biology except in the light of evolution.
Theodosius Dobzhansky (1964)
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The evolutionary process is concerned, not with individuals,
but with the species, an Intricate network of living matter,
physically continuous in space-time, and with modes of response
to external conditions which it appears can be related to the
genetics of individuals only as a statistical consequence of the
latter.

Sewall Wright (1931)



Experimental evolution with microbial populations [mostl y E. coli]

S.F. Elena, R.E. Lenski, Nature Reviews Genetics 4, 457 (2003)

Issues: 16

e Speed of adaptation 15
e Statistics of adaptive events

e Fitness advantage of fixed
beneficial mutations

relative fithess

e Structure of the fithess tol— o+ il IR
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e Predictability of evolution fit: Sibani, Brandt & Alstrgm (1998)



Experimental evolution: Adaptation of viral populations
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Fitness decline induced in
populations of bacteriophage
(@6 by successive population
bottlenecks

Fitness recovery  through
Increasing population size

Step-like fitness changes reflect
single deleterious or beneficial
(compensatory) mutations

Evidence for ruggedness of the
fitness landscape

C.L. Burch, L. Chao,
Genetics 151, 921 (1999)
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The Muller-Fisher hypothesis for the advantage of sex

e Dynamics of an adapting population:

Muller 1932: Crow & Kimura 1965
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The Muller-Fisher hypothesis for the advantage of sex

e Clonal interference slows down the adaptation of asexual populations
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The Wright-Fisher model
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e Constant population size N, discrete non-overlapping generations
e Each individual chooses an ancestor from the preceding generation
e Individual | is chosen with probability ~ w; Wrightian fitness

e Mutations occur with probability U per individual and generation



Fixation of single mutations

When a single mutant of fitness W’ is introduced into a monomorphic
population of fitness w, the outcome for t — oo is either fixation (all w’)
or loss of the mutation (all w)

Fixation probability for the Wright-Fisher model (Kimura, 1962)
1— e—ZS V4
T(S) ~ T e s STy 1 selection coefficient

Under strong selection: (N|s| > 1) deleterious mutations (S < 0) cannot fix,
while beneficial mutations (s> 0) fix with probability

ns)=1-e*~2s s«

Mean time to fixation of a beneficial mutation:

InN

thix ~ ——



Mutation and fithess model

Infinite sites approximation:
Each mutation creates a new genotype, no recurrent mutations

Multiplicative model: Fitness of offspring W’ related to parental fitness w by
w — W =w(l+s)
with selection coefficient s chosen randomly from a distribution P(s)

Extremal statistics arguments suggest that the distribution of selection
coefficients for beneficial mutations is exponential:
H.A. Orr, Genetics 163, 1519 (2003)

R(s)=s'e¥® s>0

Beneficial mutations occur with probability Uy



An empirical fitness distribution (VS virus)
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from: A. Eyre-Walker & P.D. Keightley, Nat. Rev. Gen. 8, 610 (2007)



Contending mutations

e Beneficial mutations are most likely to get lost by genetic drift in the early
(stochastic) regime of the fixation process

= mutations become contenders with probability 71(s) ~ 2s
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e Probability distribution of contending mutations: Py(S) ~ SPh(s) ~ se™%/%



Periodic selection vs. clonal interference

e Contending mutations arise at rate 25,NUp = 1/t

e Periodic selection requires tay << thut

A population fraction

1

_

tfix tmut

e In the periodic selection regime every contending mutation is fixed

= rate of adaptation R= 28, /t,,.s = 45NUj,
e Beneficial mutations interfere when tg, >t or 2NUpINN > 1

e Clonal interference is inevitable for large N [provided Uy, is constantl!]



Wright-Fisher dynamics for
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The Gerrish-Lenski theory of clonal interference

P.J. Gerrish, R.E. Lenski, Genetica 102/103, 127 (1998)

Key idea: A contending mutation S survives clonal competition if no
superior mutation s’ > sarises during the time to fixation of s.

The survival probability is exp[—A (S)] with
NInNU
A(s) = NUbtf.X/ ds'P(s') = —b/ ds’ 7(s')s, texp[—s'/s]

GL theory does not (explicitly) account for the complex interaction of
different clones. In particular, the possibility of beneficial mutations arising
within a growing clone (multiple mutations) is ignored.

Qualitative predictions:
Clonal interference reduces the rate of substition E[K| but increases the
mean selection coefficient of fixed mutations E|g].



Summary so far:
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D.E. Rozen, J.A.G.M. de Visser, P.J. Gerrish, Curr. Biol. 12, 1040 (2002)
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GL-theory: Quantitative predictions for large N

C.O. Wilke, Genetics 167, 2045 (2004); S.C. Park & JK, PNAS 104, 18135 (2007)

Rate of substitution: vy~ 0.577215... Euler’'s constant

E[K ~ %[In(UbNInN) ty—1—s

Mean selection coefficient of fixed mutations:

E[s ~ s[In(UpNINN) + V]

Rate of adaptation: E|[w]: mean population fitness

R— lim "EMW

t—oo t

~ E[JE[k] — s:In(UpNInN)

Logarithmic dependence on the mutation supply NUj



Extremal statistics estimates

Probability to find a selection coefficient larger than S :

Prob[s> S| = /oo R(s)ds=e /%
S

The largest selection coefficient S, in t generations is determined by

1
NUpt

Prob[s > Sy.x] = < Spax = SHIN(NUt)

Self-consistency requires that t = tg(Snax) = INN /Sax

= Spax = SIN(NURINN /S 0x) = Snax = E[g = $IN(NULINN)

Rate of substitution within GL-theory:

1 Smax __ So

Bl = tex (Smax) ~ InN ~ InN

IN(NUpInN)
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Rate of adaptation: Simulations
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Rate of adaptation: Experiments

J.A.G.M. de Visser et al., Science 283, 404 (1999)
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Selection coefficient of fixed mutations: Simulations
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Selection coefficient of fixed mutations: Experiments

J.A.G.M. de Visser & D.E. Rozen, J. Evol. Biol. 18, 779 (2005)
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CV

Coefficient of variation from simulations
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Reconstruction of model parameters from experiments?
L. Perfeito et al., Science 317, 813 (2007)
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Reconstruction of model parameters from experiments?

M. Hegreness et al., Science 311, 161 (2006)
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e Estimate of U, and s, depends on the choice of B,(S)!



Structure of the substitution process

e In the presence of multiple mutations, the process of origination of fixed
mutations must be distinguished from the process of fixation:

3 Fixauon process 3

it

Origination process

Sitc Frequencies

Fic. 1. A diagram of the trajectories of mutations that
ultimately fix in the population.

J.H. Gillespie, Genetics 134, 971 (1993)



Fixation of multiple mutations

Fixation: Change in the genotype of the most recent common ancenstor

t t+1
o—eo——=o /ooo
e—o—= />ooo

e fixed oo o fixed



Counts
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Rate of substitution: Simulations
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Distribution of the number of simultaneously fixed mutation

S

e Data are well fitted by a geometric distribution: J(K) = q(1— q)k‘1

e 1/0: mean number of simultaneously fixed mutations

e Geometric distribution with q(N) = 2/(2+ NU ) is exact in the neutral case
(Watterson, 1982)



The rhythm of microbial adaptation

P.J. Gerrish, Nature 413, 299 (2001)

Statistics of the number n(t) of substitution events up to time t ?

The index of dispersion of the substitution process is the ratio of the
variance of n(t) to the mean:

In the periodic selection regime | = 1 (Poisson statistics)

GL-theory predicts a universal, sub-Poissonian Ilimit in the clonal
interference regime:

limI(N)=2e"Y—-1~0.123

N—o0

Adaptation as a non-Poissonian renewal process



The rhythm of origination and fixation
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e Origination process becomes regular (I — 0) for large N

e Index of dispersion of fixation process | ~1—q— 1for N — oo



The limit of infinite population size

In the limit N — oo the fithess distribution evolves deterministically, and the
model is exactly solvable

e Mean fitness grows faster than exponentially:

1 1
INE[wW] ~ t[In(set) — 1] +§In(2nU2t) +§ ~tint = R= oo
e Rate of substitution: My EK =1> 5
when at most one mutation is allowed per individual and generation

e Distribution of fixed mutations: limy_eq(N) =0
= origination process is deterministic and fixation process random

Dynamics for N — oo is dominated by multiple mutations , but this regime is
reached only for hyperastronomically large populations N ~ 10709



Finite vs. infinite populations




Summary and outlook

Clonal interference is a generic feature of asexual adaptation with clear
guantitative signatures

Simple GL-theory works remarkably well in the regime of experimental
interest, though significant deviations are predicted for very large N

Extraction of model parameters |Up, S, B(S)] from experimental data
seems feasible but nontrivial

The multiplicative fitness model is valid (at best) for short times; at longer
time scales the rate of adaptation is known to slow down, which may be
due to the epistasis and/or ruggedness of the fitness landsscape.

In rugged fitness landscapes clonal interference is asymptotically irrelevant
because the supply of beneficial mutations decreases with increasing
fitness = see talk on Friday!



