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Interference between beneficial mutations
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discussion of the interplay between clonal interference
and multiple mutants (i.e., going beyond the constant-s
model) to a later section below.

First consider starting from amonoclonal population.
Mutations initially give rise to a subpopulation with
fitness increased by s (Figure 2a). The size of thismutant
subpopulation drifts stochastically, but eventually be-
comes large enough,!1/s individuals, to become deter-
ministic. This takes a (stochastic) establishment time, t1.
After its establishment but before its fixation, mutations
can occur in the still-small mutant subpopulation to
create double mutants with fitness 2s (Figure 2b). This
typically happens well before the single mutants have
fixed (else we are by Equation 1 in the successional-
mutations regime).We assume the doublemutants never
arise before the single-mutant subpopulation has estab-
lished; as we discuss below and in appendix g, this
will be true unless mutation rates are extremely high
or selection is very weak. A double-mutant population
thereby becomes established a time t2 after the estab-
lishment of the single-mutant population. Triple mu-
tants then begin to arise and become established after
an additional time t3. This interval is typically shorter
than t2, primarily because double mutants grow faster
than single mutants and hence generate more muta-
tions and, in addition, because the triple mutants are
more fit than double mutants and hence survive drift
more easily (with probability 3s rather than 2s).

This process continues, accelerating at each step.
Eventually, however, enough time passes that the single-
mutant subpopulation (or one of the multiple-mutant

subpopulations) becomes larger than the original wild
type. This near fixation of the single mutants increases
the mean fitness by s, which balances the accelerating
front and creates a moving fitness distribution that will
attain a (roughly) steady-state width with the mean fit-
ness increasing with a steady-state average speed, v. This
is a form of mutation–selection balance: as each new
beneficial mutation becomes established, the mean fit-
ness increases by s and the fitness distribution moves to
higher fitness while maintaining the same shape.

It is useful to consider this process in more general
terms. The key to the behavior is the balance between
mutation, which increases the variation in fitness within
the population, and selection, which decreases the var-
iation by eliminating all but the fittest individuals. If
we were discussing deleterious mutations, mutation
would also oppose the tendency of selection to increase
themean fitness, leading to a steady-state distribution of
fitness (ignoring Muller’s ratchet, which for large popu-
lations only matters on extremely long timescales). This
deleterious mutation–selection balance, which is in-
dependent of population size for largeN, has long been
understood (Gillespie 1998). In our case, the dynamics
are more subtle because the important mutations are
beneficial. The basic idea ofmutation–selection balance,
however, is unchanged. Mutations broaden the fitness
distribution while selection narrows it, creating a steady-
state variance around an increasing mean fitness. But
unlike the deleterious case, the dynamics of the rare in-
dividuals near the most-fit tail of the fitness distribution
(the ‘‘nose’’) control the behavior. We show below that

Figure 2.—Schematic of
theevolutionof largeasexual
populations. Shown are fit-
ness distributions within a
population, on a logarithmic
scale. (a) The population is
initially clonal. Beneficial
mutations of effect s create
a subpopulation at fitness s,
which drifts randomly until
after time t1 it reaches a size
oforder1=s, afterwhich itbe-
haves deterministically. (b)
This subpopulation gener-
ates mutations at fitness 2s.
Meanwhile, the mean fitness
of the population increases,
so the initial clone begins
to decline. (c) A steady state
is established. In the time it
takes for new mutations to
arise, the less-fit clones die
out and the population
moves rightward while main-
taining an approximately
constant lead from peak to
nose, qs (here q¼ 5). The in-
set shows the leading nose of
the population.

1764 M. M. Desai and D. S. Fisher

Desai & Fisher, Genetics, 2007
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Recombination accelerates evolution
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Small population: sequential innovations

Large populations: competing mutations

Recombination can combine competing 
mutations and accelerate adaptation - 
BUT BY HOW MUCH?

Po
pu

la
tio

n

Crossover



Richard Neher KITP, March, 2010

Evolution as surfing

6



Richard Neher KITP, March, 2010

Evolution as surfing

6

F

Fitness distribution

1
New mutation

arises in genome 1



Richard Neher KITP, March, 2010

Evolution as surfing

6

F

Adaptive shift 
of the population

1 F

Fitness distribution

1
New mutation

arises in genome 1



Richard Neher KITP, March, 2010

Evolution as surfing

6

F

Adaptive shift 
of the population

1 2

Recombination
moves allele to
“better” genome

 
2

F

Fitness distribution

1
New mutation

arises in genome 1



Richard Neher KITP, March, 2010

Evolution as surfing

6

F

Adaptive shift 
of the population

1 2

Recombination
moves allele to
“better” genome

 
2

F

Fitness distribution

1
New mutation

arises in genome 1



Richard Neher KITP, March, 2010

“Path integral”
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Deterministic dynamics of the bulk
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Stochastic dynamics of novel mutations
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Stochastic dynamics of novel mutations
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Asymptotic solutions
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Self-consistent solution
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•In large populations, recombination is limiting adaptation

•In small population, the supply of mutations is limiting



Richard Neher KITP, March, 201012

The more recombination, the better?
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Genetic interactions
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Genetic interactions (Epistasis)
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Allele vs genotype selection
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Epistasis models
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Dynamics of selection
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Self-consistency Condition
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The success of selection
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Selection on interacting clusters
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