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Biological Motivation
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Genetic competence (uptaking DNA 
from environment) in bacterium B. 
subtilis is a phenotypic switch
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“The world inhabited by bacteria and other microorganisms is 
perilous. These tiny creatures must cope with the vicissitudes 
of an environment that undergoes perpetual alterations in 
temperature, salinity, pH, availability of nutrients, challenged by antibiotics, mutagents, 

toxins, radiation...”
Dubnau and Losick, Bistability in Bacteria, 2006
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Lactose utilization network in E. coli 
is a phenotypic switch
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Bacterial persistence (switching 
between phenotypic states with 
different growth rates) in E. coli as a 
phenotypic switch
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Stochastic switching: evolutionary bet-hedging mechanism

QUESTIONS:  When is switching adaptive? What are optimal rates of 
switching?
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Stochastic switching regarded as a bet-hedging strategy by 
which genetically identical individuals are able to express 
different phenotypes in different environments.
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Population Genetic Background
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A haploid modifier model with constant environment

Genotypes           AB   Ab   aB   ab
Frequencies x1      x2      x3      x4                (x1 + x2 + x3 + x4 = 1)
Fitnesses w1    w2     w3    w4

Mutation at A/a   AB ↔ aB at rate µB

Controlled by B/b   Ab ↔ ab at rate µb

B/b is selectively “neutral”         w1 = w2,      w3 = w4

Recombination:  AB/ab  →   ΑΒ        Αb          aΒ          ab
r/2    (1 – r)/2  (1 – r)/2    r/2

Problem: What mutation rate will the population evolve?
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Phenotypic Evolution in Fluctuating Environments
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Approximations and numerical analyses of the symmetric case 
have proposed that for cycles of period 2n, the stable mutation 
rate is 1/n. Not proved yet and seems to fail for n = 3.
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Evolution of stochastic switching rates in 
symmetric fitness landscapes, i.e., 
s = s0 = s1. The log10 evolutionary stable 
switching rate on the x-axis depends both 
on the fitness cost of being maladapted in 
both environments (s) and the variance of 
the distribution of waiting times. The 
mean waiting time is fixed at n = 20 and 
the variance ranges from zero, which 
corresponds to a periodic environment 
where the environment changes exactly 
every 20 generations, to 400, which 
corresponds to an exponential distribution 
(α = 1, β = 20) where the environment 
changes with probability 0.05 at each 
generation. Different values of s are 
plotted using the colored empty and filled 
circles given in the legend. Dashed line is 
1/n.

Salathé, Van Cleve, Feldman 2009



Figure 1: Evolutionarily stable 
mutation rates as a function of the 
selection coefficients for the 
disfavored allele in each 
environment, s1 and s3, which are 
plotted logarithmically. The 
number of generations in each 
environment, n, is given along the 
left side of the figure. The 
recombination rate between the 
major locus under selection and 
the modifier locus is given along 
the top of the figure. The colors 
denote the stable mutation rate 
and are given in units of the 
canonical predicted rate of 1/n in 
the color bar at the bottom of the 
figure; white is a rate of 1/n, 
shades of red are rates higher 
than 1/n, and blues are rates 
lower than 1/n. Black denotes 
evolution to zero mutation rate. 
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Figure 2: Pairwise 
invasibility plots for 
mutation rate modifier. 
Combinations of resident 
mutation rate µB and 
invading mutation rate µb in 
the white regions yield a 
leading eigenvalue greater 
than one in absolute 
magnitude; the leading 
eigenvalue is less than one 
in the black regions. We 
assume that w1 = 1 – s1 
and w3 = 1 – s3 and set 
s1 = 0:01. Each row 
denotes a different value 
for n, the number of 
generations in each 
environment. The 
recombination rate is set to 
r = 0. Note that the x- and 
y-axis are logarithmically 
scaled from 10–2 to 0:5 and 
from 1 – 10–2 to 1 – 0:5.
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Temporal and Spatial Fluctuations 
in Selection
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General framework:
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Next generation x′, y′:   m is migration rate (both ways)
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Symmetric Selection

Ex   Ey

  AB      Ab     aB     ab           AB    Ab      aB       ab
fitness 1 + s   1 + s      1       1            1       1     1 + s   1 + s

When x2 = x4 = y2 = y4 = 0,  B is fixed and there is a 
“symmetric” equilibrium.

Result

A
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Evolution of mutation by invasion of x* y* by allele b.
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A, B, C, D > 0; all functions of s, r, µb, µB.
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Result. When 0 < m, µB, µb < ½, the symmetric 

equilibrium (x*, y*) is externally stable to the introduction 
of the new modifier allele b if µb > µB and is unstable if 
µb < µB. Therefore, the reduction principle holds and zero 

is the only uninvadable switching rate. 

No Temporal Fluctuation
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A

A

Result.
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Result.

Result.

Result.

Result.
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maximum mean fitness

+

stability
=
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n = 3
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