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Building blocks of evolution

Replication

Selection

Mutation



   

Replication

P { X=k }= p k  k=0,1,2...



   

Selection

P i {X=k }= pi k  k=0,1,2...



   

Mutation

P i {X =k }=p i k  k i=0,1,2...



   

Branching process

Z n1Z n



   

Mutation-selection matrix

E i {X j }=w ij=r iq ij

R=
r1 0

⋱
0 r n

 replication matrix

Q=qij  mutation matrix

Q uT=uT u=1, ,1

W≡R Q mutation-selection matrix



   

Evolution equation for the mean

N n1 =N n W

N n =E {Z n}

quasi-species equation



   

Some properties

1. Exponential growth

2. Survival of the fittest

3. Mutations maintain variability in population

N n ~max
n vmax vmax W=max vmax

W=R max=ri vmax=e i r ir j



   

Evolution acts on sequences



   

Virus



   

Viral replication



   

Quasi-species

ATTTGGAAATGCCGCAATTTACGGGA
ACTTGCAAATTCCGCAAATTTCGGGG
AGTTGGAACTTCCGCAATTCTCGGGA
ACTTGGACATTCCGATATTCTCGGGA
GGTTGGAAATACCCCAATTTTCGGGA
ACTTTGAAATTCCGCAACGGTCGGGA
ACATGGAAATTCCGCAATTTTCGGGA

ACTTGGAAATTCCGCAATTTTCGGGA

consensus sequence



   

Quasi-species

consensus sequence

11001010100110011011000100
10001110101110011111100101
11001010001110011010100100
10001011101110101010100100
01001010100111011011100100
10000010101110011100100100
10101010101110011011100100

10001010101110011011100100



   

Steady state

x n1 
=

x n W

xn W uT
x n uT=1

x W= x

=x W uT=xR uT=∑i
r i x i

quasi-species equation

steady state

average fitness



   

Point mutations

probability of a point mutation: ≪1



   

Single-peak landscape

master sequence

r 0=r1=r1=r 2=⋯=r n

x0= x x1x2⋯xn=1−x



   

Error catastrophe

x*≈1−
r
r−1

 L if L1−
1
r

x *=O  if  L1−
1
r

∑
j=0

n

x j r jq ji= x i =r x1− x

x [ r 1− LO ]=x [1 r−1x ]

L≫1



   

Error catastrophe


Hamming distance to the 
fittest sequence

quasispecies

error catastrophe

Manfred Eigen (1971)



   

How reliable is the single-peak 
landscape?



   

High redundancy



   

Genotype-phenotype mapping

ATGCCCA

GGTACCA

CCACCTT

TTACCCA

AAACCCA

ATTTTAA

CGCGTTA

ATGATCA

ATGCCCAGGGTTTA

GATTACA

TTTTTTA

CATACAT

TTAAGAC

AAGGAAC

TGAGGAC ATTAATT

GGTATTA

genotypes

phenotypes

SELECTION



   

Distribution of phenotypes



   

There's not single-peak landscape

compensatory mutations 
cannot be neglected



   

Error catastrophe?

p W= r 1− p r p
0 1 

r=2



   

Error catastrophe?

p q W= r 1− p r p
q 1−q 

r=2



   

A simple generalization
p p p p p p

q q q q q q

r= 0 1 2 ⋯ R⋯3

N r
n1 =q r−1N r−1

n  1− p−q  r N r
n p r1N r1

n 

N R
n1 =q R−1N R−1

n 1−p R N R
n  0rR

Manrubia et al., Phys. Rev. Lett. 18, 188102 (2003)



   

Muller's ratchet

Domingo & Wain-Hobson, EMBO reports (2009) 10, 444 - 448



   

Actual behavior

P  r0

r 0



   

Conclusions
● REPLICATION + SELECTION + MUTATION = EVOLUTION

● Variability yields quasi­species

● Evolution of sequences is well described by the quasi­species 
equation

● Assuming an optimal sequence and neglecting back mutations leads 
to the error catastrophe

● There is high redundancy in biology (a huge number of genotypes 
produce the same phenotype) → no optimal sequence

● Redundancy generates compensatory mutations eliminating the error 
catastrophe

● Simple models with compensatory mutations capture experimental 
behavior in viral evolution 
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