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     Haploid  Model 
 

         A          a 
Frequency    p          q 
Relative Fitness  wA = 1   wa = 1 + s 
 
 
Average fitness: 
 
Allele frequency in next generation:    
 
 
Change over many generations: 
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Diploid  Model 
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Allele frequency in next generation:   
 
Directional selection:  wAA  > wAa > waa     ( neutrality: wAA  = wAa = waa) 
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Types	  of	  Selec+on	  

•  Fer+lity	  versus	  viability	  selec+on	  
•  Frequency	  dependent	  selec+on	  and	  
fluctua+ng	  selec+on.	  

•  Sexual	  selec+on	  
•  Kin	  selec+on	  
•  Group	  selec+on	  
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Typically we assume fitnesses of AA, Aa and aa to be 1, 1 – s, 
and (1 −  s)2 ≈ 1 − 2s, respectively. 

 

Wright-Fisher (viability selection): 



Diffusion	  processes	  









Deleterious	  muta+ons	  

80%	  of	  all	  new	  non-‐synonymous	  SNPs	  must	  
have	  selec+on	  coefficients	  in	  the	  range	  where	  
they	  are	  nega+vely	  selected	  but	  not	  so	  
deleterious	  that	  they	  will	  never	  be	  found	  in	  
the	  popula+on.	  



Selec+ve	  Sweeps	  

New advantageous mutation 





Escape by recombination 

Selective Sweeps 





From Kaplan, Hudson and Langley (1989) 



Coalescence Tree 



Coalescence Models 

Selective phase 

Neutral coalescence tree Coalescence tree with sweep 

Escaped lineages 



Kaplan,	  Hudson	  and	  Langley	  (1989)	  
	  

Three	  phases:	  
	  
(1)	  When	  the	  selected	  allele	  is	  at	  low	  frequency	  (x(t)	  <	  ε),	  2Nx(t)	  is	  modelled	  

using	  a	  supercri+cal	  branching	  process.	  
(2)	  At	  intermediate	  frequencies,	  the	  the	  change	  in	  frequency	  is	  modelled	  

determinis+cally:	  
	  
	  
	  
(3)	  When	  the	  selected	  allele	  is	  at	  high	  frequencies	  (x(t)	  >	  1	  -‐	  ε),	  1	  then	  2N(1	  –	  

x(t))	  follows	  a	  subcri+cal	  branching	  process.	  
	  

( ))(1)(2)( txtNsx
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X(t): frequency of mutant at time t  

N: population size 

s: selection coefficient 



Coalescent	  Process	  (0	  <	  x(t)	  <	  1)	  
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R = 2Nr, r = recombination rate per generation 

For a sample of n gene copies in a neutral locus, the coalescent 
process has state space on {(i, j) : 1 < i + j < n} and follows a time-
inhomogeneous Markov jump process, which jumps from state (i, j) 
at rates 



Various	  Extensions	  and	  Simplifica+ons	  

•  Stephan,	  Wiehe	  and	  Lentz	  (1992),	  Wiehe	  and	  Stephan	  (1993),	  Kim	  and	  
Stephan	  (2002)	  and	  others	  ignore	  the	  stochas+c	  phases.	  

•  Durre_	  and	  Schweinsberg	  (2004)	  showed	  that	  under	  this	  assump+on	  and	  N	  →	  
∞,	  rln(2N)/s	  →	  a,	  s(ln	  N)2	  →	  ∞	  then	  for	  j	  >	  1	  

	  
•  More	  theory	  on	  mul+ple	  mergers:	  Barton	  (1998)	  	  Durre_	  and	  Schweinsberg	  

(2004),	  Etheridge	  et	  al.	  (2006),	  Pfaffelhuber	  et	  al.	  (2006)	  and	  others.	  
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Where pn,k is the probability that n ancestral lineages are reduced to k 
ancestral lineages after a selective sweep (looking backwards in time).  



Krone	  and	  Neuhauser	  (1997)	  
Ancestral	  Selec+on	  Graph	  





Background	  Selec+on	  
•  Charlesworth, Morgan and Charlesworth (1993): the shape of the genalogy will 

be just as in the neutral case but with 

      so                          , where u is the deleterious mutation rate. 

•  Adding recombination, Nordborg, Charlesworth and Charlesworth (1996): 

	  	  
	  

	  

	  
	  

Ne = Ne
−u/2sh



Motoo Kimura (1969): The Neutral Theory 
Molecular evolution is dominated by mutation and 
genetic drift.  Selection plays only a minor role. 
 
To tests this hypothesis – and to detect selection in 
general – a number of  Tests of Neutrality have been 
developed 
 
 







Nonsynonymous/synonymous	  rate	  ra+o:	  
dN/dS	


	  
	  dN = number of nonsynonymous mutations per nonsynonymous 
site.	  	  
 dS = number of synonymous mutations per synonymous site. 

	  

	  dN/dS < 1:   Negative selection 
 dN/dS = 1:    Neutrality (no selection) 

    dN/dS > 1:    Positive selection 
	  
	  



Influenza 
hemagglutinin 
molekyle 

Selection for avoidance of immune 
recognition in viruses 

 



Gene categories that show evidence of positive selection in 
E. coli 

EcoCyc 
category Description Category size Fisher p-

value 
BC-8  Extrachromosomal 142 0.00E-00 

BC-8.3  Transposon related 48 0.00E-00 

BC-4.1.B  Beta barrel porins  20 2.73E-14 

BC-8.1 Prophage genes and phage 
related functions 

112 4.91E-14 

BC-7.4  Outer membrane 63 2.14E-10 

BC-1.6.3.2  Core region  11 2.54E-07 

BC-1.5.3.11  Menaquinone, ubiquinone 28 1.03E-05 

BC-1.6.11 Glycoprotein (incl. some fimbrie 
and curlin protein) 

12 4.21E-05 

BC-8.4  Colicin related 10 0.00366 
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Biological process Number of genes p-value 

Immunity and defense  417 0.0000 

T-cell mediated immunity 82 0.0000 

Chemosensory perception  45 0.0000 

Biological process unclassified  3069 0.0000 

Olfaction  28 0.0004 

Gametogenesis  51 0.0005 

Natural killer cell mediated immunity 30 0.0018 

Spermatogenesis and motility  20 0.0037 

Inhibition of apoptosis  40 0.0047 

Interferon-mediated immunity 23 0.0080 

Sensory perception  133 0.0160 

B-cell- and antibody-mediated immunity  57 0.0298 



Within 
species 

Between 
species 

Nonsynonymous A B 

Synonymous C D   

 

A 

B 
C 

D 

 
  

                        Neutrality:      = 

McDonald-Kreitman test 

Test using test of homogeneity. 





 
In the HKA test, the levels of polymorphism and 
divergence in two or more loci are considered: 
 

   Locus 1  Locus 2   
Segregating sites  S1   S2   
Fixed differences  F1   F2   
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The HKA test (Hudson-Kreitman-Aquade) 
 



Dmd	  intron	  7	  and	  44	  in	  humans	  
Nachman	  and	  Crowell	  2000	  



Tajima’s D Test (1989) 
 

There are two common unbiased method of moments estimators of θ under the 
infinite sites model: Watterson’s estimator, based on the number of segregating 
sites and Tajima’s estimator, based on the average number of pairwise 
differences: 

        and , 
 
where S is the number of segregating (variable) sites and kij is the number of 
nucleotide differences between sequence i and j in the sample.  Notice that     
is given by the average number of pairwise differences which in much of the 
literature is denoted by π. Tajima suggested using  
 
 
 
as a test statistic when testing the neutral model. 
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Symmetric migration, 2-island model 



Haplotype	  homozygosity	  



Selec+ve	  Sweeps	  

New advantageous mutation 


