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Nature of beneficial mutations

- Rate

- Fitness effect (selection coefficient, s > 0)

- Genomic location

- Molecular nature

- Phenotypic effect



Beneficial mutations are difficult to observe:

RNA Virus (VSV):  ~ 6×10-8 /genome/generation 
(Miralles et al. 1999)

E. coli :  ~ 4×10-9 /genome/generation 
(Imhof and Schloetterer 2001)

Drosophila: 10-6 ~ 10-4 /genome/generation

(~ 2×10-3 substitutions /population/generation; Smith and Eyre-Walker 2002)



Rare mutations to beneficial alleles:

How can we study beneficial mutations in plants and animals?

Solution:

Inferring the evolutionary history 

from DNA sequence variation and diversity



“Hitchhiking” effect of beneficial mutations or “Selective sweeps”

No recombination
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Recombination



Hitchhiking effect of a beneficial mutation

Location (genetic map)

Heterozygosity (π)

Maynard Smith and Haigh (1974)

“Target” of selection



Hitchhiking effect of a beneficial mutation

Maynard Smith and Haigh (1974)

⇒ Mapping genes of recent adaptive change

Location (genetic map)

Heterozygosity (π)



Hitchhiking effect – example

Non-glutinous rice Glutinous rice

10~30% of the total starch

is amylose

0% of the total starch

is amylose



Polymorphism at Waxy gene of Oryza sativa

(Olsen et al. 2002)

“Sticky” (glutinous) rice:  G to T mutation at intron 1 splice donor site

>> Decreased amylose production



Outline

1. Signatures of selective sweeps

2. Sampling probabilities

3. Complication with demography



A selective sweep - genealogical interpretation



A selective sweep - genealogical interpretation



Expected signatures of selective sweeps 
(Transient patterns)

1) Spatial distribution: a “pocket” of reduced variation

2) Frequency spectrum: high & low frequency mutant alleles

3) Linkage disequilibrium (LD)



Frequency spectrum - Neutral
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E[π] = E[θW] = E[θH] = 4Nμ

Tajima’s D ~  π - θW = 0

Fay & Wu’s H ~  π - θH = 0

Frequency spectrum - Neutral



Frequency spectrum - Selective sweep
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E[π] < E[θW],    Tajima’s D < 0

E[π] < E[θH],  Fay & Wu’s H < 0
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Frequency spectrum - Selective sweep
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Neutral variation ( 4Nr = 500,  n = 25 )

π θW θH
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Frequency spectrum after a sweep
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Frequency spectrum after a sweep

y

srNsy /)4( −≈

Time
Frequency

1
4Ns

2 log(4 )Ns
s

Residual association between alleles

/2 1exp( log(4 ) ) (4 )
2

r sr Ns Ns
s

−≈ − × × =

(Barton 2000)



Frequency spectrum after a sweep
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Transformation of allele frequency by hitchhiking:

p (1-y)p with probability 1-p

y+(1-y)p with probability p
(Gillespie 2000)
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Frequency spectrum after a sweep

y
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Transformation of allele frequency by hitchhiking:

p (1-y)p with probability 1-p

y+(1-y)p with probability p

φ(p) φ(p)Hitchhiking

0            p 1 0            p 1

(Neutral)

p
p θφ =)(

(Gillespie 2000)
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Probability of polymorphism with k neutral variants (0 < k < n):



φ(p) Hitchhiking
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Frequency spectrum after a sweep
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Solution:
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Sampling probability at t generations after a selective sweep
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Sampling probability at t generations after a selective sweep

(n = 8, N = 105, α = 1000)

Distance

Time



Frequency spectrum under recurrent selective sweeps

ML MR

λ: substitution rate per base (selection)

ρ: recombination rate per base

θ: scaled mutation rate (4Nμ)
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Frequency spectrum under recurrent selective sweeps

Λ = 4NMλ, α = 2000, 4NMρ = 400, ML = MR = 105

Prediction  Simulation

(Kim 2006)



(Composite) Likelihood of the data
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(Kim and Stephan 2002)



(Composite) Likelihood of the data

-----T-----------

---A-------------

---A----G--------

---A----G--------

---A---------C---

Composite Likelihood (CL1) = P4 P1 P2 P1 P0...

⇒ Information from 

Spatial distribution + Frequency spectrum

(Kim and Stephan 2002)



(Composite) Likelihood of the data:

Including Linkage Disequilibrium (LD)

-----T-----------

---A-------------

---A----G--------

---A----G--------

---A---------C---

Composite Likelihood (CL2) = P4,1,0 P4,2,2 P1,2,0 P2,1,0 P4,1,1...

Determined by simulations

(Kim and Nielsen 2004)



Likelihood ratio test

Model 0: Neutrality CLN

Model 1: Selective sweep (α=2Ns, X, …) CLS

Λ = ln(CLS/CLN) 

Null distribution of Λ Neutral Simulations
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Application to real data:

Acp26a region, D. melanogater North Carolina population

Aguadé et al. 1992



Composite likelihood ratio test: 

Acp26a region of D. melanogaster (Aguade et al. 1992)

CLR1 (spatial + spectrum) = 7.8 (p<0.001; α = 100.9, X = 857)

CLR2 (spatial + spectrum + LD) = 6.2 (p<0.007; α = 110.2, X = 943)

(Kim and Nielsen 2004)



Estimating “genomic” parameters of directional selection

New composite likelihood,
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- Data from L independent loci

- jth locus with frequency spectrum Sj1, Sj2, …, Sjn-1.



Estimating “genomic” parameters of directional selection

Simulated data set: L = 30, n = 15, α = 1000, 4Nλ = 4×10-5

Estimation of α when the rate of sweep is known

Using sampling probability

Using frequency spectrum



Effect of demography

Real populations: bottleneck, expansion, subdivision, migration

Effect:  - Skew of frequency spectrum

- Increased noise in spatial pattern

Masking true sweep patterns

Creating “sweep-like” patterns 



False positive signals of sweeps due to bottlenecks

tb

time

N
βN

Kim&Stephan test

(Jensen et al. 2005)



False positive signals of sweeps due to population subdivision

Two subpopulations with migration → Kim&Stephan test

(Jensen et al. 2005)



Real populations: bottleneck, expansion, subdivision, migration

Effect:  - Skew of frequency spectrum

- Increased noise in spatial pattern

Masking true sweep patterns

Creating “sweep-like” patterns 

Solutions:  1. Goodness-of-fit test 

2. Composite likelihood with “background” spectrum

3. Exact modeling 

Effect of demography



Goodness-of-fit test

Kim & Stephan 2002:  Likelihood ratio 

If significant, calculate  

where

(xk: number of sites with frequency k out of n)

Compare  ΛGOF from test data and 

from simulated data (selective sweep with          ) 
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Composite likelihood with “background” spectrum

Frequency spectrum:   (P1, P2, …, Pn-1)

Hitchhiking

(P1
’, P2

’, …, Pn-1
’)

(Nielsen et al. 2005)

bottlenecks, migration…



Composite likelihood with “background” spectrum

Frequency spectrum:   (P1, P2, …, Pn-1)

Hitchhiking

(P1
’, P2

’, …, Pn-1
’)

bottlenecks, migration…

Estimated from genome-wide SNP data 

(Nielsen et al. 2005)
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test statistic (likelihood ratio)
(Nielsen et al. 2005)

proportion

Composite likelihood with “background” spectrum: 

Null distribution of test statistic – robustness to demography



Modeling selective sweeps under complex demography

Time

Pop.1 Pop.2

N0

N1 N2

Nb

Tb
Td

Pij = Prob[i mutants in Pop.1 and j mutants in Pop.2]



Scaling of time
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Frequency spectrum at pop2

no selection selection

N0

N1 N2

Nb

unconditional 

conditional 

on singleton

at pop1

(N0 = N2 = 2N1,  Nb = 0.05N0 = Td,   Tb = 0.75Td,   r/s = 0.025)

pop1 pop2

Tb Td



Further Problems

Single sweeps – approximations for population subdivision

Recurrent sweeps – any demographic model

Soft sweeps 

Other models of adaptive substitutions
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