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The questions

� Sampling sequence data should allow to infer the
relevance of selection in the past

� The debate on the speed of adaptation
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Footprints of selection

� The CRP data are an exception: many instances of a
(hopefully) well-identi�ed functional unit

� Usually we are given one locus, sampled within one
species, or orthologous loci in different, but related species

� Can we identify traces of selection in the sequences?

Testing the “null hypothesis” that evolution is neutral
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The MacDonald-Kreitman test

� In a coding region, the synonymous and replacement sites
share a common evolutionary history

� Null hypothesis: both polymorphism within a species and
divergence (�xations) between species are neutral

� Then the ratio polymorphism/�xations should be the same
for synonimous and replacement sites

� Since samples are very small, Fisher's exact test must be
applied
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MacDonald-Kreitman test: Examples
Kreitman's data (ADH gene in D. melanogaster and D. erecta):

Fixed Polymorphic
Replacement 10 1
Synonymous 10 26

p-value = 0.14768078037746674 Not signi�cant!

ADH gene: p-value = 0.007327153710546962

G6pd gene: p-value = 0.00004702920046948551
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Comments on MacDonald-Kreitman's test

� Loci which are polymorphic within one species are not
taken into account for interspecies comparison

� The test does not tell whether the synonimous or the
nonsynonimous loci are under selection

� It is commonly assumed that synonimous loci are “more
neutral” than nonsynonimous ones (poor men's neutrality)

� Works only on coding regions
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Estimating � = 2Nu

� Neutral theory: polymorphism ' 2N � u

� Caveat: in diploid (sexual) species one has polymorphism
' 4N � u

� Can we estimate this quantity from polymorphism data?

� Can we use it to exhibit selection?
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Estimating � from the number of polymorphic sites

How many polymorphic (segregating) sites should we expect in
a sample of n alleles?

do not count

2 3 ..... .... Sn1

These mutations

The expected number of segregating sites is equal to u times
the total length (in time) of the tree until the Last Common
Ancestor
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The estimator
� If there are n lineages at generation t, the probability that

two of them do not merge at generation t + 1 in the past is

� n =
�

1 �
1
N

� �
1 �

2
N

�
� � �

�
1 �

n � 1
N

�
' 1 �

n(n � 1)
2N

� Thus the expected duration of n independent lineages is

� n = 2N=(n(n � 1))

� Thus the expected total length of the tree is

Tn =
nX

i= 2

n� n = 2N
nX

i= 2

1
i � 1

= 2NSn

� The expected number of segregating sites is uTn = � Sn

� This leads to the estimator

�̂ =
Sn

Sn
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Estimation of � from frequencies

� S segregating sites, each with two alleles, with frequency
pi , 1 � pi , i = 1; : : : ; S

� Then

� = lim
S!1

*
SX

i= 1

2pi (1 � pi )

+

� For a sample of n alleles, to get an unbiased estimator, we
de�ne

�̂ =
n

n � 1

SnX

i= 1

2pi (1 � pi )
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Tajima's D test

� The two estimators evaluate different properties of the
genealogy

� �̂ depends only on T

� Allele frequencies depend on their age:

� Tajima's D test:

D =
�̂ � �̂

C
� C is a normalizing factor evaluated from the expected

distribution of D
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Discussion

� Signi�cant deviations of Tajima's D from zero indicate
deviations from neutrality:

� D < 0 may indicate that the population is expanding after a
bottleneck

� D > 0 may indicate that the population is undergoing
stabilizing selection

� In either case it is hard to say much more, because the
failure of the test means that the “real” � is unknown!

� The test is not limited to coding regions

� It requires data only from the studied species
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Bottlenecks and adaptation in maize

A histogram of the frequency distribution of Tajima's D in maize
(black) and teosinte (gray). The cumulative distribution of
Tajima's D is also given. � D is the difference in average D
values between maize and teosinte.
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How fast does �tness increase?

� In the simplest model mutations contribute independently
to the �tness:

w0 = w(1 + s)

� The relative increment s is drawn from a �xed pdf � (s)

� Each mutation is new, and there are no back-mutations

� To simplify, deleterious mutations are neglected
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Adaptation process with incremental �tness

� The process can only describe transient adaptation

� It evolves into a steady state

� Only �tness ratios are meaningful, thus wt = hwi t grows
exponentially

� The distribution pt (w=wt ) tends to a �xed shape (“ solitary
wave”)

� Question: What determines pt and the growth rate?
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Small populations: Periodic selection
Atwood et al., 1951
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Larger populations: Clonal interference
Gerrish and Lenski, 1998
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Clonal interference or multiple mutations?
Wilke, 2004; Rouzine et al., 2007; Desai and Fisher, 2007

� Polymorphic population: competition among different
genotypes

� Single mutations with different �tness effect ( clonal
interference)

� Multiple mutations of roughly comparable effects
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Single selection coef�cient
Crow & Kimura, 1967; Felsenstein, 1974

� A mutation with very small frequency x can be lost by
random sampling (“drift”)

� When x ' 1=(2sN) = x0 the mutation is established and
then xt ' [1 + ( 2sN � 1)=(1 + s)t ]

� Accumulated size of offspring of the mutant:
Nacc(t) = N

Rt
0 dt0 xt0 ' (N=s) ln[est=2Ns + 1]

� Waiting time � for establishing a new mutant in the
offspring of the �rst: 2 suNacc(� ) = 1

� Adaptation speed:

v =
dln wt

dt
=

s
�

=
s2

ln[(2Ns)(e1=2Nu � 1)]



Introduction Tests for selection Speed of adaptation Experimental evidence Conclusions

Clonal interference
Gerrish & Lenski, 1997

� The probability of multiple mutations is neglected

� Each mutation “plays” against the wild type alone

� A mutation “wins” if no better mutation is established
before it goes to �xation

� Substitution rate: keff = Nu
R1

0 ds P�x (s)

� Effective �tness increment: seff = hsi �x

� Speed of adaptation: vGL = dln wt=dt = keff log(1 + seff)

� vGL ! 0 (very slowly) for N ! 1 ! (Park & Krug, 2008)



Introduction Tests for selection Speed of adaptation Experimental evidence Conclusions

Clonal interference
Gerrish & Lenski, 1997

� The probability of multiple mutations is neglected

� Each mutation “plays” against the wild type alone

� A mutation “wins” if no better mutation is established
before it goes to �xation

� Substitution rate: keff = Nu
R1

0 ds P�x (s)

� Effective �tness increment: seff = hsi �x

� Speed of adaptation: vGL = dln wt=dt = keff log(1 + seff)

� vGL ! 0 (very slowly) for N ! 1 ! (Park & Krug, 2008)



Introduction Tests for selection Speed of adaptation Experimental evidence Conclusions

Clonal interference
Gerrish & Lenski, 1997

� The probability of multiple mutations is neglected

� Each mutation “plays” against the wild type alone

� A mutation “wins” if no better mutation is established
before it goes to �xation

� Substitution rate: keff = Nu
R1

0 ds P�x (s)

� Effective �tness increment: seff = hsi �x

� Speed of adaptation: vGL = dln wt=dt = keff log(1 + seff)

� vGL ! 0 (very slowly) for N ! 1 ! (Park & Krug, 2008)



Introduction Tests for selection Speed of adaptation Experimental evidence Conclusions

Clonal interference
Gerrish & Lenski, 1997

� The probability of multiple mutations is neglected

� Each mutation “plays” against the wild type alone

� A mutation “wins” if no better mutation is established
before it goes to �xation

� Substitution rate: keff = Nu
R1

0 ds P�x (s)

� Effective �tness increment: seff = hsi �x

� Speed of adaptation: vGL = dln wt=dt = keff log(1 + seff)

� vGL ! 0 (very slowly) for N ! 1 ! (Park & Krug, 2008)



Introduction Tests for selection Speed of adaptation Experimental evidence Conclusions

Clonal interference
Gerrish & Lenski, 1997

� The probability of multiple mutations is neglected

� Each mutation “plays” against the wild type alone

� A mutation “wins” if no better mutation is established
before it goes to �xation

� Substitution rate: keff = Nu
R1

0 ds P�x (s)

� Effective �tness increment: seff = hsi �x

� Speed of adaptation: vGL = dln wt=dt = keff log(1 + seff)

� vGL ! 0 (very slowly) for N ! 1 ! (Park & Krug, 2008)



Introduction Tests for selection Speed of adaptation Experimental evidence Conclusions

Speed of adaptation with clonal interference
Gerrish & Lenski, 1998
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The travelling wave approach
Rouzine et al.,2003, 2008; Desai et al., 2007

� There is a “typical” �tness increment s0

� Number of mutations k: Fitness wk = ( 1 + s0)k

� Pk (t): evolves deterministically for k < kmax(t), but
stochastically at the edge k ' kmax(t)
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The travelling distribution of mutation number
Rouzine et al., 2003, Desai & Fisher, 2007

The distribution is a Gaussian!
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A self-consistency argument for the adaptation speed
Desai & Fisher, 2007; Beerenwinkel et al., 2007; Rouzine et al., 2008

� v / � 2Var(k) (Fisher's theorem)

� Denote by tn the time at which kmax = n

� De�ne q(t) = kmax � h ki t

� Assume q(t � n) = q0 �! const. : e� q2
0=2� 2

=
p

2�� 2

� Assume dhki t =dt = V = const.

� Evaluate V by asking when the probability that a new
mutation arises within the class with k = kmax

� Self-consistency equation for V :

V '
2s2 ln(Ns=

p
2� V)

(ln u)2

(Rouzine et al.'s expression seems the most precise)
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Clonal interference in E. coli
Imhof & Schlötterer, 2001

N = 5 106
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Fitness trajectories in S. cerevisiae
Desai, Fisher and Murray, 2007

Ne ' 3:5 106, ua � 10� 4
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Speed of adaptation in S. cerevisiae
Desai, Fisher and Murray, 2007

N = 1400; 7 103; 3 106

ua � 2:4 10� 5 (nonmut.) 10� 4 (mut.)
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Relative �tness distribution in S. cerevisiae
Desai, Fisher and Murray, 2007
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Conclusions

� Kimura's approach (the neutral theory) has produced as a
fallout techniques for exhibiting selection effects

� The interpretation of the data has become more powerful

� The problem of the smallnes of Ne is far from being solved

� The “microscopic dynamics of adaptation” is starting being
investigated

� Ideas from random processes and statistical mechanics
are welcome!


	Introduction
	Tests for selection
	Speed of adaptation
	Experimental evidence

