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Introduction

Questions

How polymorphic are natural population?
How can we observe selection?

Is evolution “reproducible”, or can it only be studied
historically?
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Polymorphism in natural populations

Estimating polymorphism in D. melanogaster ADH gene:

5’ flanking Larval 3 untranslated
sequence  Exon 1 Intron I leader Exon 2 Intron Il Exon3 Intron Il Exon 4 region 3’ flanking sequence
[ QLR 1
Consensus CCG  CAATATGGG G G C T AC C CCC GGAATCTCCACTA G A A AGC L ] T
1-5 . AT- - . T T-A CA-TAAC . . . .
«Q . T T-A CA-TAAC - .
AG- - -A-TC A G GT e [
c “«aks G T-T-CA C E
C G °C c
TGC AG A-TC G G Cc G
TGC AG A-TC G G Cc G
TGC AG A-TC G G . Cc G
TGC AGGGGA - - T - G A G C

Figure 9.1 Polymorphic nucleotide sites among 11 sequences of the alcohol dehydrogenase gene in Drosophila melanogaster. Only differ-
ences from the consensus sequence are shown. Dots indicate identity with the consensus sequence. The asterisk in exon 4 indicates the site of
the lysine for threonine substitution that is responsible for the fast/slow mobility differen between the two electrophoretic alleles. From Li
and Graur (1991), which was modified from Hartl and Clark (1989)

Kreitman, 1983
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Distance matrix

n = 11 nucleotide sequences of length L = 2379, 2 aminoacid
sequences (S) and (F)
x;: frequence of allele i; dy(i;j): Hamming distance between i

anj
- e duin)
(n 1)L .
1)
Sequence
Sequence 1-S 2-5 3-5 4-5 5-s 6-S 7-F 8F 9-F 10-F
1-S
2-S 0.13
3-S 0.59 0.55
4-S 0.67 0.63 0.25
5-S 0.80 0.84 0.55 0.46
6-S 0.80 0.67 0.38 0.46 0.59
7-F 0.84 0.71 0.50 0.59 0.63 0.21
8-F 1.13 1.10 0.88 0.97 0.59 0.59 0.38
9-F 1.13 1.10 0.88 0.97 0.59 0.59 0.38 0.00
10-F 1.13 1.10 0.88 0.97 0.59 0.59 0.38 0.00 0.00
11-F 1.22 1.18 0.97 1.05 0.84 0.67 046 042 042 042

From Nei (1987). Data from Kreitman (1983).

"Total number of compared sites is 2379. S and F denote the slow and fast migrating electrophoretic
alleles, respectively.
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Some remarks

The protein polymorphism is much smaller than expected
on the basis of random variation ( % of single-nucelotide
changes are nonsynonimous in the genetic code)

The sequence polymorphism among S-sequences is
larger than among F-sequences
Possible interpretations:

The amino acid sequence of the protein is constrained by
physiological requirements: most changes would be
deleterious and are selected away

S-sequences are older than F-sequences and have spread
more in sequence space



Human polymorphism

Nucleotide diversity values correlate with selective
constraints: highest for fourfold degenerate, lowest for
nondegenerate

Even non-coding regions (but close to the coding ones)
appear subject to constraints

Typical values correspond to those of D. melanogaster in
rough order of magnitude (  0:1%) but are smaller
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Human polymorphism

Nucleotide diversity values correlate with selective
constraints: highest for fourfold degenerate, lowest for
nondegenerate

Even non-coding regions (but close to the coding ones)
appear subject to constraints

Typical values correspond to those of D. melanogaster in
rough order of magnitude ( 0:1%) but are smaller
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Neutrally evolving population
How much polymorphism do we expect in a neutrally evolving
population?
Asexual population of N individuals, with mutation rate u
per generation and individual
In nite site model: each mutation introduces a new allele
The hamming distance dy(i;j) counts the number of
mutations since the Last Common Ancestor on the two
lineages

Mutations in the common lin-
eage do not count:

Last Common Ancestor

du(a;b)= 3
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The coalescent process

At each generation t, each “new” individual “chooses” its
parent among the N “older” ones

In the absence of selection, each individual is chosen at
random and with uniform probability

The probability that two individuals choose different

parents is given by
1

1= N
N
Iterating in the past, the probability that t generations ago,
the two individuals had different ancestors is given by

e=( ) e ™
Thus the probability that the Last Common Ancestor of two
individuals existed t generations ago is given by
d ¢

Pp= ——=NeM™
! dt
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The expected distance

How many mutations we expect between two individual
sequences?

If the Last Common Ancestor existed t generations ago,

the expected distance would be 2 ut

Integrating over t, we obtain

Z,
= dt 2ut Py = 2Nu
0

Comments:

If deleterious mutations are thrown off and the others are
assumed neutral we can set different effective mutation
rates for different loci

Since populations of D. melanogaster are larger than the
human populations, we expect more polymorphism in ies
than in humans. ..
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The effective population size

The theory predicts a much larger variability than observed

The ratio between D. melanogaster and human population
is not just 1 order of magnitude!

The time needed to reach a steady stateis N...
Effective population size Ne: Size of a population satisfying the

assumptions of the neutral theory, such that it exhibits the same
value of with the observed value of u
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The size of Ng

Ne is usually much smaller than the census size N

For humans: ' 10 4 per nucleotide, u' 10 ° per
generation:

2
Ne' TO 10 4 10%°' 5 10°

Age structure, mating behavior etc. ..
Varying the census size:
z
1 17T 1

N
Ne T o N(t)

Effects of selection
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The xation process

Fixation probability:
1 e 2Ns x

Px = 1 e 2Ns

For a newly arising mutation one has x = 1=N, thus

1 e? | 1
Px—m 2s forﬁ s 1

Py ' Ofors (2N) 1t
Py(x)'" 1forx (2Ns) 1!



Fate of mutations
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An evolving asexual population

Ne: effective population size
1=v = 1=(NuP (s)) ' 1=(2Nus)
Adaptation speed dInw;=dt ' s?Nu
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A model for the evolution of binding sites
Lassig and Mustonen, 2005

Binding sites are short ( 10bp) noncoding DNA
sequences =( i), {2fG;C;A;Tg,i= 1;:::;L, which
are target of regulating proteins (transcription factors, TF)
Their af nity for the protein is well described by a linear
model:

i=1
To a rst approximation one may assume:
The tness of a binding site is a function of its af nity alone
The several binding sites of a given TF evolve as
independent instances of an evolution process in the same
environment
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Facts on binding sites

In a given species, each binding site has (usually) a given
sequence (no polymorphism)

Different sites for the same binding factors have different
sequences in the same species

The distribution of nucleotides at a given site in the
sequence is usually described by a Position Speci c
Frequency Matrix which can be represented by a
sequence logo:
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Substitution dynamics

Probability of substituting a new sequence °to an existing
sequence ata given site:

Wo = WP %
The xation probability (F is the tness of sequence )

1 expl2(Fo F)

P% =
1 exp[2N(F o F )]

satis es detailed balance:
P% =PX*, o | eNF
If the mutation process is reversible one has for some P°:

an)utpo — Wm%tpoo
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Sequence and af nity distribution

Stationary probability distribution for

Q = pOgNF +const

Projecting the sequence distribution on the af nity
distribution:

X X
Q(E) = (E E()Q; PY%E)= (E E())P°

Probability of a site being in a binding site:

Expected probability distribution for E in noncoding
sequences:

W(E)=(1 )P%E)+ Q(E)
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cAMP receptor protein (CRP) af nity distribution in E.
coli

Energy statistics and tness landscape for CRP-binding loc i in
E. coli: Colors code for the probability of functionality (from blue
(0) to red (1)) Lassig and Mustonen, 2005
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From af nity distribution to tness function

Decomposition of the counts (log-scale, left y axis) according to
the single-species hidden Markov model: background
distribution (1 YPO(E) (blue), distribution Q(E) of functional
loci (red), and total distribution W (E) (orange).
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Comparison with S. typhimurium

Binding energy pairs and functional histories for aligned loci in
E. coli and S. typhimurium. The background color shading
indicates the likelihood of functional histories.



Conclusions

Take-home messages

There is no guarantee that a “ tter” mutant evolves to
dominate the population

Fixation of deleterious alleles is also possible (more so in
smaller populations)

The tness distribution is nontrivial, and describes some
kind of evolutionary equilibrium between mutations,
selection and drift

In some cases we are able to evaluate the distribution, and
infer the tness function
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