From Darwin to Evo-Devo
A Symposium in honor of the

150th anniversary of Darwin's

“The Origin of Species”

Evo-Devo -? pnnxtm
I"NRT YW N9 MW 150 | 012

23-24 November
2009

http://darwin.technion.ac.il/

0N RXIn”

Tuesday, November 24t", 2009
9:00 - 10:30 From Darwin to Evo-Devo (l)
Discussion Leader: Benjamin Podbilewicz, Technion

lntredueti

9:10 - 9:20 Peretz Lavie, President of the Technion / Presence mandatory!!

9:20 - 10:05

Keynote Talk: Marc Kirschner, Harvard
Facilitated variation

10:05-10:30  Itai Yanai, Technion
Evolution of developmental gene expression programs
10:30-11:00  Break for refreshments

11:00-12:10 From Darwin to Evo-Devo (ll)
Discussion Leader: Ram Reshef, Technion

11:00-11:25  Ori Avinoam, Technion
Evolutionary conservation of cell fusion in eukaryotes*

Exercise 4

The neutral mutation theory

of molecular evolution

11/17/2009


http://www.elegansfusion.org/
http://www.elegansfusion.org/
http://sleeplab.technion.ac.il/index.htm
http://sleeplab.technion.ac.il/index.htm
http://sleeplab.technion.ac.il/index.htm
http://kirschner.med.harvard.edu/
http://kirschner.med.harvard.edu/
http://yanailab.technion.ac.il/
http://biology.technion.ac.il/website/biology_faculty.aspx
http://biology.technion.ac.il/website/biology_faculty.aspx
http://www.elegansfusion.org/index.php?option=com_content&task=view&id=45&Itemid=66
http://www.elegansfusion.org/index.php?option=com_content&task=view&id=45&Itemid=66
http://www.elegansfusion.org/index.php?option=com_content&task=view&id=45&Itemid=66
http://darwin.technion.ac.il/

Problem 1: The forces of molecular evolution. Kimura
argued in 1968 that there was not enough time for
natural selection to cause the amount of divergence
observed and proposed that most of the changes are
neutral with regard to their fitness. What
evolutionary force fixes a neutral mutation in the
population?

How evolution was thought to occur

Mutation space

deleterious AN

advantageous

. Most mutations are deleterious, decrease the fitness of the organism
-> are removed from the population by purifying selection

e Advantages mutations increase the fitness of the organism
-> Selected for by positive Darwinian (adaptive) selection

Fitness is judged according to survival rates and fecundity
(nim9)
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Kimura proposes that most of the substitutions are neutral,
i.e. only a tiny fraction of changes are due to positive selection

deleterious

advantageous

deleterious

neutral

A neutral mutation (or allele) is one that is of equal
fitness to the wildtype

Kimura (1968) Nature 217 624-626

Problem 2: A beautiful equation, k=m. Consider two
populations of size X and 2X, respectively. The
population that is twice as large generates twice as
much variation each generation (given the same
mutation rate). The bigger population will thus have
faster rate of divergence. Explain the error in this
argument. In other words, why does the rate of
substitution not depend on the population size?
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Rate of Neutral Evolution

The rate of divergence (=no. of differences between 2 sequences) is determined by:
Rate of divergence k = mutations*fixation
1. The number of mutations produced each generation

Given a mutation rate, /77 of one mutation per genome per generation
Mutations per generation: 2N/”mew mutations per generation

2. The probability of fixation of each new mutation.

The probability of fixation for an advantageous mutation as Kimura

showed in 1964

1 — e4Nsq 1—g2s
P= — =(2s)/(4N
1—e*Ns 1—e“4Ns 7‘ (25)/(4Ns)
— 5 P=1/2N As s becomes 0

(neutrality!)

«~ | Rate of divergence is equal
k (2N/7) (1/ 2N) — k 1Ti | to the mutation rate!!!

(independent of N!)
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Problem 3: Slightly advantageous mutations. An
interesting aspect of the neutral theory is that
mutations with small selective fitness (s) will act as
though they are neutral. Show that for s = 1/(4N),
where N is the population size, the substitution rate
(k) is the same as for neutral mutations.

What is the probability of fixation for an advantageous mutatior

_ 1'|' e-4N5q
T 1j eNs

g=12N

_ lie>s
- 1| e-4NS

For positive, small s and large N, P can be approximated ag

P 2s
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Under advantageous mutations

The rate of evolution is determined by:

1. the number of mutations produced each generation, and
=2Nm

2. the probability of fixation of each new mutation.
=2s

Rate of divergencek)] = Mutations*Fixation

k = 4Nsm

Under advantageous mutations, the rate of divergence depends
1. The population size, N

2. the selective advantage of the mutation, s, and

3. the rate, u, at which the advantageous mutations are produce)
So that it is unlikely to be constant.

Kimura and Ohtal971) Nature

Problem 4: Properties of the genetic code. Choosing
one of the 61 codons at random, | change one of the
three nucleotides to another nucleotide, thus
altering it to another codon. What is the probability
that the new codon will be synonymous to the
original?
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Degeneracy of the Genettode
= multiplecodonscan code for the same amino acid

ucc

I nonsynonymous

. .
Colors represent
GUG [ GLIU UGU | UUG | LU

Each of theés1 sense codons can mutateidifferent ways
1340f the549possible changes are synonymous

I synonymous

Nucleotide sites can be classified into 3 types of degenerate sites

2-fold

Degenerate

changes of this
nucleotide relate to
pairs of codons for the
same AA

4-fold

degenerate —
changes of this
nucleotide relate to

?E! degenerate -

E m no change at this
4 codons for the nucleotide
same AA GUA UG . leaves coding for the
same AA

Synonymous - Altering
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4-fold degenerate sites are found i82 of the 3
position of 61 codonsites

R
e 010 o< -0 -0

el [ -0
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O e
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2-fold degenerate sites are found i27 of the 3 positions
and 8 of the 15t position
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0-fold degenerate sites are found i2" position sites of all

codons(61), in 53 of the 15t position sites and in2 of 3
position sites (ethionine AUG and tryptophan UGG)

G BOPET T
B (o BEE- B T

0 @[S 0 0>

B B[S0 1
BB D OB
® 0.0 B
B@[- B[00
©-® B[00

Degenerated site ratios

* 4-fold degenerate sites are found in
— 32 of the 3™ position of 61 codon sites
» 2-fold degenerate sites are found in
— 27 of the 3™ positions
— 8 of the 15 position
* 0O-fold degenerate sites are found in
— 2" position sites of all codons (61)
— 53 of the 15 position sites

— 2 of 3" position sites (methionine AUG and
tryptophan UGG)

11/17/2009



Problem 5: Learn by doing. Calculate K and K, for
between the human and mouse Mgst3 gene
(microsomal glutathione S-transferase 3) according
to the Li, Pamilo, and Bianchi presented in class.
Make sure to provide the B, B, B, A; A, A, L, L, and
L, that were the basis for your calculations.

Some basic definitions to start with

Synonymous: nucleotides change without
changing the resulting amino acid

Non-synonymous: change of nucleotides that
cause a change of the amino acid

Transition: mutation changing a purine(A,G)to ~ < )
another purine nucleotide (A <-> G) or
a pyrimidine (C,T) to another pyrimidine Transitons
nucleotide (C <->T).
\ /

N

U Transversions 3

Transversion: A mutation in which a pyrimidine «.__«_
(CT) is substituted for a purine (A,G) or vice __w

~(c N—H H=N
\

versa. &<

Transverslons  ©,
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—— H,
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H
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Estimating separately the rate of synonymous change and
nonsynonymous change

e K, =rate of Synonymous substitutions

e K, = rate of non-synonymous (Altering) substitutions

One way of estimating K, and K, would be to examine each base individually and
check if it is synonymous or not. In the following we present a method for doing this
in a systematic manner.

Classify each site in a sequence according to the degeneracy of the sites.

11/17/2009
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000 004 204 004 002 002 002 004 002 002 004 004 004 204 004

melanogacter PET G T CGT T GACCAACAAGAACGTGATTTTCGTGGCCGGTCTGGGA
40, peaudoobscus. A T G T CTC T ClACClAACAAGAACET[CGTTTTClaTGaccaaTcTGGEGC

000 004 004 004 002 002 002 004 004 002 004 004 004 204 004

NM_004528.2  ATGECT :xI(,I TCTCTAAGGAATATGGTTTTGTGCTTCTAACTGGTGCTGCCAGCTTTATA 60
NM_025569.1 ATGECT] ETCFTCTCT AAGGAGTATGGATTTGTGCTTCTCACTGGTGCTGCCAGCTTTGTG 60

NM_004528.2 ATGGTGGCCCACCTAGCCATCAATGTTTCCAAGGCCCGCAAGAAGTACAAAGTGGAGTAT 120
NM_025569.1 ATGGTGCTCCACCTAGCCATCAACGTGGGCAAAGCCCGCAAGAAGTACAAGGTAGAGTAC 120

NM_004528.2  CCTATCATGTACAGCACGGACCCTGAAAATGGGCACATCTTCAACTGCATTCAGCGAGCC 180
NM_025569.1 CCTGTCATGTACAGCACAGATCCTGAGAACGGGCATATGTTCAACTGCATTCAGCGCGCC 180

NM_004528.2  CACCAGAACACGTTGGAAGTGTATCCTCCCTTCTTA CTAGCTGTTGGAGGTGTT 240
NM_025569.1 CACCAGAACACGTTGGAGGTGTACCCTCCCTTCCTG CCTAACGGTGGGAGGTGTT 240

NM_004528.2  TACCACCCGCGTATAGCTTCTGGCCTGGGCTTGGCCTGGATTGTTGGACGAGTTCTTTAT 300
NM_025569.1 TACCACCCGCGCATAGCTTCTGGCCTGGGCCTGGCCTGGATTATTGGGCGAGTCCTTTAC 300

NM_004528.2  GCTTATGGCTATTACACGGGAGAACCCAGCAAGCGTAGTCGAGGAGCCCTGGGGTCCATC 360
NM_025569.1 GCATATGGCTACTACACAGGAGACCCTAGCAAGCGGTATCGAGGAGCCGTGGGCTCTCTT 360

NM_004528.2  GCCCTCCTGGGCTTGGTGGGCACAACTGTGTGCTCTGCTTTCCAGCATCTTGGTTGGGTT 420
NM_025569.1 GCCCTCTTTGCCCTGATGGGCACCACCGTGTGCTCTGCTTTCCAGCATCTCGGCTGGATC 420

Parameters of K and K,

* L,=count 4-,2-,0-fold sites in both strands and take the
average (divide by 2)

* Si = count transitions of 4-,2-,0-fold sites (divide by 2)

* Vi = count transversions of 4-,2-,0-fold sites (divide by 2)

Synonymous mutations

2-fold 4-fold
S

transition

transversion
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Us e Ki 2Zrparanaetesmodel to estimate
the numbers of transitioné,f and transversion${) peri-th type site.

I qrERGAAT IGCAGCCIGGAA GCGIGG AGGAGCTGEAICGC] I c
n2lc QCRAGACACTGCAGGTCTGGARGAAGCATIETGGHAANGAGCT TEATCAT c

Calculate the proportions of transitional arahsversionatiifferences:
Proportion of transitional differences = ; PS/L, (12/70)
Proportion oftransversionatifferences=s Q; = V/L; (3/70)

Kimura model is used to correct for multiple hits:

The Kimura model is similar to the Juk€sintor model (from the  (~6 times more

previous lecture) but also takes into consideration that transition “
transversionsccur at different frequencies StPﬁﬁsmons than

Ai = number of transitions pefisite transverSiong
Bi = number oftransversionper i" site /

A= (U2 In (1/Q1-2P;T Q)T (V4 In (1/(1-2Q)) |  (0.242

B = (1/2) In (U(1- 2Q)) (0.045)

Similarly, two thirds of2-
fold degenerate sites are ,

i Li, Wu and Luo, MBE1985
considered noisynonymous

Calculating ksand K,

K= synonymous substitutions per synonymous site

_LA+LA+LB,

K
ST L3+ L,

By convention, one third of
2-fold degenerate sites are
considered synonymous
K, = # of noasynonymous substitutions per Rsynonymous site

LoBo + LBy + LA
(@3, + L,

Ka=

11/17/2009
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Calculating Ksand K,

Because transitional substitutions tend to occur more often than
transversional substitutions and because most transitional
changes at two fold are synonymous changgssK
overestimated and Kis underestimated.

To correct for this the following formulas are typically used:
The weighted average

‘- LA, + LA, B of A, and A,
g= —Le——+=
Lo+ L,
The weighted averad
N
of Byand B,
LoBg+ L,B,
Ka=Ap+ T
0 2
Li, Pamilo and Bianchi metho|
Li JME (1993 36 96-99
An example

Dmelaﬂugaster ﬁTGTCG
TTTTCGTGGCCGGTCTGGG

[¥ID. pseudoobscura A T G T C|T

L (top): 000 00 0_7‘004 002 002 002 004 10D2 002 004 004 004 204 00
04 {004 002 002 002 004 |0P4 002 004 004 004 204 00
T|a
T|c

2

L(bottom) 000 004 |0
T ACCAACAAGAACGHHTTTTCGTGGCCGGTCTGGGA
c

ACCAACAAGAACG

L, = (29+30)/2 = 295 Sy = (2+1)/2=15  V,=0
L,= (7+5)/2=6 S,= (1+0)/2=05  V,=0
= (9+10)/2=95 S,=0 V., =(4+4)/2=4

P,=15/295 Q,=0
P,=05/6 Q,=0
P,=0 Q,=4/95

11/17/2009
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L (top): 000 00 2

An example (contlnued)

L (bottom) 000 00

004 002 002 002 00 2 002 004 004 004 204 00
004 002 002 002 00 4

002 004 004 004 204 00

.Dmelanngaster gTGTCGTTHACCAACAAGAA

[“ID. pseudoohscura A T G T C[T|C|T|ClA C C A A C A A G A A

CGTCGITTTTCGTGGCCGGTCTGGG|C

C G GATTTTCGTGGCCGGTCTGGGH

Adbs and B|6s
transition and
transversion
frequencies but
corrected for
multiple hits
according to the
Kimura model

A= V@-2rcQy))) i1 ( 1V/8-2Qy)
B = v@-2Q)))
A0 =0.054 B,=0 /
,=0091 B,=0
=-0.188 B,=0.923
Ks= B, + (AL, + AL)(L, + L,) =[0.843
Ka=Ay+ (LgBy + L,B)/(L, + Ly) =0.054

.

Synonymous rate is
much faster than non
synonymous rate in this
example

11/17/2009
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