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Understanding the principle of heredity following its
historical development: from Darwin to Crick

1859 1958
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All life on Earth as a common ancestor

Evolution by descent with modification

Charles Darwin

RNAPolymerase.Se-Al

2 S = mn oms = =S om0 oms o= oms om0 o=
Homo sapiens CGTGATGGTGGCCTGCGTTTTGGAGARAATGGAACGAGATTGTCAGATTGC
Rattus norvegicus CGTGATGGTGGCCTGCGCTTTGGAGARAATGGAGCGAGACTGTCAGATCGC.
Drosophila melanogaster| (CGTGATGGTGGCTTGCGTTTCGGTGAGATGGAGCGTGATTGCCAGATCTC
Neurospora crassa AGAGACGGTGGTCTCCGTTTCGGTGARATGGAACGTGACTGTATGATTGC
Oryza sativa TACGGTGGAGGGATTCGGTTCGGTGAGATGGAGCGAGACGCGCTTCTCGC

Escherichia coli CAGTTCGGTGGTCAGCGTTTCGGGGAGATGGAAGTGTGGGCGCTGGAAGC.
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How does heredity work?

What is the material basis of genetic continuity?

Pangenesis vS. Hard-inheritance
(germline)

Germline separated from soma

‘immortal germline passes genetic
information from one generation to
the next

August Weismann
-
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Discrete and discontinuous factors
govern heritability: Genes

Gregor Mendel

Fo: pure-bred tall
and short peas

F,: all tall
offspring

F>: 3 tall for every 1
short offspring
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Central Dogma of Molecular Biology

Francis Crick

G DNA - RNA - protein
i f %

DNA DNA is RNA Is

copies transcribed  translated
itself iInto RNA into protein
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Central Dogma of Molecular Biology

Reverse transcriptase
Francis Crick can make DNA from

/ RNA

GDNASRNA - protein
/ 1 N\

DNA DNA is RNA is
copies transcribed  translated
itself iInto RNA into protein
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Genes as inherited information

¥ k. Y

¥

; Genotype specifies g : : Information passes
Descent with Inheritance is particulate
X - I t
[ Sooprr ol ian } [ phenaotype but only } |, NGl } [ rom DMA to RMA to }

genotype s inherited proteins

Evolution Inheritance |/ Genes } [ Ger‘mme}

l

G.DNA - RNA - protein
/ N

Continuity of the germline: |solation of the germline:

hereditary information changes to body cannot be
passed intact from parent coded into hereditary
to offspring

Information
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DNA damage Copying errors

\ S

MUTATIONS: heritable changes to the genome,
essential for evolution.

LARGE Chromosomal rearrangements
SCALE Transposable elements

Gene duplications

SMALL Single nucleotide changes (point mutations)
SCALE
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Chromosomal rearrangements

Loss or duplication of full chromosomes
(e.g., Trisomy 21)

Inversions
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Transposable elements
Jumping genes

Two methods of transposition:

1. Cut-and-paste mechanism
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(i) Chromosomes
pair along matching
sequences

v

=] |
A B’
%]
~ B
(ii) Chiasma forms,
strands exchanged
between paired
chromosomes
I .
N B
I .
A" B

(iii) Chromosomes have
recombined (exchanged
matching genes)

EvoLuTionaRYFuNcTIONALGENOMICS

Gene duplications

(i) Tandem
duplicates
pair incorrectly

(il) Chiasma forms,
uneven exchange
between paired
chromosomes

v

]

BI
. -
A A B

(iii) After recombination,
one strand has one copy,
the other has three copies
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Point mutations

Substitutions TAC TGG AAC TGG

Deletions TAC TGG -AC TGG

Insertions TAC TGG TAACTG G
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Substitutions

H
] /
Ry Adenine { N/— H =N H
i, /o \ /
% “o—-a O
(C—C)
ot o { o
e F==f o N N C H
C1e ,& /'__,; \
N L C [ C—NI1 Cytosine
@ Transverslons 0/ \m,_
H
Transitions Transitions
H
—— Ha C/
o} o]
Transverslons =~
O™ / \ /
C\ C g, C . Thymine
4 \ / \
& i - N —H H= N C ==H
\ / \ 1/
N=—cC C==N
\ / \
Guanine /N - (o] Cl1—
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UV damage 9@
thymidine dimer @
forms D¢ “ B
e N
First repaw_patlhway: P @ Bifract fovsie] Perfact
Photoreactivation o e
8 \e 8 \e of damage p
Not repaired )
T —— | Remove and
reonrar " G G | e | perec
3 c“ b\ damaged repair
L | strand
Not repaired Y !
A\
: , ] -
Third repaw_pathway_, Imperfect
Recombination repair :
repair
Not repaired Y !
A
Fourth repair pathway: Imperfect
SOS response :
repair
: I
Not repaired | i y
Failure Imperfect Perfect = =
oregar Single Nucleotide
leads to changes doesn’t
cell base change -
Polymorphism
- — ) SNPs
. Mutation .
mutation mutation
e —
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Genetic diversity: detecting and analyzing SNPs

Biobanking:Collection of biological samples linked to informations
about individuals (Etical issues!)

DeCODE: shedding light on schizophrenia

(n] EIII:' 1I?lﬁlh|r|
50 100
Greenland Sea
o GHIT'I‘SEL'P"». E.:iﬁaugmﬁfn
isaﬁﬁm%%:;“‘ﬁﬂ N i Genome-wide scan of 400 patients plus unaffected
o 5 ANT W YHosavik : : . i
o A%, Y A ey isavik &4 family members allowed to identify candidate genes
2 2 Seyaistoranur ™ associated with schizophrenia on chromosome 8
F —
e Y y
{111 S g, ’ ¥
Um%?:m*rmmiﬁ :;“'ﬁ;fn
Kﬂavf&jﬁ.@hﬁgﬁMhur ____.gr"fHama.‘,'ﬁrdur
Uestmannaeyjaﬁ}-‘—--‘!{'[*i_,_E.‘J"f
Surisey
MNorth Atlantic Ocean




: W ESTFALISCHE
W iLHELMS=-U NIVERSITAT «IE
" LS EvoLuTionARYFuNcTIONALGENOMICS

Mutation creates differences among individuals in a population
POLYMORPHISMS

What has this to do with differences between different species?

Hagfish F&rdfala ande:iﬁt_i_?giﬁgtml uI:-e ‘ Chimp
DS R
ed
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Selection

De novo mutations vs. Standard genetic variation

HIV virus evolution Darwin's finches
The effect of the environment
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Genetic background of a mutation

a-Globin genes

Regulatory
region 02yl yol o2 ol

Chromosome 16
|

o-LCR

Haemoglobin types

Embryo I:> Foetus |:{> Adult

o2 Y, B,

B-LCR
3 Gy AvyB1 & B

Regulatory
regions
!
I

]
80 kb
B-Globin genes
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Linkage

Most mutations at
selected locus are
removed by negative

Neutral
locus is
polymorphic

itchhiking

="
.
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Fixation without selection: Drift

100% 0%
H
80% 20%
- v
5 60% 0% 9
& >
: A
G 40% 60% o
8 =+
¢ T
- [¥5]
20% 80%
T
0% 100%
1 50 100
Generation
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Neutral theory

Genetic drift Is the main force changing allele frequencies.

M. Kimura



http://en.wikipedia.org/wiki/Allele
http://en.wikipedia.org/wiki/Frequency
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Distinguishing between different types of selection

NEGATIVE SELECTION: Conservation of sequences

Homo sapiens GRSRDGGLRY GEME
Rattus norvegicus GRSRDGGLRY GEME
Drosophila melanogaster GRARDGGLRF GEME
Neurospora crassa GRARDGGLRF GEME
Oryza sativa GRKYGGGIRF GEME
Escherichia coli GKAQF GGQRF GEME
Homo sap1ens GGTAGATCT CGT GAT GGT GGCCTGCGT TTT GGAGAAATGGAA

Rattus norvegicus GGCAGATCGCGT GAT GGT GGCCTGCGCTTT GGAGRAATGGAG
Drosophila melanogaster | (GGT CGT GCT CGT GATGGT GGCTTGCGTTTC GGT GAGATGGAG
Neurospora crassa GGT CGTGCCAGAGACGGT GGTCTCCGTTTCGGT GRAATGGRA
Oryza sativa GGAAGGAAATACGGT GGAGGGATTCGGTTCGGT GAGATGGAG
Bcherichia coll GGTAAGGCACAGTTCGGT GGT CAGCGT TTCGGGGAGATGGAA
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Distinguishing between different types of selection

POSITIVE SELECTION: Rapid substitution

E.g., HIV CTL Epitopes

Site under positive
selection in some
patients

aNala) HIV.nef.seal

= M|/, 0 =

I « o o 1 o v 0 o 1 v 0 0 [ T T |
Al.KE.94.023 17 [MGGKWSKSSIVGWREILIRERM
B.FR.83.HXB2-IA IMGGKWSKSSVIGWRTVRERM
C.IN.95.95IN210 MGGKWSKCSIVGWEDIRERM
F2.CM.02.02CM_G IMGGKWSKSSIVGWRKVRERM
F2.CM.95.MP255 | MGGKWSKSSIVGWENVRERM
15_01B.TH.99.99 [MGSKWSKS———-WHQVREKTI
02_AG.NG.-.IBNG [MGGKWSKSSIVGWRKVMKRM
14_BG.ES.99.X39 [MGGKWSK———-GWAEVRERM
F2.CM.95.MP255 | [MGGKWSKSSIVGWENVRERM

J

ok

ZH N0 ZXNUHH

(

CTL epitope
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#Human V-LSPADKTN
#Horse P
#Cow ....A...G.
#Kangaroo .A...GH
#Newt MK..AE. .H.
#Carp S...DK..AA
#Human GKKVA-DALT
#Horse  ....... G..
#Cow AL L. .AL ..
#Kangaroo ...I..... G
#Newt M.G..S
#Carp IMG.VG
#Human TPAVHASLDK
#Horse @ ...
#Cow ...
#Kangaroo ..E.......
#Newt YP..C.V

#Carp P.E..M.V

EvoLuTionaRYFuNcTIONALGENOMICS

How can we quantify?

VKAAWGKVGA HAGEYGAEAL ERMFLSEFPTT KTYFPHEF-DL SHGSAQVKGH
..... S...G oo iiios oLl G et e e e AL
......... G i A e e i e it e e i e e e e e
R G ..... A..G. ..T.H..... oo oo I0A
.. TT.DHIKG .EEAL..... F... T.L.A. R AK. E..SFLHS
..I..A. ISP K.DDI..... G..LTVY.Q. A.WA P..GP..-
NAVAHVDDMP NALSALSDLH AHKLRVDPVN FKLLSHCLLV TLAAHLPAEF
L..G.L..L. G...D..N.. ...t .. S ...V...ND.
K..E.L..L. G...E..oov ot iiee v S. ...5...5D.
Q..E.I..L. GT..K. ..ot it tiiinnnnn. EL.. .. GDA.
..... I..ID A..CK...K OD.M...A. .PK.A.NI.. VMGI..K.HL
D..SKI..LV GG.AS..E Seeee.. A. ..I.ANHIV. GIMFY..GD.
FLASVSTVLT SKYR

B T

NoooLL.

LFONLALA.S E...
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Statistical measures of evolutionary distance
between amino acid sequences

Elimination of

all sites with
indels from the
#Human V-LSPADKTN VKAAWGKVGA HAGEYGAEAL ERMFLSFPTT KTYFPHF-DL SHGSAQVKGH 1
#Horse B N [P C Goe e e e e e e e e e e e A. ComDUtatlonS
#Cow e AL GL e [
#Kangaroo ....A...GH ...I..... G ..... A..G. .. T.H.'iir tittiiinnn e IQA
#Newt MK..AE..H. ..TT.DHIKG .EEAL..... F... T.L.A. R . .AK E..SFLHS
#Carp S...DK..AA ..I..A.ISP K.DDI..... G..LTVY.Q JALWA P GP —
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P=ndll40

Human  Horse Cow Kangaro Newt Carp
0
Human 17 17 26 61 68
Horse 17 29 66 67
Cow 25 63 65
Kangaroo 66 71
Newt 74

Carp
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P=ndll40

Human  Horse Cow Kangaro Newt Carp
0
Human 17 17 26 61 68
Horse 0.121 17 29 66 67
Cow 0.121 0.121 25 63 65
Kangaroo 0.186 0.207 0.179 66 71
Newt 0.436 0.471 0.450 0.471 74

Carp 0.486 0.479 0.464 0.507 0.529
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Is the p-distance a well defined distance?
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Is the p-distance a well defined distance?

Gradual
underestimation
of the real
distance

Number of substitutions per site

Time
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Models
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Expected number of substitution per site
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How do we deal with functional heterogeneity between sites?

Functional-structural constraints

What is the rate of
amino acid substitution
In different regions?




: W ESTFALISCHE
W iLHELM s-U NIVERSITAT «IE
" LS EvoLuTionARYFuNcTIONALGENOMICS

Gamma distribution (Uzzell and Corbin 1971)

Probability density

0.00 1.00 2.00 3.00

Rate
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Heterogeneity between sites: a well understood case

Synonymous and nhon-synonymous sites

2nd

U = [ A | G

Met Thr Lys Arg
G | Val Ala Asp Gly
Val Ala Asp Gly
Val Ala Glu Gly
Val Ala Glu Gly

U | Phe Ser Tyr Cys u
Phe Ser Tyr Cys C

Leu Ser STOP STOP [ A

Leu Ser STOP Trp G

C | Leu Pro His Arg U

Leu Pro His Arg C

st Leu Pro Gin Arg A rd
1 Leu Pro Gin Arg G 3

Allle Thr Asn Ser U

lle Thr Asn Ser C

lle Thr Lys Arg A

G

U

C

A

G

Neutral substitution rate is determined by mutation rate
-
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Statistical measures of rate of Syn NonSyn substitutions

Approximation:
1%t + 2" ys. 3™ codon positions

Count number of Syn and NonSyn sites!

Exact calculation based on the genetic code
D_=# Syn Subst | # Syn sites

D =# NonSyn Subst / # NonSyn sites
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What do we expect?

Synonymous substitution to be more frequent than
Nonsynonymous substitutions

Rate of Synonymous substitutions to be more similar
between genes than the rate of Nonsynonymous
substitutions
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Dn/Ds measure of positive selection

Sliding window approach to detect local signal of positive selection

Neutral Evolution DN / DS =1

Positive Darwinian selection DN / DS >1

Negative purifying selection D /D _<1
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MUTATIONS: heritable changes to the genome,
essential for evolution.

Hagfish Salamgander Lizgrd use  Chimp
= Perch ‘3,“?— ‘BWH%
; iy N
I P 0 )
< N
Fe}! s
ur;
mammary

gggggg
Claws

LLLLL

POLYMORPHISMS

Phylogenetic trees

Test of selection: Dn/Ds
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How much variation is out there, and how does it evolve over time ?

A useful way of looking at it:
ALLELE FREQUENCIES

Chromosome

Allele
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Mc Donald Kreitmann test

Main idea: genetic variability between populations
should be correlated with that within populations

Fixed Polymorphic

Synonymous Ds Ps
Nonsynonymous Dn Pn
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Mc Donald Kreitmann test

Main idea: genetic variability between populations
should be correlated with that within populations

Fixed Polymorphic

Synonymous Ds Ps
Nonsynonymous Dn Pn

Deviation from neutrality = Dn/Ds % Pnl/Ps
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