Sekvence jako data

= molekularni evoluce



Nejprve viak malé Opakovani

e Darwin 1859 On the Origin of Species by Means of Natural Selection

* Natural selection

* Variabilita, selekce (survival of the fittest)
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* Mendel 1866 Versuche tber Pflanzenhybriden sr g s
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Moderni syntéza

* Fisher, Wright, Haldane, prvni polovina minulého stoleti

* Darwin + Mendel + matematické modely

* Evolution = changes of allele frequencies over time

* K dispozici jen fenotypy

» 1944 Avery, MaclLeod a McCarty - DNA jako nositel dédicné informace
e 1953 struktura DNA

« Sedesdtd léta - prvni sekvence, geneticky kdd

* Sedmdesdtd Iéta - sekvenovadni (Sanger)

* Osmdesadta léta - PCR

* Minula prednaska



Rozsireni

 W. D. Hamilton, 1964, Inclusive fitness of an allele

* Inclusive fitness = Direct fitness + Indirect fitness
* Direct fitness — fitness of the individual bearing the allele
* Indirect fitness — fitness of other individuals carrying copies of the same allele

e Hamilton’s rule

* a behaviour or trait will be favoured by selection (altruism spreads), when

rb—c>0

Actor Recipient

* - the fitness cost to the actor
* b - the fitness benefit to the recipient

|
Reproduction —

* r-their genetic relatedness &

* r- fraction of genes that are identical by descent ' :
© © © "0 0 @

e Pozor je napriklad i reciproCni altruismus - ——

Direct fitness + Indirect fitness =  Inclusive fitness

Current Biclogy



Popularizace

THE

* R. Dawkins 1976 Sobecky gen (The Selfish Gene) | S(%IéFl\\I]‘ISzH

* Gen ve smyslu alela

e Organismy jako ,vehikuly ovladané sobeckymi alelami“
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Examining a cricket in Oxford in
the 1970s



Divergence a polymorfismus

* Polymorfismus

» existence rozdild uvnitf populace
(vice alel na lokusu, vice variant na dané pozici DNA)

* Neprobéhla fixace

* Divergence
* Fixované rozdily nahromadéné v liniich od rozdéleni od spolecného predka

Polymorfismus Polymorfismus

—

Mutace a (u nékterych) fixace

Spolecny predek



Rozdily v sekvencich DNA &
Mutace

horse
donkey
ostrich
ey
turkey

e Mutace jsou rlizné

* Chromosomové prestavby (véetné inverzi)

ATG-—--ACTAACATTCGAAAGTCCCACCCACTARTAARARATTGTAAARC
ATG-—--ATCAACATCCGAAAAACCCACCCACTARTAARAARATTGTAAAC
ATG---ACCAACATCCGAAAGACCCACCCATTARTAARARATTGTAAARC
ATG---ACAAACATCCGGAAATCTCACCCACTARTTAARATCATCAAT
ATG-—--ACAAACATCCGAAARATCCCACCCGCTARTTAARRARTCATCAART
ATGGCCCCCARACATTCGAAAATCGCACCCCCTGCTCAAARATTATCAAC
ATGGCCCCTAACATCCGAAAATCCCACCCTCTACTCAAARATCATCAAC
ATGGCACCCAARTATCCGAARARATCACACCCCCTATTAARARARCAATCAARC

1l ATT CC ACCCTA CTA CTATTT ACCT A ATTCCATTAATT =

Fig. A Reciprocal translocation

* Delece, inzerce (treba transposony, nékteré pseudogeny)

e Adalsi

* Nas budou zajimat zdmény nukleotidu (ATCG)

Formation of

Ribonucleoprotein complexes
Reverse :

% Transcription ] Z
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h /}

insertion %

Transcription
& Translation

;

S

Fig. B Inversion




Sekvence DNA

Klasicka populacni genetika — alely

Cow ATG-—--ACTAACATTCGAAAGTCCCACCCACTARTAARARATTGTAAARC

sheep ATG-—--ATCAACATCCGAAAAACCCACCCACTARTAARAARATTGTAAAC
goat ATG---ACCAACATCCGAAAGACCCACCCATTARTAARARATTGTAAARC
harse ATG---ACAAACATCCGGAAATCTCACCCACTARTTAARATCATCAAT
donkey ATG-—--ACAAACATCCGAAARATCCCACCCGCTARTTAARRARTCATCAART
ostrich ATGGCCCCCARACATTCGAAAATCGCACCCCCTGCTCAAARATTATCAAC
& ATGGCCCCTAACATCCGAAAATCCCACCCTCTACTCAAARATCATCAAC
turkey ATGGCACCCAARTATCCGAARARATCACACCCCCTATTAARARARCAATCAARC

1l ATT CC ACCCTA CTA CTATTT ACCT A ATTCCATTAATT Eer

Sekvence — nukleotidové polymorfismy (SNPs)

Jednotlivé SNP — problém s LD

Celé haplotypy — ztracime spoustu informace

- jiné pristupy a modely



The neutral theory of molecular evolution (196s)

Evoluce na molekularni drovni

Velkd variabilita (proteinu)

Selekce (balancing)?

Motoo Kimura

LokusU pfiliS mnoho

- extinkce

VétsSina mutaci asi neutralni (tedy hodné malé s)



Mutacni rychlost

U neutral mutation rate

pravdépodobnost vzniku mutace (na urcitém misté)
* Clovék 108
* Genom pres 3 giga (10°)

V populaci 2N, u (2 — diploidni organismy)

Vétsi populace — vznikne vic mutaci



Drift a fixace alely

1.0 7
H | i

Allele frequency
\
A

 Drift zavisi na velikosti populace

* Pravdépodobnost fixace 1/2N,(nové neutralni mutace)



Substitucni rychlost

 Substituce — Uplné nahrazeni plvodni varianty jinou (vzniklou mutaci), fixace
* Akumulace novych fixovanych variant

* Mutace 2N, u a drift 1/2N,
* 2N, u/2N, = u (mutaéni rychlost)

e Substitucni rychlost nezavisi na velikosti populace
* Stejna akumulace ve velkych i malych populacich

* Nulovy model, neutralni mutace



sekvence druhu 1 ﬁgﬁGEﬁGT@GTAC@GCT
sekvence druhu 2 GCCGTGAGTAC GCT

D= % = 0,2857 (28,57%)

Proporce nukleotidovych mist, které se liSi mezi dvema sekvencemi DNA.

Nékdy také p distance (proportion).

AGTGAGTCGTCAGTACTGCTG Dxy, prumérna divergence
sekvence druhu1 ACTGAGTCGACAGTACTGCTG (avergage pairwise divergence)

AGTGACTCGTCAGTACTGCTG

ACTTAGCCGTGAGTACAGCTA
sekvence druhu2 ACTTAGCGGTGAGTACAGCTA
ACTTAGCCGTGAGTACAGCAA
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Molekularni hodiny

Ocekavana divergence mezi druhy E(d) =2 ut

* Divergence = primérny rozdil (v procentech)

> t=d/2u

Z d a u tedy vypoctu t

...a haopak z d a t tedy vypoctu u

d spoctu ze sekvenci Druh 1 Druh 2

Jak ale ziskat t nebo u?

Akumulace nové fixovanych variant V

Spolecny predek




Kalibrace molekularnich hodin

* u € srovnanirodicl a potomku,

e mutaci malo - mnoho potomkud nebo hodné (bezchybnych) sekvenci

» Kalibrace pomoci fosilii — vétSinou spis jen limity

Preseant

mmmmmmmm
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Nillions of years ago
w

Auvsralopithecus afarensis

Ausralopithecus anamensis

-——’

o Horinin ansesor Spolecny predek
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Fig. 2 Typical age ranges of different forms of calibrating information.




Kalibrace pomoci geologickych udalosti
biogeografie, vikariance
* Vznik panamské Sije, rozpad Gondwany...

* Problematické, ¢asto podcenéni disperze

* Priklad: bézci a rozpad Gondwany
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Predpoklad konstatni mutacni a substitucni rychlosti

e Zasadni pro molekularni hodiny

* Tedy predpoklad, ze vSe mutuje stejné rychle a nic neni pod selekci




Je odliSna pro rizné typy mutaci

* rozsahlejSi mutace obecné méné Casté

Qﬂe rhyfa tion

Cytosme

/g'am ination

5- methyl

NH
N/&o

Thymine

Cytosine

« mutacni ,hotspots”: CpG u zivocCichl, mikrosatelity.

 tranzice vznikaji Castéji nez transverze

Pyrmidiny

| ranFce

I ramsverze

Allele #1

Allele #2

Allele #3

mikrosatelit
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« Po urcité dobé divergence prestane stoupat. Je to kvl
mnohocCetnym substitucim ve stejné pozici. Doslo k saturaci.

Expected Transitions

Expected Transversions

Dhserved Transitions

p Ohserved

Transversions

# of Mutations of Type

= sefils cmmmm e Usefial Fange-----memmemmmmee- =
Fange Transwersions
Transitions

Time ——3p



Nukleotidove substitucni modely

Umoznuji korekci na mnohonasobné substituce a odhad skutecCné divergence.

Jukes & Cantor (1 parameter) model

-Nejjednodussi jednoparametrovy model

-Predpoklada, Ze vSechny mozné substituce stejnou pravdépodobnost (o)
a vSechny nukleotidy maji stejnou frekvenci.

Kimura (2 parameter) model
-Pravdépodobnost tranzic vétsi nez pravdépodobnost transverzi

Felsenstein 81 (4 parameter) model
-Umoznuje nastavit razné frekvence nukleotidu

HKY-Hasegawa,Kishino,Yano (5 parameter) model
-Zohledriuje odliSnou pravdépodobnost transic a transverzi i rizné frekvence
nukleotidl

HKY + T
-Gama parametr umoznuje modelovat odliSnou rychlost substituci v riznych
nukleotidovych pozicich

Program ModelTest: vybere model, ktery nejlépe sedi na data



Nukleotidove substitucni modely

Substitution model assumptions Substitution models compared

Null model _ _ _ _ & Nullmodel
not rejected rejected




Vétsinu mutaci déedime od otcu

Vétsina nukleotidovych substituci vznika v samci germinalni linii

(vice replikaci DNA) (male-driven evolution).

Pocet nové vzniklych nukleotidovych substituci vzrusta s vékem otce

(paternal age effect).

Rozdil v mutacni rychlosti mezi autosomy, mtDNA a pohlavnimi

chromosomy.

120
l
T
5

100
|

80

2.01 mutations pery

1.02 mutations pery [~

Number of mutations (genome)
60

Number of mutations (exome)

40

I I I I ! I !
15 20 25 30 35 40 45

Paternal age

TRENDS in Genetics

Campbell and Eicher, 2013



per nucleotide site per generation (u)

Base-substitution mutation rate

Mutacni (substitucni) rychlost
LiSi se u raznych organismu

+ velikost genomu

 zivotni strategie (velikost téla, intenzita metabolismu, genera¢ni doba,
dlouhovékost, efektivni velikost populace...)
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Fig. 1 Correlation between body mass and third codon posi-
tion substtution rates. The dotted green line indicates an
approximation of the rate corresponding to a 2% divergence
per million years.

| @ Eubacteria @ Unicellular eukaryotes @ Multicellular eukaryotes |

Nature Reviews | Genetics

Lynch et al. 2016



Substitution rate

Rozdily v substitucni rychlosti

Mezi taxony (fadové rozdily na jednotku ¢asu)

Priklad — savci a cytochrom b

0.5 g
8 Erf Al
04 1 i Gerbillus nanus
H 0.741 substitution/site/Myr
0.3
0.2 &
. 838 _
0.1 . 18_ Jf- Eﬁ-g
SEI=1=1
0.0 - = - T & L&+ i
S§8 5§83 F 85 §¢ :
e 2 8° &% OF5oa Balaenoptera borealis
g a Q . . .
g . 0.007 substitution/site/Myr



A Mitochondrial (7 concatenated loci)
Beta vulgaris

-Silene paradoxa
Silene vulgaris

rSilene [atifolia
Silene noctiflora
Silene conica
B Chloroplast (5 concatenated loci)
Spinacia oleracea
Silene paradoxa
Silene vulgaris

Silene latifolia
Silene noctiflora e
Silene conica

Branch lengths correspond to the number of synonymous substitutions per site
for mitochondrial DNA (A) and chloroplast DNA (B)




Molekularni hodiny

Striktni molekularni hodiny

Substitucni rychlost homogenni napfric
fylogenezi.

Relaxované molekularni hodiny

Berou v potaz moznou variabilitu v
substitucni rychlosti mezi liniemi.

(a) Chronogram (b) Strict clock

m%%ll ..,]\Im !
ngﬂn .ﬂ\lm‘fl]l

(c) Local multi-rate clock (d) Discrete multi-rate clock
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Ho and Duchene, 2014




Nearly neutral theory...

 Rada mutaci nemusi byt neutralni

Slightly or weakly deleterious mutations

Vliv driftu i selekce 2s = 1/2 N, (s selekéni koeficient, viz minuld prednaska)

Druhy s kratsi generacni dobou A

e > VetsiN, Spontaneous
ol e , tation rat

« > selekce proti $kodlivym mutacim mutation rate

e - zpomaleni mol. Evoluce

* Druhy s delsi generacni dobou
* > mensiN,
e - prevladne drift >

Estimated rate
(changes/site/year)

Evolutionary substitution rate

] . i Time before present (years)
* Toto je ale na pocet generaci



Generacni doba

* Druhy s kratSi genera¢ni dobou (obvykle menSi velikost téla) maji vyssi
substitucni rychlost (na rok). Probiha u nich vice bunécnych déleni v
germinalni linii za jednotku Casu.

25 let

1 generace




Propagule size (cm)

100 +

0.01

Geneticka diverzita organismu zavisi
na zZivotnich strategiich organismu

Genetic diversity

0.1 100 100,000

Fecundity (offspring per day)

Drosophila 3 % genomu variabilni
Clovék 0,1 %

=

0.2



Diverzitu populace vyjadrije
population (scaled) mutation rate parameter ©

* Pravdépodobnost rozdilu nahodné vybrané dvojice sekvenci (v populaci)

Tedy (teoreticka) mira diverzity populace

Od spolecného predka
2N, generaci
(v pruméru, odvozeni jindy)

Akumulace v obou 2 liniich
Rychlost u

> 2x 2N, pu

O=4N,

Obvykle nezname N, ani u

Odhady pomoci sekvenci

2N,
generations —
ago

Average
coalescent time

1

Time

Present -

Sequence 1 Sequence 2



Sekvence — ukazatele diversity

* Haplotype (Gene) diversity

— pravdépodobnost, Ze dvé ndhodné vybrané sekvence jsou rizné

* Nucleotide diversity n

— pravdépodobnost, ze nahodné vybrané misto u dvou nahodné
vybranych sekvenci je rlizné

* Haplotypova diverzita > nukleotidova diverzita

1 ATT CC ACCCTA CTA CTATTT ACCT A ATTCCATTAATT C:C



Odhad nukleotidové diverzity ()

Sequence 1 AATGTCAACG
Sequence 2 AATGTICAACG
Sequence 3 APTTGTCAACG
Sequence 4 ATTGTGATCG
* * *
Site number Hmmwm\ot\ooma
Nucleotide diversity (n):
1 AATGTCAACG ~0
2 AATGTCAACG 7
1 AATGTCAACG dia=1 2 AATGTCAACG doi 1
3 AffTeTCcaacge 3 ARTGTCAACG B~
1 ABTGTEIABCG d. =3 2 AATGTCAACG 4o =3 3 ATTGTEABCG dor =2
4 A@TcTEAMCGe ™ 4 AMTGTEAMCG “#~ 4 ATTGTHANMCG "3#°

Zd;=0+1+3+1+3+2=10

Number of pairs of sequences compared =[n(n—1)]/2=[4(3)]/12=6
7= 10 differences/6 pairs = 1.67 average pairwise differences
n=1.67 avg. differences/10 sites airwise differences per site




Pocet segregujicich mist s

Sequence 1 AATGTCAACG
Sequence 2 AATGTICAACG
Sequence 3 ATTGTCAACG
Sequence 4 ATTGTGATCG

% * *

Site number Hf\lm‘:r'mkot‘*a)mg

Segregating sites (S and pq):

Sites 2,6, and 8 have variable base pairs among the four sequences (columns marked with *).
These are segretating sites. Therefore, for these sequences S= 3 segregating sites and ps=3/10=0.3
segregating sites per nucleotide site examined.

* Nukleotidova diverzita nezavisi (moc) na velikosti vzorku

* Pocet segregujicich mist zavisi (hodné) na velikosti vzorku

1 ATT CC ACCCTA CTA CTATTT ACCT A ATTCCATTAATT C:C




Odhad parametru ©

Celkové diverzity (polymorfismu) populace

Neutralita - odpovida si:

* O population mutation rate parameter (,teoreticka diverzita®)
* s pocet segregujicich mist (proporce)
* nt nukleotidova diverzita

* m=0=4N,u
* s =00 Skalovani pres velikost vzorku,a=1+%+ ..+ 1/(n-1)

* mtasvypocitame z alignmentu sekvenci

* Nékdy se ale odhady pomoci it a s liSi = neplati neutralita

* Vyuziti pro detekci selekce



Selective sweep

Before selection After selection 0.25 - °
- I i — V celém genomu plati:
| I | I | e NP
[ I I . | £
I 0T o
| L o 0.15 1
[ 1] i [ ] [ 00 0o 1] 2
©
M W W W = i T m v 0.10
| i I ] [0 W T o -E
I I I [ W I m ] @ 0.05 -
| - | /) — 5
I E— |- I m <
5 g I:: LI 0 | | ! T | |
I | N 1 | I | 0 0.5 1 15 2 P 3
. l
Selective sweep Recombination rate cM/Mb

* Pfinizké rekombinaci zGstane okolo déle snizena variabilita

* Ve ,vymetené“ oblasti se objevuji v nizké frekvenci nové mutace

* Pridaji segregacni mista (zvysi s), malo ovlivni m nukleotidovou diverzitu



a2
.o ) o !
Tajima’s D test g
5-1
2

e D = 4 8§85 853

S U]
\/V(TC—E)

s pocet segregujicich mist (proporce)
nt nukleotidova diverzita

a oSetreni velikosti vzorku

V variance (rozptyl)

Ukazuje odchylku od nulového modelu
D < 0 sweep (a obecné pozitivni, negativni i purifikujici selekce)
D > 0 balancing selection

Pozor! Ovlivni i demografické udalosti (expanze, bottleneck)

Balancing
selection

T

Neutral

|

Directional
selection

g § @ § S o E
: £
@9 O 0 0,0,
e
1008 O 00, ¢
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Plasmodium falciparum



Drosophila melanogaster a mauritania
a geny pro antimikrobialni peptidy

D > 0 balancing selection

| A

Tajima’s D (AMP - control)

-1.0 -

DGRP FR RG ZI D.mau



Gaterosteus aculeatus

Gaterosteus nipponicus

Soucasnd sympatrie :
Hybridni sterilita

Bottleneck u G. nipponicus

Tajima's D
o

Japan Sea Pacific Ocean




Genome scans

* Sliding window
e RUzné statistiky

e Empiricka distribuce - outliers

1. Sample loci and calculate statistic (T))

e

False

2. Construct empirical distribution Negative
False
Positive
H True
£ Positive
2
2
o
Genome-wide
forces
Locus specific
3. Identify “outlier” loci forces

Population 1

Population 2

First window

Scaled statistic

f

0.8
0.6

0.4

Chromosome position

Advantageous
mutation

Sweep

o

Sliding
window

— Tajima’s D

— Linkage disequilibrium

— Variability (S)

0

Sequence position
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Tajima's D from African descent

. 3m-
<
CLSPN
S
—0.62 -
E 275 Tajima’s D from European descent - ClaSpln
_ ; | Ty W Required for checkpoint mediated cell cycle
® o arrest in response to inhibition of DNA
226 replication or to DNA damage induced by
both ionizing and UV irradiation.
(B)
HHE PR :




Haplotypové bloky

* Napriklad Lactase Persistence

(a)
| o
60°N—

0.9
* Testy na LD
30°N 7, e
0.6
05
07+ 0.4
/ 7 ’ . Vé . v
* Nedavné udalosti (desitky tisic let) "
30°8 ”:;
LCT gene MCM6 gene
(a) Eurasian C/T 13910
0 500 1000 1500 7:
position (kb) —

-1000  -500 0 500 1000 1500
position (kb)




Lokalni adaptace a F,;

 Jiné frekvence alel na genech
pro lokalni adaptace

* - populace zde vice ,,odliseny”

* > vysSi Fg;

Tajima’s O
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Pfiklady (nedavné) pozitivni selekce it et ai. 2012)
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Dalsi testy neutrality zalozené na frekvencich
* Jejich vice

* HKA test (Hudson-Kreitman- Aguadé)

* Pozitivni korelace variability uvnitf populace (druhu) s variabilitou mezi

populacemi (druhy)
Inbred, Landrace, Teosinte

P Values in HKA Candidate Status by

* Tedy Dxy a s jako odhad @ HKA

Gene | L T

AY108876 | 0.0107 0.014* 0.225 Domestication
AY106123 | 0.155 0.022* 0.014* | -

AY106190 | 0.047* 0.047* 0.046* | —

7 Modern AY108504 | 0.030% | 0.013* | 0.036" | —
maize hybrid

AY108857 | 0.057 0.023* 0.028* | -

Teosinte AY 108255 0.323 0.158 0.848 -

Yamasaki et al. 2005



Selekce pred delsi dobou

Ka/Ks (dN/dS)

© oo oo
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Frequency

* Pomér nesynonymnich (Ka)
a synonymnich (Ks) mutaci

o
—
1

o
1
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» Alignment sekvenci stejného genu u vice druh( 070 0Y 0 T 00 o0 K
- rozdily (mutace) KalKs

- jen nékteré mutace zmeéni aminokyselinu
Srovnani ortolognich genu

. Korekce mySi a potkana
jen 25 % moznych zdmén nezméni aminokyselinu

nékteré typy mutaci ¢astéjsi

zpétné a konvergentni mutace (hlavné u vice odlisSnych sekvenci)

* VeétSinou Ka/Ks << 1, selekce eliminuje zmény, ,purifying selection”
protein se neméni

* Ka/Ks >> 1 ,positive selection”, MHC, reprodukéni proteiny

* R{zné casti proteinu mohou byt pod riznou selekci (ABS u MHC)



FOXPZ Enard et al. 2002

e Schopnost artikulovat

* Nesynonymni versus synonymni mutace
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Omega value for sites under SLR model
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Figure 3. LYS.py visual output example of protein coloured according to its evolutionary positively

selected amino acid residues and domain positions.



Testy zaloZené na Ka/Ks (d/d;)

MK test (McDonald-Kreitman)

e Opét srovnani uvnitf a mezi (populacemi, druhy...)

Plasmodium falciparum
Kalciova pumpa end. Retikula, co lze vyradit Artemisininem

o ©
0® oo
)
>
Q

9

i ov—w-
)

Infected mosquito bites Infected liver
person who becomes infected

Mosquito bites infected person, Infected red blood cells
d

becoming infectex

O

Table 4. dy/d; ratio and McDonald-Kreitman test of neutrality for the pfserca gene. © 5 1
aV0o "0 . 0
ay/ds ratio McDonald-Kreitman test
Interspecific fixed Intraspecific nucleotide
nucleotide differences polymorphisms
dwlds P-value’ Syn Nsyn Syn Nsyn NI P-value®
French Guiana 0.53 0.511 43 15 3 6 5.7 0.022
Para 059 0.707 43 15 1 3 8.6 0.070
Amazonas ® 0.169 43 15 0 2 n.a. 0.077
Senegal 0.75 0.824 43 15 1 5 143 0.010
Eq. Guinea 022 0.318 43 15 2 3 43 0.136
Thailand 0.15 0.415 43 15 1 1 29 0.475
Cambodia n.a. na. 43 15 0 0 n.c. n.c.
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Neutralni teorie molekularni evoluce

Molekularni hodiny
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