Kapitola VI.
LIDSKY GENOM A
EVOLUCE CLOVEKA




Struktura genomu clovéka

LTH retrotransposons

DMA transposons SIMNEs
Simple ssquence 8.3
epests 3 13.4%

Sagmental
duplications

LINE=

Mizcallansous
heterochromatin

Mizcellansous
UNILUE SSqUSnces Protein-coding

QEnes

Iritrons




Sekvenovani lidského genomu

National Human Genome Research Institute (NHGRI), NIH
Human Genome Project (HGP)

1990-2003, pétileté plany

Human Genome Project Goals

Area

Genetic Map

Physical Map

DMA Sequence

Capacity and Cost of
Finished Sequence

Human Sequence
Yariation
Gene Identification

Model Organisms

Functional Analysis

Goal

2- to 5-cMresolution map (600 - 1,500
markers)

20,000 5TSs

9E5% of gene-containing part of human
sequence finished to 99.99% accuracy

Sequence 500 Mb/vear at < $0.25 per finished
base

100,000 mapped human SHPs
Full-length human cDNAs

Complete genome sequences of £, col, &
.ceravisiae, C. elegans, D, melanogaster

Dewvelop genomic-scale technologies

National Human Genome Research [nstitute

National Instututes of Health

Department of Health and Human Services

Achieved

1-cM resolution map( 3,000 markers)

£2,000 =5TSs

99% of gene-containing part of human sequence finished to 99.99% accuracy

Sequence =1,400Mb/year at <£0.09 per finished base

2.7 million mapped human SHPs

15,000 full-lengthhuman cOMNAs

and
Office of Science
U.S. Department of Energy

Date

September
1994

October
1993

April 2003

Mowvember
2002

February
2003

March 2003

Finished genome sequences of £ coli, 5. cerevisiae, C. elegans, D, melanogaster, plus
whole-genome drafts of several others, including <. briggsae, D. pseudoobscura, mouse and April 2003

rat

High-throughput oligonuclectide synthesis DMA microarrays
Eukaryotic, whole-genome knockouts (veast)
Scale-up of two-hybrid system for protein-protein interaction

1994
1996
1999
2002




Lidsky genom ve faktech a

- Velikost genomu ~ 3 164 700 kb

- Polet genti ~ 20-25 000

- Velikost primérného genu ~ 3000bp

* Témér vSechny bdze jsou stejné (~99.9%) u vsech lidi

» Funkce u vice nez 50% genl neni zndmd

* Méné nez 2% genomu kéduje proteiny

* 50% genomu tvori repetice

» Béhem poslednich 50 mil let silny pokles aktivity TE

* Genove bohaté oblasti jsou GC-bohaté, repetice AT-bohaté
* Ndhodnd distribuce genové-bohatych oblasti, oddélené repeticemi
- Chrom.1 md nejvice genti (2968) a chrom. Y nejméné (231)

Cislech

i ——

Srovnani lidského genomu s genomy jinych organizmu

-Genové ostrovy u ¢lovéka versus homogenni distribuce gent u jinych organizmt
-3x vice proteinl nez D.m. nebo C.e. diky alternativnimu sestrihu (35-60% genl)
-Stejné genové rodiny jako u D.m., C.e., rostlin, ale pocet ¢lent rodin expandoval

-Vétsi podil repetici - C.e. (7%), D.m. (3%), A.t. (11%)




Dalsi rysy lidského genomu:
Expanze genovych rodin a rozdily v negenovych

oblastech

RNA nekodujici proteiny:

- mnoho transkriptt nekddujicich proteiny a s nezndmou funkci

- .transfrags" - transkribované fragmenty gend, role v reorganizaci
chromatinu nebo requlace dostupnosti polymerdz ¢i TF, role antisense
transkriptl v regulaci genové exprese

- pres 800 miRNAs

Ultrakonzervativni elementy:
- 481 UCEs delsich 200bp, 100% identita mezi ¢lovékem, mysi a potkanem
- UCE jsou enhancery gent

Genomova struktura:
- nepotvrzena opakovanad polyploidizace v historii, 45% repetici, duplikace




».» M Lidsky chromosom Y:
’ .Sal plny zrcadel”

Palindromy:
» 3 000 000 bazi dlouhé
*+ 99.9% identita

] Homologni oblasti mezi X a 'Y

B Duplikativni prenos z X
B Palindromy




Variabilita a mutace

- 99.9% identita mezi jedinci

- 1.4 miliond polymorfnich mist
(SNP) - vazba na choroby

- 2x vice mutaci v zarodecné linii
muze hez zeny

Hesources
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Budoucnost vyzkumu
lidského genomu

.Now this is not the end. It is not /o 7 |
even 7‘/7@ be_q/ﬂﬂfﬂg Of fhe eﬂd. BU trt Fig 2 The future of genomics rests on the foundation of the Human Genome Project.
/s, perharps, the end of the
beginning." Winston Churchill (1942)

-Transkriptomika - exprese genl, za rtznych podminek
-Proteomika - exprese a funkce proteind, dopady pro design léCiv
-Komparativni genomika - srovndni s jinymi organizmy
‘Polymorfismus mezi jedinci (genetic variation program)

*ELST - (ethical, legal and social implications)

*Zdravi, spole¢nost, vzdéldvani ...




Rozdily mezi jedinci
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Srovnani genomu clovéka a Simpanze

Genetic evidence for complex speciation
of humans and chimpanzees

Mick Patterson’, Daniel J. Richter', Sante Gnerre’, Eric 5. Lander' & David Reich™*

The genetic divergence time between two species varies substantially across the genome, conveying important
information about the timing and process of speciation. Here we develop a framework for studying this variation and
apply it to about 20 million base pairs of aligned sequence from humans, chimpanzees, gorillas and more distantly
related primates. Human-chimpanzee genetic divergence varies from less than B4% to more than 147% of the average,
arange of more than 4 million years. Our analysis also shows that human-chimpanzee speciation occurred less than 6.3
million years ago and probably more recently, conflicting with some interpretations of ancient fossils. Most strikingly,
chromosome X shows an extremely young genetic divergence time, close to the genome minimum along nearly its entire
length. These unexpected features would be explained if the human and chimpanzee lineages initially diverged, then
later exchanged genes before separating permanently.

Conservation of Y-linked genes during human
evolution revealed by comparative sequencing
in chimpanzee

Jennifer F. Hughesf], Helen Skaletsky', Tatyana Pyntikuva], Patrick J. Minx?, Tina Graves”, Steve Rozen',
Richard K. Wilson® & David C. Page’

4 .....-5\-4— Initial speciation
\ >6.3 Myrago

\ +— Hybridization 1230/0 r‘OZdﬂ
<6,3 Myr ago

Toumai ? —

\ chromosomu X

L}
Humans Chimpanzees

: ] -
- speciace ~ 6.3 mil | =\ -
- nasledné krizeni T ,,:’f

» Genové duplikace

- Expanze transposont

* Mutace

* Posttranskripéni a translacni modifikace
- Odli3né pouzivdni gent (alternativni
promotory a alternativni sestrih)
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Mozaikovita struktura genomu:
Nékteré oblasti blizsi Simpanzovi a jiné gorile

1 GC bias transposonu
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Figure 3 | The density of Afuand L7 elements in the human geneme. The density of young Al

(=71 million years {(Myr) old), old Al (G0-100 Myr old) and L7 (<65 Myr old) elements in the human genome,
relative to the average density of Aluand L7 elements, separated according to the G+C content of the

50 kb that sumounds each element. Data derived from REF. 1.
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Figure 2 | Comrelation between G+C content of
a gene and that of its surrounding regien. The

"...genomes, like organisms,
have an anatomy. But is this
anatomy the consequence
of selection, or is it a by-
produict of another cellular
process?’
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Ruznd mista vélenéni retroelementi u ruznych

vétvi primatu

L1HS480 lokus

Ay B, L1I-E%. an-:j/ﬂlu”r irdegration sites % primer

& primer
Pre-integration site  §* - |

)
0 bp 16 bp
J . | s
Owd Monkey Old World Monkeys
[  LiHsag0 1

Hurrian filled site (polyrnorphic)

Retroviry PTERV1:

T, (orangutan, gibon)

- u Africkych (Simpanz a gorila)
- chybi u clovéka a Asijskych
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Emergence of Young Human Genes
after a Burst of Retroposition in Primates

Ana Claudia Marques.l‘;:, Isabelle Dupanloup.“s, Micolas Vinckenbosch', Alexandre Reymond1‘2, Henrik Kaessmann'

-

1 Center for Integrative Genomics, University of Lausanne, Lausanne, Switzerland, 2 Deparoment of Genetic Medicine and Developrment, University of Geneva Medical
School, Geneva, Switzerland

The origin of new genes through gene duplication is fundamental to the evolution of lineage- or species-specific
phenotypic traits. In this report, we estimate the number of functional retrogenes on the lineage leading to humans
generated by the high rate of retroposition (retroduplication) in primates. Extensive comparative sequencing and
expression studies coupled with evolutionary analyses and simulations suggest that a significant proportion of recent
retrocopies represent bona fide human genes. We estimate that at least one new retrogene per million years emerged
on the human lineage during the past —63 million years of primate evolution. Detailed analysis of a subset of the data
shows that the majority of retrogenes are specifically expressed in testis, whereas their parental genes show broad
expression patterns. Consistently, most retrogenes evolved functional roles in spermatogenesis. Proteins encoded by X
chromosome derived retrogenes were strongly preserved by purifying selection following the duplication ewvent,
supporting the wiew that they may act as functional autosomal substitutes during X-inactivation of late
spermatogenesis genes. Also, some retrogenes acquired a new or more adapted function driven by positive selection.
We conclude that retroduplication significantly contributed to the formation of recent human genes and that most new
retrogenes were progressively recruited during primate evolution by natural and/or sexual selection to enhance male
germline function.

Citation: Margues AC, Dupanloup |, Vinckenbosch N, Reymond A, Kasssmann H (2005} Emergence of young human genes after a burst of retropositicon in primates. PLo S Biol
3(11): e357.

Fropartion of retrocopies
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Nalezi$té hominidu v Africe
TP ” MILIONY LET !___r_____, Naleziits
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* Olduvajska rokle (Tanzanie)

* Hadar (Etiopie)

* jezero Turkana (Kenya)

- souc¢asné zde Zily 4 druhy hominida!!l
pmpre——— * reka Omo (Etiopie)

* Laetoli (Tanzanie)

HARILIS




SIMPANZ ALUSTRALOPITHECUS HOMO SAPIENS SAPIENS
Objem mozku 400 cm Objem mozku 450 cm? Ohjem mozku 1350 cm

Oddéleni vétvi hominidu a
Simpanzu: pred 6-7 miliony let

Za 35 mil. let vzniklo 84 druhd hominida
Za 8 mil. let vzniklo 16 druht hominidt

L= || =

f BONOBO
CHIMPANZIEE
ETTAME——— P—
Oirorin Ardfpr'r:hecus
- _"'r .-"Il : A e Au. afarensis ‘ oy ;L} robustus

Au. africonus

|
|
Sahelanthropus F T
Au. aethiopicus
Au. boisel
I
B MYR 5MYR 4 MYR 3 MYR 2 MY R 1 MYR
A ALD AGOD AGD ALD AGO

FAMILY TREE of the hominid Australopithecus [ red ] includes a number of species thart lived betweean
roughly 4 million and 1.25 million years [Myr] ago. Just over 2 Myr ago a new genus, Homo [which
includes our own species, H. sapiens |, evalved from one of the species of Ausrtrralopithecus.




*Mozkovna 340-360cm3
‘Bipedie
‘Nejstarsi predek ¢lovéka po

Sahelanthropus tchadensis: 6 mil. let goddéleni VéTVE Ve(\i,OUCfCh k
(Cad, Michel Brunet, 2002 Nature) simpanzum a ¢loveku

Orronin tugenensis: 5.8 mil let

Ardipithecus kadabba: 5.6-5.8 mil let




Australopithecus: 4 mil. - 1 mil.

h Australopithecus boisei

S . ( KNM-ER 406 )

Red et

Lebka .
hyperrobustniho australopitéka Lucy =A. Gfar-ensl [

druhu Australopithecus boisel
(OH5) (3.5-3 mil)
souvrstvi 1.
Jeji geologické staFi
Jje asi
1,75 milionu let

-mozkovna 35% moderniho ¢lovéka
-vyska 120-140cm, pohlavni dimorfismus (az 50% rozdil)
*frugivorni (pojidal ovoce), mozna omnivorni (vSezravec), zil v savandch

robustni - A. robustus ................ 1-2 mil
A. boisei ......ceeo..... 122 mil

gracilni - A. afarensis = Lucy ... 3.5-3 mil
A. africanus .................. 2-3 mil




Homo habilis:

. H habilis (OH62):
.Zena roku 1987", 1.8 mil let

2.5 mil. - 1.5 mil.

*Olduvajska rokle (Tanzdnie, Mary ¢

Louis Leakey)

-Jezero Turkana (Kenya)

*polovi¢ni mozkovna

‘primitivni ndstroje, lovec, sbérac

[

el W




Homo erectus: 2 mil. - 0.3 mil.

-Velka mozkovna (850-1100cm3)
*Vysoky (180cm), pohlavni dimorfismus (30% rozdil)
-Pouzival ohen, plaval na vorech, primitivni .rec", poprvé malé rovnostarskeé

skupiny, sloZitéjsi ndstroje, lov ve velkém méritku
Jezero Turkana, Java, Cina

‘e svrchni dasti souvrsivi
se nasi nastroje
204 rije,
S \ které p dstim klimim.
’. " | ‘/ J Jejich geolog ari se odhaduje
i o 5 f na 1,2=1,1 mifionu fet.
; Zhotovovaly se obijenim jader.
/ ; Nekreré slouzily
¢ d jako f  ndsiroje,
< : jiné moznd k drcent

arcen
tuhych plodil a hliz




H. neandertalensis m H. sapiens

Homo habilis and Homo erectus @f‘l ' 2

Zili vedle sebe v Africe po dobu | o y:;f e |
500 000 let!! i
(Nature 448, p688, 2007) @ I"&PT
™ i _a
[ [
. AN 4 pE @—_@H.m
- evolution ze spole¢ného predka e %;i_
- rozdily v potravé — B e
- H. habilis - boCni vétev, prezival déle 3 é I N T Merertoptthuces
- H. erectus - zivotni styl podobny gorildm % )

Millions ofyears ago

B 5 4 3 A 1 present
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Homo erectus: R ﬂ;%" “
prvni expanze . W g
cloveka (1.8 mil)

- prvni prekrocil hranice afrického

Bahr &l Ghazal, -
Chad :
Hadar, Ethiopla

Turkana.

= kOhTInenTU . Henga‘ﬂ _
- pouzival ohen ALK K-
Tanzania i k
Laet Tanzania v, Indonesia '""-'."f

#

© Home erectus "
oy Homeo habilis ?f
I @ Australopithecines

Sterkfun}:-ain. Swart rarl'rs,ﬂ'
South Africa o8 Southfrica




Homo sapiens:
vznik pred 500 000 - 250 000 lety

Hypotézy: ,multiregiondlni* a ,Out of Africa™

- mtDNA 182 lidi

s ML 2 - 2 vétve - africkd a neafricka '
Mult Ini hypot
corie orent Bolentnickd - Max 0.6% rozdily, 3 mutace/500bp, 1 rozdil~10 000 let

teorie svi I tricka
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REGIDNAL CONTINUITY SINGLE DRIGIN R L, (Wilson' 1987) » 10 OOO Jedmcﬂ




Homo sapiens: vznik pred 500 000 - 250 000 lety

Teorie.

1. multiregiondlni (polycentrickd, teorie svichu, Howells, Harward; M. Wolpoff):
- H. erectus se vyvinul v H. sapiens v riznych ¢dstech svéta nezavisle, tok gent mezi

vétvemi

2. Out of Africa" (Noemova archa, Willson, Cal. Univ. Berkley):
- H. erectus nahrazen modernim ¢lovékem, ktery se rozsiril z Afriky pred 100 000 lety

3. Hybridni model (Stringer):
- miseni starousedlikl a prichozich

Rozdily v mtDNA jako
méritko evolucni divergence

miDNA:

- vyssi rychlost mutaci

- nema reperachni systémy
- nepodléhd rekombinacim

Solving the Mystery of the Neandertals

So, 56 mutations have accumulated in gglf:! '\:!]‘?EN r "
&l " sgrf, ) L ! g
this part of the llfnl control region since ANCESTOR ./
humans and chimps diverged from a MITOCHONDRIAL
common ancestor. GENOME
CHIMPANZEE
J MUTATIONS

. That is correct.

’ —
g =

Solving the Mystoery of the Neandertals

Seven Is, in fact, the average number of
mutations in this region between any two
peaple from populations around the
world. This number of differences has
been calibrated to equal about 150,000
years. Thus, mitochondrial DNA analysis
suggests that all living (modern) humans
share a common ancestor who lived
about 150,000 years ago.

@ Thatis correct

GTTCTTTCATGGGGAAGCAGATTTGGGTACCACCCARAG
GTTCTTTCATGGGGAAGCAGATTTGGGTACCACCCARAG
TATTGACTCACCCATCAACAACCGCTATGTATTTCGTA
TATTGACTCACCCATCAACAACCGCTATGTATCTCGTA
CATTACTGCCAGCCACCATGAATATTGCCACGGTACCAT
CATTACTGCCAGCCACCATGAATATTGTACGGTACCAT
ARAATACTTGACCACCTGTAGTACATARAAACCCAATCC
AAATACTTGACCACCTGTAGTACATARAAACCCAATCC
ACATCAAARACCCCCTCCCCATGCTTACAAGCARGTACA
ACATCARAACCCCCTCCCCATGCTTACAAGCARGTRACA
GCAATCAACCCTCAACTATCACACATCAACTGCAACTC
GCAATCAACCCTCAACTATCACACATCAACTGCARCTC
CAARRGCCACCCCTCACCCACTAGGATACCARACAARACCT
CAAAGCCACCCCTCACCCACTAGGATACCAACARRCCT
ACCCATCTTTAACAGCACATAGTACATAAAGCCATTTA
ACCCACCCTTAACAGTACATAGTACATAAAGCCATTTA
CCGTACATAGCACATTACAGTCAAATCCCTTCTCGTCC
CCGTACATAGCACATTACAGTCAAATCCCTTCTCGCCC
CCATGGATGACCCCCCTCAGATAGGGCTCTCCATGCA

CCATGGATGACCCCCCTCAGATAGAGCTCTCCATGCA




Nejstasi Evropan:
Eoanthropus a podvod z Piltdownu

- lidska mozkovna a opici Celist, nejstarsi Evropan?
1915 - Ch. Dawson - Eoanthropus dawsonii

1953 - Kenneth P.Oakley - odhaleni podvodu
- fluorova metoda (starsi kosti - vice fluoru)

Woodwardova rekonstrukce
mezi¢lanku mezi ¢lovékem a
opici (stari asi 500,000 let)

Skutecny prvni evropan:
1993 - Boxgrove (Sussex)
stari 500 000 let




Vpad H. sapiens do Evropy: 50 OdO-Z5 000 pr.n.l.

LAGAR VELHO
[24.500 ytarsago]
]

# IATARRAYA
[78.000-32.000 yearsago)

® Early Modem
i Noandertl

MEADEL
% [32,000-35,000 years ago]

. -

- YOGELMERD :
S {32 000 years ago)

il
& VINDIJA .
| 28,000 yeats ago]

# QAFIEH

® ceHiiL
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Svante Paabo:
.Neandertalci nejsou nasimi predky"

Krings et al. 1997: Neandertal DNA sequences and
the origin of modern humans. Cell 90, 19-30.

- sekvenovana mtDNA neandertadlce, 454
- rozdily mezi mtDNA dnesnich lidi a neandertdlct jsou vétsi nez
mezi dnesnimi populacemi (26 rozdilt vs. 3 rozdily v 500 bp mtDNA)

KriZeni H. neanderthalensis s H. sapiens?
Rizny polet chromosomi (46x48) a tudiz
neplodné potomstvo?

- §impanz a gorila ma 24 pard,

- fize po oddéleni neandertdlce?

- ki a osel - 64x62 chromosomd
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Svante Paabo:

Sekvenovani Neandertalce - 454 sekvenovani

nature

ARTICLES

Wal 444 |16 MNovember 2006 |doi: 1000328  nature0 5336

Analysis of one million base pairs of

Neanderthal DN A

Richard E. Green', Johannes Krause', Susan E. Ptak', Adrian V. Briggs', Michael T. Ronan?, Jan F. Simons>, Lei Du>,
MMichael Egholm™, Jonathan MM, Rothberg™, Maja F'aunovica.T_ & Swvante P3a3bo'

MNeanderthals are the extinct hominid group most closely related to contemporary humans, so their genome offers a unique
opportunity to identify genetic changes specific to anatomically fully modern humans. VWe have identified a 38, 000-year-old
MNeanderthal fossil that is exceptionally free of contamination from modern human DM A, Direct high-throughput sequencing
of a DMNA extract from this fossil has thus far yvielded over one million base pairs of hominoid nuclear DM A sequences.
Comparison with the human and chimpanzee genomes reveals that modern human and NMeanderthal DMNA sequences
diverged on average about S00,000 years ago. Existing technology and fossil resources are now sufficient to initiate a

MNeanderthal genome-sequencing effort.
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Figure 2 | Taxonomic distribution of DNA sequences from the Vi-80
extract. The taxonomic order of the database sequence giving the best
alignment for each unique sequence read was determined. The most
populous taxonomic orders are shown.

311
Modern
humans

Vindija-80
Meanderthal

A A

Figure 3 | Schematic tree relating the Vi-B0 Neanderthal mtDNA
sequences to 311 human mtDMA sequences. The Neanderthal branch
length is given with uncorrected sequences (red triangle) and after
correction of sequences via independent PCRs (black triangle). Chimpanzee
and bonobo sequences (not shown) were used to root the neighbour-joining
tree. Several substitution models (Kimura 2-parameter, Tajima-Nei, and
Tamura 3-parameter with uniform or gamma-distributed (7 =0.5-1.1)
rates) vielded bootstrap support values for the human branch from 72-83%.

Neanderthals
help to tell
our story

The availability of Meanderthal
genomic sequence datais allowing
us to date key events in our own
evolution.

So far, only cne gene has been
comvincingly associated with human
lag d speech — forkhead bax

F'jI:FOXF'Z:I. Despite being a highly
c gene, the human and

chimapanzes versions differ at two

positions in exon 7, and these
substitutions have been implicated in
our unique ability for speech.

Krause et al. found both
substitutionsin two Spanish
Meanderthal samples. Further, they
concluded that. for both substitutions,
at least cne of the individuals was
homozygous for the derived allele that
is predominant in medern populations.

Mext, the authors analysed the
Meanderthal samples for evidence of
aselective sweep close to exon 7
of FOXP2 that, from modern human
genetic diversity data, was previously
proposed to have occurred within the
past 200,000y ears. Seven
polymorphic regions from the intronic
regicn upstream of exon 7 were
succassfully amplified from the
Meanderthal samples and. for six of
these, all products from both
Meanderthals represented the derived
allzle. These results suggest that the
selective sweep in the FOXPZ region
began before the split from the
human-MNeanderthal common
ancestor, which existed 300,000 to
400,000y ears ago— much earlier
than previously thought.

5o, Meanderthal sequencescan
provide a useful tool to imv estigate our
own evolution, making the extrems
care that must be takenwhen
retrigving genetic information from
ancient samples worthwhils.

Carrie Patis




Moderni clovék-umélec: Paleolit-mousterian, aurignacian ...

Velky skok vpred" (pred 50 000 let):
- abstraktni mysleni, pldnovani, inovace, symbolické chovani
- oblékanti, pohrbivani, skalni kresby, rafinované pasti a lov
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Floresky ¢lovék - Hobit

Nalezy v jeskyni Liang Bua: Rodokmen:
- 2003 (LB1), pozdéji 8 jedinct ¢ . P

- mezi nejstarsi a nejmladsi kostrou 80 000 leﬁ eggEreortlsindiien gae OISR OL EhY
- nejmladsi jen 12 000 let - stret s H. sapiens (jako neandertdlci)

- Zivé legendy - Ebu Gogo, posledni setkdni

Novy druh nebo nemoc: pred 100 lety, myty o malych lidech u

- mozek jen 380 cm3,

- nejde o patologické jedince (microcephalusSnd'anu’ Qusirgient

- velikost mozku a inteligence, ndstroje a ohen
- ostrovni fenomén
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