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Objev pohlavnich chromosomu

1891 Henking pracoval na spermatogenezi
u Pyrrhocoris apterus

Polovina dcefinych bunék méla jeden
element (chromosom) navic

X bylo oznaceni neurcitosti pozorovaného

1902 McClung oznagil tento element jako ,,accessory*
chromosom (X chromosome)



Chromosomalni determinace pohlavi
(1905)

Nettie Stevens Edmund Wilson

Tenebrio molitor, Coleoptera
QUSV.V.9. 0.6\ IEV.V.9.4'Q)
mealworm
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Preména neskodnych bakterii ve virulentni

1928 - Fred Griffith: experimenty na
Streptococcus pneumonia

Dva kmeny:
Smooth (S) - virulentni

Rough (R) - nevirulentni

Injeckce R a teplotné inaktivovanych S bakterii - mySi zemiely a obsahovaly S bakterie















1944 - Avery, MacLeod, and McCarty

Smichali R kmen s DNA z S kmene a izolovali S bakterie

Pridali DNase - inhibice transformace

Pridali proteasy - transformace probéhla

DNA uréena jako “transformacni princip”

infective cells
heat killed;
extracts made

smooth,
capsulated,
infactive

bacteria

—

S

exiracis

treated with
deoxyribonuclease
(breaks down DMNA)

treated with
rnbonuclaase
(breaks down RNA)

treated with
proteinase
ibreaks down proteins)

treated extracts added to rough.
uncapsulated infective bacteria

_..,_.

no cells
transformed
10 capsulated,
infective form

some cells
transformed
to capsulated.
infective form

some cells
transtormed
o capsulated,
infective form



Genome: 30.000 genes

Transcriptome: 40-100.000 mRNASs

Proteome: 100-400.000 proteins
>1.000.000 mteractions

Protein Interaction

106

Human Proteome

5
Transcripts 10
Human Genome




Sekvenovani genomu

« 1988 americky kongres stal u zrodu Genbank
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Applied Biosystems

ABI 3730XL Roche / 454
1Mb/d Genome Sequencer FLX
4 100 Mb / run

lllumina / Solexa Applied Biosystems
Genetic Analyzer SOLID

2000 Mb / run 3000 Mb / run
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Comparison to other sequencing methods

lon Torrent |1 454 Sequencing " HNlumina ™ SOLiD '
Sequencing Chemistry|lon semiconductor sequencing Pyrosequencing Polymerase-based sequence-by-synthesis Ligation-based sequencing
Amplification approach Emulsion PCR Emulsion PCR Bridge amplification Emulsion PCR
Mb per run 100 100 600,000 170,000
Time per run 1.5 hours T hours 9 days 9 days
Read length 200 bp 400 bp 2x150 bp 3575 bp
Cost per run 5 350 USD 58,438 USD 520,000 USD 54,000 USD
Cost per Mb 5 500N 5 64.33 USD $0.03USD 50.04 USD

Cost per instrument | § 50,000 USD $ 500,000 USD $ 600,000 USD $ 595,000 USD



Pro¢ sekvenovat dal?

« Komparativnhi genomika
* Biomedicinsky vyzkum
» Osobni genom



Frederick Sanger

1975 - Dideoxy sekvenaéni metoda
1977 — osekvenoval ®-X174 (5,368 bp)

1980 — dostal druhou Nobelovu cenu
za chemii

Pozdéji (polovina 80-tych let)
osekvenoval bakteriofaga A pomoci
shotgun metody (48,502 bp)




Sekvenovani genomu

* 1986 Leroy Hood: prvni automaticky =
sekvenator o

~ Leroy Hood

e 1986 Human Genome Initiative

1990 zapocat projekt sekvenovani

lidského genomu (predpokladana
doba 15 let)




Sekvenovani genomu

* 1995 John Craig Venter
sekvenoval prvni bakterialni
genom

* 1996 prvni eukaryoticky
genom (kvasinka)
sekvenovan

John Craig Venter



Craig Venter

Global Ocean Sampling Expedition
Synthetic genomics

Human Longevity Inc

http://www.youtube.com/watch?v=J0OrDFbr
hijtl




Sekvenovani genomu

e 1997 sekvence E. coli

« 1998 Caenorhabditis elegans genom (prvni
multicelularni genom)

* 1999 lidsky chromozom 22 sekvenovan



2010 Idealni lidsky genom sekvenovan



2010 Idealni lidsky genom sekvenovan




Sekvenovani genomu

« 2000 Drosophila
melanogaster genom

« 2001 Human Genome
Sequencing:
predbézna sekvence
lidského genomu




Sekvenovani genomu

* duben 2003 Lidsky genom.
Sekvence mysiho genomu.

* duben 2004
Sekvence krysiho genomu




Honba za sekvencemi

Decrease in the Cost of Finished DNA Sequencing

10.00-
o @Human genome (first draft) —
% 1.00
i.% @Rhesus macaque —
2 0.10
S .
@Mammalian genome —
(by the end of 2006)
0.01 , . :
1990 1995 2000 2005

Free fall. As with computer technology, the plunging cost of DNA
sequencing has opened new applications in science and medicine.

The Race for the $1000 Genome. Science 311: 1544 — 1546, 2006



Honba za sekvencemi

« X prize foundation

10,000,000% tomu, kdo osekvenuje béhem 10 dn
sto lidskych genomu (Hawking.....




Redukce kopmliexity

Hi-Cot selection

Highly Repetitive

Middile
Repetitive

% Single-stranded DNA
3




Redukce kopmliexity

Methylation filtration (MF)




Redukce kopmlexity —
ridéni chromosomu

Sheath fluid

Chromosomes
suspension

in
Fluorescence
emission

Flow
chamber

£ Flow karyotype
o
Excitation §
li °
ght > o
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E
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Deflection . . . .
plates % Scattered Relative fluorescence intensity
/Ooo light
.O o
Flow sorted o (‘) \ Flow sorted
chromosomes o 2 chromosomes
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Laserova mikrodisekce

Vyhody: vysoka &istota o J

Nevyhody: maly pocet

chromozomai, pracnost o 0, Y




Aplikace

Separované chromosomy
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* Physical « Cytogenetic Linear
mapping mapping amplification
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BAC
libraries

454-sequencing



Chromosomalné specifické
genomove knihovny




Malovani chromosomu — chromosome painting
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Figure 1. SKY analysis of a patient with Wolf-Hirschhorn syndrome. (A) G-banded metaphase. The telomeric region of one chromosome 4 (arow) shows a slightly
abnormal bancing pattern. (B) The same metaphase as shown m (A) after SK'Y analysis. Chromosome classification revealed an unbalanced translocation between
chromosomes 4 and 8 [46,XY.der(4)t(4:8)]
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Applied Biosystems

ABI 3730XL Roche / 454
1 Mb/ da Genome Sequencer FLX
. 100 Mb / run
)
lllumina / Solexa Applied Biosystems
Genetic Analyzer SOLID

2000 Mb / run 3000 Mb / run



Metody sekvenovani

this 1s a sequence to sequence

a

this 1s a sequence to sequence

this 1s a sequence to sequence

this 1s a sequence to sequence

a

sequence

S a seq = _to sequ
this 1
a this 1s thi
— equenc | | 4HEDCE
Hellce
S 15 a s ence
- = — e to se
Lo sequence S



5' 3 DNA sequence
\ / to be analyzed

OH
/ CATGAGACAGTCATAGCA
cloning vector dATP radiolabel 5' end of primer
(e.g.. M13) DNA dCTP OR
polymerase | dTTP + one a-32P-dNTP
dGTP OR

fluorescent label on primer

four separate
reactions

+ ddCTP:

+ ddGTP: ~ GTAddC
_ ddG __ GTACTddC
~ GTACTCTddG _ GTACTCTGTddC
__ GTACTCTGTCAddG _ GTACTCTGTCAGTATddC
 GTACTCTGTCAGTATCddG _ GTACTCTGTCAGTATCGT
_ GTACTCTGTCAGTATCGT
+ ddTTP:
_ GddT
+ ddATP: __ GTACddT
__GTddA _ GTACTCddT
_ GTACTCTGTCddA GTACTCTGddT
_ GTACTCTGTCAGTddA - GTACTCTGTCAGddAT
_ GTACTCTGTCAGTATCGT _ GTACTCTGTCAGTAdAT
_ GTACTCTGTCAGTATCGAdT

GTACTCTGTCAGTATCGT



+ ddGTP: + ddCTP:

_ ddG __GTAddC
—_ GTACTCTddG __GTACTddC
— GTACTCTGTCAdAG __ GTACTCTGTddC
 GTACTCTGTCAGTATCdAG — GTACTCTGTCAGTATddC
— GTACTCTGTCAGTATCGT  GTACTCTGTCAGTATCGT
+ddTTP:
+ ddATP: __GddT
__GTddA __GTACddT
__ GTACTCTGTCddA — GTACTCddT
— GTACTCTGTCAGTddA GTACTCTGddT
__ GTACTCTGTCAGTATCGT  GTACTCTGTCAGddT
 GTACTCTGTCAGTAdAT
_ GTACTCTGTCAGTATCGddT

gel electrophoresis
autoradiography (if radiolabeled)

GTACTCTGTCAGTATCGT

sequence read from gel

is the complementary strand

with respect to the sequence
ddA ddG ddC  ddT to be analyzed

3 5'

larger — T A

- G C

- C G

- T A

- A T

- T A

- G C

- A T

- C G

- T A

- G C

- T A

- C G

- T A

- C G

Y - A T

- T A

smaller - G C
5 3



aggctcctctcccacc —_— aggce

---------------------------

DETECTOR _I_ ........................... :



Genome Sequencer 20 System
454 pyrosequencing (2005)

 http://www.454.com




DNA library preparation

One sample preparation per genome

Mo Cloning

No Colony Picking




Fragmentace DNA




Ligace adaptoru




Vychytani DNA molekul




denaturace
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Single-stranded

template DNA
sstDNA




emPCR




Vznik emulze (olej)










Vychytani kulicek




Vychytani kulicek




denaturace
NaOH .o Va0

VEICF
NaUH

NalH V)R

awr NIGH NAOH

NawH
NaGH NawH NaGH NalH




Sekvenachi primer




Disperze na sklicko




rwv

Disperze na sklicko




Parametry mikroreaktoru




Parametry mikroreaktoru




sekvenace




sekvenace




sekvenace
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sekvenace
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Massive parallelization of sequencing reactions

100 bases read length
X

200000

-

20 Million Bases




SO LI D (Sequencing by Oligonucleotide Ligation and Detection)
2-base encoding sequencing (2007)

- Applied SOLID™ System
A Biosystems  Sequencing by Oligonucleotide Ligation and Detection




Creating a mate-paired library (i)

+7’\\€.,

Wi

Complex Randomly size select
sample Fragment (eg:1, 2, 3, 5,
sample 10 KB)

V= O

Circularize

+ L

Ligate
Internal
adapters



Creating a mate-paired library (ii)

27bp 27bp
4'-”//

-+ ==

=

Cleave EcoP15I Ligate P1 and P2

25 base 25 base l

Tag #1 Tag #2

P1 Internal Adapter P2



EcoP15I I X CH) EA [

Momenclature Update

Catalog # Lize Concentration Price Oty
ROE465 25 units 2,000 units/rnl $61.00 |1 ADD TO CART
RO&4EL 125 units 2,000 units/ml $244,00 |1 |A-Dﬂ TO CART

Prices ara in US dellars and valid erly for US orders.

Download: MSDS PDF

Recognition Site:

5. ..CAGCAG(N)T ..3
3. .GT{:GTE{NJETIL._.S'



Emulsion PCR

’Qj Templates

O ¥

P1-coupled beads

Primers P1<<P2

<« cnoyme




Emulsion PCR

Mix PCR aqueous phase into a water-in-oil (w/o)
emulsion and carry out emulsion PCR




SOLID system: Clonal Amplification

¢ % Emulsion Metrics
§ :
5 _.

I - Bead size: 1 pm
': 22
: Reactor size: 4 um

3 Reactor volume: 34 fL
BA Beads / emulsion
&R plate (96-well): 2-4 x 10°
0 £ AR
Post Enrichment: ~500M / plate
A e

B

Dressman, PNAS 2003 .
Embleton, 1994



emulsion PCR Individual Bead

1) Template Anneals to P1
2) Polymerase extends from P1

3) Complementary sequence is
extended off bead surface

4) Template disassociates



Results of emulsion PCR,
after breaking emulsion

O

Bead contains ~20K amplified
products from original single strand
molecule

O

~ Beads with no product



Enrichment

P2’
Large
Polystyrene

P1
— bead coated

with P2

Centrifuge in
glycerol gradient

Supernatant
Captured beads with templates

Pellet
Beads with no template




Bead Deposition

.
see

Beads attached to glass
surface in a random array




Properties of the Probes
Spatial separation among dye, ligation & cleavage sites

Cleavage site,

3’ Ligation site > - ] Fluorescent dye

1,024 Octamer Probes (4°)
4 Dyes, 4 dinucleotides, 256 probes per dye
N= degenerate bases Z= Universal bases



SOLID Chemistry System 4-color ligation
Ligation reaction

universal seq primer
SFITTITTITTITITTITTpS
> nnnGGz'z:-f
I'I‘I'I‘Il'l‘/

nnn nnn

universal seq primer
EEEEEEEEEEEE R

Apm

bead 51 31
P1 Adapter Template Sequence




SOLID Chemistry System 4-color ligation
Ligation reaction

universal seq primer
J s
FTTT1 nnn Gzzz

Tl

O o gy prrRELIIIILIRR lIIIIlIlIIIIIIlIIIIIIIIIIIIIIIIIIIIII

hlad51 3!
P1 Adapter Template Sequence

3 5
rmrrri

3 . 5'
rrrri nnnATzzz

nnn ZZ2Z

universal se




SOLID Chemistry System 4-color ligation
De-Phosphorylation

universal seq primer

MTTTTTTTTTTTPY
Wme Lt
bead51 3!
P1 Primer Template Sequence

universal seq primer J
TTTIT1 1 "
L1111 1

IS E NN NN NN NN
tﬂadSl 3]
P1 Adapter Template Sequence




SOLiD Chemistry System 4-color ligation
Visualization

universal seq primer

MITITITITITTI I

Tpm
3 4,5

P1 Adapter Template Sequence




SOLID Chemistry System 4-color ligation

Cleavage

universal seq primer

MTITITTITITITITII T~

bead 1
S P1 Adapter

1

4,5

Template Sequence

3?



SOLiID Chemistry System 4-color ligation

Ligation (2"d cycle)
|-|-|-|-| rr/ nnnGG%
|!|-rrr!|-nn-/ nnnATzzz |

universal seq primer n_f
1um ks

bead 5: 3’

P1 Adapter 4,5 Template Sequence




SOLID Chemistry System 4-color ligation
Visualization (29 cycle)

universal seq primer

P1 Adapter Template Seqguence



SOLID Chemistry System 4-color ligation
Cleavage (2"d cycle)

universal seq primer .

. PS5
FTTTTITTITITITTINIT. TTTGe
i GG
& 5’ 45 9,10 3’
P1 Adapter Template Sequence



SOLIiD Chemistry System 4-color ligation
interrogates every 5 base

universal seq primer

P1 Adapter Template Sequence



SOLID Chemistry System 4-color ligation
Reset

P1 Adapter Template Seguence



SOLID Chemistry System 4-color ligation
(15t cycle after reset)

universal seq primer n- 1

r|-|-|-| nnnGGzlz-lz-f
nInInI”I” nnnATzzz
universal seq DIQ f
1pm .

bead 5! 3’

P1 Adapter Template Sequence




SOLID Chemistry System 4-color ligation
(15t cycle after reset)

universal seq primer n-1

P1 Adapter Template Sequence




SOLID Chemistry System 4-color ligation
(2"d Round)

universal seq primer n-1

34 839 12,14 18,19

P1 Adapter

23,24



Sequential rounds of sequencing

Multiple cycles per round
1pm RN NN NN NN E NN RN RN NN NN ENEENENEEEEN
458 3

P1 Adapter Template Sequence

universal seq primer

SFTTTTTTTITTITTITI 45 910 1415 19,20 24,25
reset / universal seq primer n-1
SFTTTITITITITITITNI 34 89 13,14 18,29 23,24
reset ( : "
universal seq primer n-2 >4 T 12.13 17.18 22.23

reset ( . e
universal seq primer n-3 1.2 6.7 1213 16.17 21.22

reset ( : e s
universal seq primer n-4

T 01 368 1112 1510 20219



Paired End two sequences generated

Sequential rounds of sequencing
Multiple cycles per round

P1 Adapter

Internal Adapter

P2 Adapter

25 base
Tag #1
universal seq primer
IMTTTIrrrIIr oIl 45 840 14,15 1820 24,25
reset { universal seg primer n-1

34 B9 13,14 15,29 23,24

ITTTTITTITTTITITITL
reset { universal seq primer n-2 23 78
IMTTITTITTITTIIITI v A

reset ( universal seq primer n-3

a
( universal seq primer n-4
ATTTTTIrrrIrrrIr

1213 1718 2223

1.2 6T 12,13 16,17 21,22

01 56 11,12 1516 20,21

25 base
Tag #2

unhsersal saq primer

IFTTTTTITITTICITL 45 8910 1415 19,20 2425
reset (
universal seq primer n-1
T T T T 24 89 13,14 18,29 23,24
t {
Pane universal seq pnmer mn-2 23 7.8 12,13 17,18 22,23
ITTTITTITRIIIIT :
reset ( ez, ’
universal seq primer n-3 12 67 12,13 16,17 21,22
ITTTITITTEITTIOTINT
reset { . .
inversal se r =g
el oo i theldea g 01 56 11,12 1516 20,21

ITTTTITTITITTITIN



Dual Flow

Reagent Cell

handling

10-box Linux Cluster
15 Th data storage



SOLID System Arrays: 4 Mega pixel Camera
Small Array

1800 panels 300 panels

~20,000 beads/panel 4-Color Overlay




Solexa (2007)

1. PREPARE GENOMIC DNA SAMPLE

-

i i i

/

: ¥

Adapters

{

2. ATTACH DNA TO SURFACE

Adapter

DNA
fragment

/ Dense lawn
of primers

i 4

Randomly fragment genomic DNA
and ligate adapters to both ends of the
fragments.

4 3

Bind single-stranded fragments randomly to
the inside surface of the flow cell channels.

3. BRIDGE AMPLIFICATION

-

J

Add unlabeled nucleotides and enzyme to
initiate solid-phase bridge amplification.



4. FRAGMENTS BECOME DOUBLE
STRANDED

Attached
terminus

Attached Free

The enzyme incorporates nucleotides to
build double-stranded bridges on the solid-
phase substrate.

5. DENATURE THE DOUBLE-STRANDED
MOLECULES

Denaturation leaves single-stranded
templates anchored to the substrate.

6. COMPLETE AMPLIFICATION

a

. 099 |

o F ket kg Ay

B e R e ]
N

Clusters

4

Several million dense clusters of double-
stranded DNA are generated in each channel
of the flow cell.



7. DETERMINE FIRST BASE

~

Laser

A S/

First chemistry cycle: to initiate the first
sequencing cycle, add all four labeled reversible
terminators, primers and DNA polymerase
enzyme to the flow cell.

8. IMAGE FIRST BASE

9. DETERMINE SECOND BASE

-

o

Laser
\_ v,

After laser excitation, capture the image of
emitted fluorescence from each cluster on the
flow cell. Record the identity of the first base

for each cluster.

Second chemistry cycle: to initiate the
next sequencing cycle, add all four labeled
reversible terminators and enzyme to the
flow cell.



10. IMAGE SECOND CHEMISTRY CYCLE

4 )

11. SEQUENCE READS OVER MULTIPLE

CHEMISTRY CYCLES

a

b J

After laser excitation, collect the image data
as before. Record the identity of the second
base for each cluster.

-

| —
©
l
w
l
| I—

@
.@ﬁ

Mol GUTGA...

<

y

Repeat cycles of sequencing to determine
the sequence of bases in a given fragment
a single base at time.

12. ALIGN DATA

r N

¥
..GCTGATGTGCCGCCTCACTCCGCTGG

CACTCCIGTGG
CTCACTCCIGTGG
—>» GCTGATGTGCCACCTCA -
" GATGTGCCACCTCACTC |
GIGCCGCCTCACTCAIG
CICCIGTGG

Linknerwn variant Known
idensfied ond cofled SMP callad

h 4

Align data, compare to a reference, and

identify sequence differences.



HELICOS (2008)
/

True Single Molecule Sequencing (tSMS)
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Coming soon: 15-minute, $100 human genome sequencing

Single Molecule Real-Time (SMRT)

Pacific Biosciences

20 zeptolitra



Dalsi technologie

* Nanopore sekvenovani
» Mikroelektroforéza
* Sekvenovani na bazi microarray



