Next-gen sequencing
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Applied Biosystems

Roche / 454
??/:5?3?('_ Genome Sequencer FLX
y 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 ['“'%

454 Sequencing "

sequencing Chemistry| lon semiconductor sequencing| Pyrosequencing

Amplification approach Emulsion PCR

Mb per run

Time per run
Read length
Cost per run
Cost per Mb

Cost per instrument

100

1.5 hours
200 bp

5 350 USD

5 5 00VER
$ 50,000 USD

Emulsion PCR
100

7 hours

400 bp

58,438 USD

5 84.39 USD

5 500,000 USD

Numina [ SOLiD ['®

Polymerase-based sequence-by-synthesis Ligation-based sequencing

Bridge amplification Emulsion PCR
600,000 170,000

9 days 9 days

2x150 bp 3575 bp
520,000 USD 54,000 USD
50.03USD $0.04 USD

5 600,000 USD $ 595,000 USD



Genome: 30.000 genes
Transcriptome: 40-100.000 mRNAsSs

Proteome: 100-400.000 proteins
>1.000.000 interactions

Protein Interaction

10°

Human Proteome

5
Transcripts 10
Human Genome




Sequencing of genomes

GenBank originated in 1982 from Los Alamos Sequence Database
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Why do we need sequencing?

« Comparative genomics
* Biomedicine research
* Personal genome



Frederick Sanger

1958 — Nobel prize — protein sequencing
1975 - dideoxy sequencing method
1977 — ®-X174 (5,368 bp)

1980 — Nobel prize — DNA sequencing

Phage A - shotgun method (48,502 bp)
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Genome sequencing

* 1986 Leroy Hood: automatic sequencer PAN

e 1986 Human Genome Initiative

e 1990 HuGO
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Genome sequencing

* 1995 John Craig Venter —
the first bacterial genome

* 1996 first eukaryotic

genome (yeast)
John Craig Venter
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Craig Venter

Global Ocean Sampling Expedition
Synthetic genomics

Human Longevity Inc

http://www.youtube.com/watch?v=J0rDFbrhijtl
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Genome sequencing

« 1997 E. coli sequence

1998 Caenorhabditis elegans genome (the
first multicellular genome)

e 1999 human chromosome 22

14



Genome sequencing

« 2000 Drosophila
melanogaster genome

e 2001 Human Genome
Sequencing: draft
sequence
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Genome sequencing

e duben 2003 mouse draft
genome

« duben 2004 rat draft
genome
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2010 Perfect human genome
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Race for sequences

Decrease in the Cost of Finished DNA Sequencing

10.00;
o Human genome (first draft) —
S 1.00
=
= Rhesus macaque —
o
o
+ 0.10
o
o

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
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Complexity reduction

Hi-Cot selection

Highly Repetitive

Middile
Repetitive

% Single-stranded DNA
:




Complexity reduction

Methylation filtration (MF)
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Complexity reduction — chromosome sorting

Sheath fluid
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Laser microdissection

Advantage: purity o J.

Disadvantage: small amount
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Methods

this 1s a sequence to sequence

o

this 15 a sequence to sequence

this 1s a sequence to sequence

this 1s a sequence to sequence

a

sequence

- a_seq Sk _to_sequ
this 1
a this 1s thi
o N ne UEnCe
WEIlS
5 1s a s NCe
- = = e to se i
_ Lo sedquence = =
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+ ddGTP: + ddCTP:

_ ddG _ GTAddC
_ GTACTCTddG __GTACTddC
__GTACTCTGTCAddG __GTACTCTGTddC
__GTACTCTGTCAGTATCddG __GTACTCTGTCAGTATddC
_ GTACTCTGTCAGTATCGT _ GTACTCTGTCAGTATCGT
+ddTTP:
+ ddATP: __GddT
_ GTddA _ _GTACddT
__GTACTCTGTCddA __GTACTCddT
__GTACTCTGTCAGTddA __ GTACTCTGddT
_ GTACTCTGTCAGTATCGT __GTACTCTGTCAGAdT
_ GTACTCTGTCAGTAddT
_ 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
smaller - T A
- G C
5 3



Genome Sequencer 20 System
454 pyrosequencing (2005)

 http://www.454.com

Neandertal

sequenced now!

Max Planck Institut
uses 4564 Sequencing ™

25



DNA library preparation

One sample preparation per genome

Mo Cloning

No Colony Picking
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DNA fragmentation




adaptor ligation
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DNA capture
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denaturation
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L
Single-stranded
template DNA

sstDMA
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emPCR

FTRA TSN R AT
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emulsion
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Bead capture




Bead capture




denaturation
NaOH .o NAoH

NaUH
NaUH

NalH V)R

YalH NaGH AAOH

NawH
NIGH NawH NG H NalwH




Sequencing primer




Dispersion
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Dispersion
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Microwells
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Parameters of microreactors
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Sequencing




Sequencing




Sequencing

[ofolo] folo]ol
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Sequencing
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Sequencing
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Sequencing

! i

h,bﬁ"“"““m .
>

\ﬁﬂﬁiw

49



Sequencing
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Sequencing

[o[s]e] |alo]al

Massive parallelization of sequencing reactions

100 bases read length
X

200000

-

20 Million Bases
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SO LI D (Sequencing by Oligonucleotide Ligation and Detection)

AB:

Applied
Blggystems

2-base encoding sequencing (2007)

SOLID™ System
Sequencing by Oligonucleotide Ligation and Detection
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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
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SOLID Chemistry System 4-color ligation
Ligation reaction

universal seq primer
SFTTITTITTITTITTITTpS
3 T 5'

nnnGGzzz

nnnATzzz

nnn

universal seq primer
EEEEEEEREEEE RS

Apm

bead 51 31
P1 Adapter Template Sequence
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SOLID Chemistry System 4-color ligation
Ligation reaction

universal seq primer
SFTTTITTITTITTIIT]pS

rrZ
rrrnrrf nnnGGzzz

3 5'
rrrri’

3 . 5'
rrrri nnnATzzz

nnn ZZZ

universal se’ l, mj.
|

||
1'"" IIIIIIIIIIIIIIIIII carrrrrrrrivpvrnpvprverrrrerrrrrrigel
31

P1 Adapter Template Sequence



SOLID Chemistry System 4-color ligation

De-Phosphorylation
universal seq primer
MTTTTTTTIT T TP
Wm
bead51 31
P1 Primer Template Sequence

universal seq primer J
TTTIT1 1 "
L1111 1

Litrriivrirvrrrrerrrrvrrrrrrratrgd
tﬂﬂjSl 3]
P1 Adapter Template Sequence
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SOLiD Chemistry System 4-color ligation
Visualization

universal seq primer

MTITITITITITITIIIIr

Tpm
3 4,5

P1 Adapter Template Sequence
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SOLID Chemistry System 4-color ligation

Cleavage

universal seq primer

MITITTITITITITII T~

bead 1
S P1 Adapter

1

4,5

Template Sequence

3?
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SOLiID Chemistry System 4-color ligation

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

universal seq primer n_f
1pum ks

bead 5: 3’

P1 Adapter 4,5 Template Sequence
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SOLID Chemistry System 4-color ligation
Visualization (29 cycle)

universal seq primer

P1 Adapter Template Sequence
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SOLID Chemistry System 4-color ligation
Cleavage (2"d cycle)

universal seq primer

P1 Adapter Template Sequence
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SOLIiD Chemistry System 4-color ligation
interrogates every 5" base

universal seq primer

P1 Adapter Template Sequence
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SOLID Chemistry System 4-color ligation
Reset

P1 Adapter Template Seguence
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SOLID Chemistry System 4-color ligation
(15t cycle after reset)

universal seq primer n- 1

r|-|-|-| nnnGGzl:z-f
nInInI”I” nnnATzzz
universal seq pia f
1pm .

bead 5: 3’

P1 Adapter Template Sequence
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SOLID Chemistry System 4-color ligation
(15t cycle after reset)

universal seq primer n-1

P1 Adapter Template Sequence
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SOLID Chemistry System 4-color ligation
(2"? Round)

universal seq primer n-1

34 839 12,14 18,19

P1 Adapter

23,24
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Sequential rounds of sequencing
Multiple cycles per round

bead 5 2
3 P1 Adapter Template Sequence 3
universal seq primer
SFTTTTTITTITTITIT 45 910 14,15 19,20 24,25
reset / universal seq primer n-1
e 34 89 13,14 18,29 23.24

reset ( . .
universal seq primer n-2
SFTTTITITITIIITNI

reset ( : B
universal seq primer n-3
SFTTTTITTTITIITIITI

reset ( . s
universal seq primer n-4
STTTITITITITIITM

23 7,8 1213 17,18 22,23

1.2 67 1313 16,17 21,22

011 38 14,12 15,90 20219
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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
IFTTTTTITTTTTTT 45 910 14,15 19,20 24,25
reset { uniwareal sey primer n-1

34 89 13,14 1529 23,24

ITTTTTTITITTITIT

reset { uniwersal seq primer n-2 23 78
IMTTITTITTITTITITI v ;

reset ( universal seq primer n«3

12,13 1718 2223

: 12 67 1243 1647 21,22
reset (
| -4
Pl st s 01 56 11,12 1516 20,21

25 base
Tag #2

unhsersal saq primer

IFTTTTITTITITTITINN 45 910 1415 19,20 2425
reset (
universal s2q primer n-1
B = S 34 89 13,14 18,29 23,24
11
Ll universal seq primer n-2 23 7.8 12,13 1718 22,23
ITTTITTTITRITOITON :
reset ( e .
niversal Sea pmer el o BT 4ETS 16T 2122
IFrTTTETTRTTITTNTNN
reset _
mnversal se M=
S 04 56 11,42 1516 20,21

ITTTITTITTITITTIICN]
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Reagent
handling

Dual Flow
Cell

10-box Linux Cluster
15 Th data storage
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Solexa (2007)

1. PREPARE GENOMIC DNA SAMPLE

~

" i i

2. ATTACH DNA TO SURFACE

Adapter

DNA
fragment

/ Dense lawn
of primers

. 4

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

e 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

5. DENATURE THE DOUBLE-STRANDED
MOLECULES

Attached
terminus

Attached Free

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

Denaturation leaves single-stranded
templates anchored to the substrate.

6. COMPLETE AMPLIFICATION

4 B

. 9090

o F dalnd ik ke i P oy

e b S A et

i ; Clusters

b 4

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

-

Laser

A v

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

-

.

J

Laser

J/

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.



HELICOS (2008)

&

True Single Molecule Sequencing (tSMS)

Helicos
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PACIFIC
BIOSCIENCES®

Single Molecule Real-Time (SMRT)

Pacific Biosciences

20 zeptoliters



lon Torrent

Polymemse

Hydrogen and pyrophosphate are released.
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Oxford nanopore

1NANOPORE
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CHALLENGES IN GENOME SEQUENCING

De novo genome assemblies using only short read data of NGS
technologies are generally incomplete and highly fragmented due to

Large duplications - chromosomal approach, BAC-by-BAC sequencing

High proportion of repetitive DNA - challenge!

Chromosomal approach

Large genome size (~17 Gb)

Polyploidy (3 subgenomes)

Whole genome | ACGTTTAGACC Chromosome [CTTGTTAGGACC
| TTGACGGGGCTC | /7 TTGACGGGGCTC
GTTCGGCCCAAA GTTATGCTCAAAT

TTTGCCGCGGTC TTGCCGCGGTCG

GTCGCTATATATC TCGCTGCATATC
CCCCGAAGCGTC| || ACCCTGAAGCGT
GCGATATGCCAG CGCGATGGCTTA

TATTAGCACAA...

000

GGAACATATTAG

77



BAC-BY-BAC SEQUENCING

= Physical map is composed of contigs
of overlapping BAC clones

= BAC contigs are landed on the
chromosome through markers

| 8
& —— mprised in th ti
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Q. . BAC clones n
AGTICSTARCCIA TooCARTTCTAGE] CoRTOSATCAT, —
© Construct | ATTESACTTCORGA| TaaccTooaTooT| a‘iﬁﬁﬁ?;&? —_—
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CTTCATCCATCTA| soaToTTACRACT] ATARCCTCOCTTS 0 PR e
— and select | 3 ~—oosnrocTac - TCCCTT — P
- - SCATTRAARACCA| CoAGCSTTGOTAG - I e—— —
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http://www.google.cz/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.clipartbest.com/text-book&ei=ghNEVKq7GsL2O_nngfgK&bvm=bv.77648437,d.ZWU&psig=AFQjCNGLdiQGzOB-F6wkwD5CPYfbTsESdg&ust=1413833780527391

SOLUTIONS FOR THE REPEATS

= Long mate-pair reads > 10 kb
= Long read technologies - PacBio, Oxford Nanopore

= Optical mapping

= Single-molecule mapping of genomic DNA hundreds of kilobases
to several megabases in size

= (Creates sequence-motif maps, which provide long-range
template for ordering genomic sequences

= Visualisation of reality “Seeing is Believing”
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OPTICAL MAPPING

Three enzymatic approaches

*= restriction enzymes:
sequence-specifically cleave DNA
immobilized on a surface

* nicking enzymes: / \
fluorescent labelling , o)
of the nicking site e
in solution (BioNano Incorporation
Genomics - Irys) Strand

Nicking : of fluorescent
\ displacement nucleotidy

= methyltransferase enzymes:
labelling with ultra-high density
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BIONANO GENOME MAPPING ON NANOCHANNEL ARRAYS

1| Sequence-specific labeling

Nickase (Nt.BspQl)
v
5’ -ATGCGCTCTTCCATGAATGCGAGC-3’
3'-TACGCGAGAAGGTACTTACGCTCG-5

Nick
labeling
y|

I
b ATGCGCTCTTCCAUGARUGCGAGC 3
3’ -TACGCGAGAAGGTACTTACGCTCG=5’

2 | DNA linearization

Gradient region Nanofluidic region

Lam et al., Nat. Biotechnol. 30(8) 2012

3 |Fluorescence imaging

Map construction

HE WL 10 1

L AUUE I

Building consensus map
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