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Next Generation Sequencing

High-throughput Sequencing

 History and future of DNA sequencing
* Workflow

e Different platforms

* Quality scores in sequencing

* Applications

* Run types

e Data analysis

* Considerations
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1953: Discovery of DNA structure by Watson and Crick

1967: First DNA sequence of 11 bp published (20 pages)



Next Generation Sequencing for puMmies Andy Vierstraste
History and future of DNA sequencing 41165

1953: Discovery of DNA structure by Watson and Crick

1967: First DNA sequence of 11 bp published (20 pages) .J. Mol. Biol. (1967) 30, 507-527
Studies on the Bacteriophage MS2

IVi. The 3’'-OH Terminal Undecanucleotide Sequence
of the Viral RNA Chain

R. Dz WacaTer axp W. Frmrs
FLaboratory of Physiological Chemistry, State University of Ghent, Belgium,
(Recetved 1 May 1967, and in revised form 29 July 1967)

The 3'-0H terminus of bacteriophage M32 RNA was selectively labelled with °H.
This was achieved by oxidation of the free 2/, 3’.diol group with sodium periodate
to a dialdehyde, and reduction of the latter with tritiated sodium borohydride.
Treatment of this RNA with alkali and seoparation of the hydrolyeis products

firmed each other. The results, together with the known specificity of the ribo-
nucleage Ty, which had released the sequence, establish that M82 RNA ends in

e GEUEUPAECP%A%EECE EEEA
It 18 suggeste t the termination signal for the translation into polypeptides
1. Introduction '

Apart from several transfer RNA’s, little is known about the primary structure of
macromoiecular RNA’s. Particularly, one would like to gain information on the begin-
ning and on the ending of a messenger RNA, as this might possibly be related to
genetic signals for polypeptide chain initiation and termination. Viral RNA, although
not a typieal messenger semsu siricto, behaves nevertheless in many respects as a

simple, polycistronic message. Sugivama & Fraenkel-Conrat (1961) identified the

3'.0H terminal nucleoside of tobacco mosaic virus RNA ag adenosine. Subsequently,
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1953: Discovery of DNA structure by Watson and Crick

1967: First DNA sequence of 11 bp published (20 pages)

1976: First genome sequenced: Bacteriophage MS2 (3569 bp) by Walter Fiers
1977 Sanger sequencing method published

1980: Nobel Prize Wally Gilbert and Fred Sanger

1982: Genbank started

Sequences
1,000,000,000 — Cen.
'|l|'|.|'GS
100,000,000
10,000,000
1,000,000
100,000
10,000
1,000
1985 1990 1995 2000 2005 2010 2015
GenBank WG5S
Release Date Bases Sequences Bases Sequences
3 Dec 1982 680338 606
14 Mow 1983 2274029 2427
20 May 1984 3002088 3665

216 Oct 2016 220731315250 197390691 1676238489250 363213315
217 Dec 2016 224973060433 198565475 1817189565845 395301176



Next Generation Sequencing for puMmies Andy Vierstraete

History and future of DNA sequencing 6/165

1953:

1967
1976:
1977
1980:
1982:
1983:

1987

1996:
1998:
2001:

2005:
2006:
2007:
2009:

2011:

2012:
2014:
2015:
2016:
2017:

Discovery of DNA structure by Watson and Crick

First DNA sequence of 11 bp published (20 pages)

First genome sequenced: Bacteriophage MS2 (3569 bp) by Walter Fiers
Sanger sequencing method published

Nobel Prize Wally Gilbert and Fred Sanger

Genbank started

development of PCR

1*t automated sequencer: Applied Biosystems Prism 373

Capillary sequencer: ABI 310
Genome of Caenorhabditis elegans sectjenced (100 million bp)
Human genome sequenced (3,2 billion bp)

1* 454 Life Sciences Next Generation Sequencing system: GS 20 system(md201®)
1** Solexa Next Generation Sequencer: Genome Analyzer (lllumina)

1% Applied Biosystems Next Generation Sequencer: SOLID (fPec20

1° Helicos single molecule sequencer: Helicos Genetic Analyser System(tNev 2012

1% lon Torrent Next Generation Sequencer: PGM

1° Pacific Biosciences single molecule sequencer: PacBio RS Systems

Oxford Nanopore Technologies demonstrates ultra long single molecule reads
Roche acquires Genia: development of NanoTag single molecule sequencing
1% BGl Next Generation Sequencer: BGISEQ-500 (sold in China only)

1% Oxford Nanopore Technologies sequencer: MinlON

SeqLL announces tSMS sequencer: single molecule (Helicos technology)
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Different platforms

[llumina (Solexa)

- iSeq 100

- MiniSeq

- MiSeq

- NextSeq 500 - 550

- HiSeq 2500 - 3000 — 4000

- HiSeq X Five — Ten
NovaSeq 5000 - 6000

Thermo Fisher Scientific (Applied Biosystems -> Life Technolcwgies)

- lon Torrent Personal Genome Machine (PGM)
- lon Torrent GeneStudio S5, S5 Plus, S5 Prime
- lon Torrent Proton

Pacific Biosciences

- Sequel System

- PacBio RS Il

Oxford Nanopore Technologies
- SmidglON

- MinlON

- GridION X5

- PromethlON

SeqlLL

- tSMS sequencer
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Next Generation Sequencing
Amplified Single Molecule Sequencing

Third Generation Sequencing,
Next Next Generation Sequencing,
Single Molecule Sequencing
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Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide

Semiconductor sequencing
(lon Torrent)

t454)

|

Reversible terminator sequencing
(lllumina)
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Next Generation Sequencing: Amplified Single Molecule Sequencing

Fragmentation of DNA
(sonication or enzymatic)

(00000000 vee PO 0000000000000

Q0000000000000 5000 DT
Q0000000000

oo 000000

DOOTOCO000 xooooo PR

Ligation of adapter and
primer (or barcode)

YOCOCOCOCOC000  CTIN0 54 noncn0no000on0n0
P00 0000000000 000000000000
YXOC00000000000000  XO0000 P00 00000000000

XO00C00 XO000000000000
XO0000000 00000
)00 0000000000 poveveves

l Size-select the fragments

2000000000000 | XOOO0OTO0OTR0
XOTOTOTOTOTOTI | XOOOO000COI00
Peveveverevevelievevevevevered
| X000C000CO0O000 | IOTOTOTOTOCOTX

Library preparation

Good fragments:

Adapter

1 1 |
Sequence Barcode Primer
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Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide

Semiconductor sequencing
(lon Torrent)

t454)

|

Reversible terminator sequencing
(lllumina)
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Next Generation Sequencing: Amplified Single Molecule Sequencing Emulsion PCR

PCR mix (e.g. by mixing)

Bead
Library DNA

3. Extension : polymerase
amplifies the forward

strand starting from the
bead towards the primersite

(@ oo

4. Denaturation : origigal reverse strand denatures
from the bead, the forgard strand is connected to
the bead by the sugargphosphate backbone of DNA

ANNNNNNL 5. Annealing : reverse
strand anneals to

adaptersite on the
bead, primer anneals
to forward strand

ANNNNNNN /A

Ideal microreactor
containing one strand of
// library DNA, primers,
~ one bead and PCR mix
7
. . 7/
— Emulsion oil _> e
Make emulsion T Emulsion

Start PCR

2. Annealing : ONE fragment
(reverse strand) anneals to
adaptersite on the bead

N A library fragment

1. Denaturation of6000000000C000

'@

\

.
]
Vi
™

dﬁwﬁzgﬁg
7. Repeat PCR steps
4 -5 - 6 for 30- 60 cycles.

6. Extension : polymerase
amplifies the forward strand starting
from the bead towards the primersite, and

the reverse strand starting from the primer towards the bead
(Andy Vierstraete 2012)

11/165
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Next Generation Sequencing: Amplified Single Molecule Sequencing Emulsion PCR

1. Denaturation of

ibrary fragment SOCOCOCOCOTCOOO00

(

@ .

NNNNNNNY
N\NNNNNNN
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Next Generation Sequencing: Amplified Single Molecule Sequencing Emulsion PCR

2. Annealing : ONE fragment
(reverse strand) anneals to
adaptersite on the bead

3. Extension : polymerase
amplifies the forward

strand starting from the
bead towards the primersite

L

(Andy Vierstraete 2012)
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Next Generation Sequencing: Amplified Single Molecule Sequencing Emulsion PCR

4. Denaturation : original reverse strand denatures
from the bead, the forward strand is connected to
the bead by the sugar phosphate backbone of DNA

5. Annealing : reverse strand anneals to
adaptersite on the bead, primer anneals
to forward strand

(Andy Vierstraete 2012)
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Next Generation Sequencing: Amplified Single Molecule Sequencing Emulsion PCR

<‘

QY 00000000000
= \ 4 N f
6. Extension : polymerase amplifies the forward strand starting / X

from the bead towards the primersite, and the reverse strand
starting from the primer towards the bead

7. Repeat PCR steps
4 -5 -6 for 30- 60 cycles.

(Andy Vierstraete 2012)
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Next Generation Sequencing: Amplified Single Molecule Sequencing Emulsion PCR
different micro reactors: only 15 % are good ones
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Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide

Semiconductor sequencing
(lon Torrent)

t454)

|

Reversible terminator sequencing
(lllumina)
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Next Generation Sequencing: Amplified Single Molecule Sequencing “Polony” PCR
Bridge amplification: Illumina

( ( 4 /
ssDNA anneals to Polymerase starts Removal of original single strands, the amplified The other end of the DNA anneals to the

primers on flow cell amplification from strand is physically attached to the flow cell. flow cell. A 'single stranded bridge' is formed.
the primer. (Andy Vierstragte 2017)




Next Generation Sequencing for puMmies Andy Vierstraete
Workflow 19/165

Next Generation Sequencing: Amplified Single Molecule Sequencing “Polony” PCR
Bridge amplification: Illumina

4 g ! 4 V4 ;(4‘:"’ Y 4

{l ¢ ! (i { {

L § L
N D 4 W ) )\ N\

Polymerase starts amplification from the Denaturation of the 'double stranded bridge'. At the end of the amplification, millions of clusters are
annealed side. A 'double stranded bridge' The two complementary strands are attached formed on the flow cell.
is formed. to the flow cell. (Andy Vierstraete 2017)
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Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide

Semiconductor sequencing
(lon Torrent)

t454)

|

Reversible terminator sequencing
(lllumina)
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Next Generation Sequencing: Amplified Single Molecule Sequencing “Polony” PCR
Wildfire amplification: SOLID

gDNA
template
hybridization

Pa’

N
2 TTT1T

4 copies of
templates

=TT

t

Extension
at 37°C, 3 min

ﬁ

ch

Pa’\
11111

TT11111

Extension

_
Pa’

,}\ch

i 1 copy of
. template

111111

Walking
h

| \
T TT 1111

Wildfire chemistry schematic.

111

Walking
at 60°C

ﬁ

ch

Pa’\f
1111

2 copies of
templates

1111

)

111717

ch
| Extension and
strand displacement

111111
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Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide
N
N\
N\
N\
N\
N\
N\
Semiconductor sequencing \ Reversible terminator sequencing
(lon Torrent) \‘ (lllumina)
. e by hiaat
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Next Generation Sequencing: Amplified Single Molecule Sequencing
SOLiID

5500 W SOLID Sequencer (end of support Dec 2017)

5500 W 5500 xI W
Read Length 75 bpor2 x50 bp 75 bp or2 x50 bp
Throughput 120 - 160 Gb 240 - 320 Gb
Reads per run 1,2 Billion 2,4 Billion
Accuracy 99,99 % 99,99 %
Run Time 7 days 7 days
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Different platforms

N%xct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

Workflow: Library preparation ——p» Wildfire PCR ——® Sequencing by Ligation

dual base encoding

2nd Base Probes
(A CG T)

ol A . . Cleavage site Fluorescent dye

2 /

. i :: ‘

= XXNNN!'zzz ’

= G T TTTTIT1

T @°00 ]
- 4 Universal bases

Degenerate bases

Template 2™ base
Template 15t base
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Different platforms

N%xct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

1st Base

Sequencing primer A XX NN N'z zz )
rrrrrrrrrnri 1 ri 1

| N I I I I N NN N N N N N N N N N T N N N N I N N N N I N N N |
P1 Adapter T

3!
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Different platforms

N%xct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

1st Base

Sequencing primer A
rrrrrrririuri
|
T

P1 Adapter

3!
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Different platforms

N%xct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

1st Base

Sequencing primel EX XIN NNz z Z’
| L 11
L1 11 L1

A
rrrrrrririi
| I N Y N N N N N A |

T

P1 Adapter

3!
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Different platforms

N%xct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

1st Base

Sequencing primer A
rrrrrrririuri
|
T

| I I I I I I I I |
P1 Adapter

3!
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Next Generation Sequencing: Amplified Single Molecule Sequencing
SOLiD
@ XX NN N'z z z’
% rrrrrriri
5 XX NN Nz z z’
4 rFrrrrriri
e
XX NN Nzzz/
r1T1rrrrri
TG
GT
ck
Sequencing primer AXXNNNZz z’
rTT T T TTTTT T TTTITT ]
| I N I I N I I I I | IIIIIIIIIIIIIIIIIIIIIIIIIIII3I
T

P1 Adapter
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N%xct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

2nd Base

4 ACGT\ @ XXNNNZZZ’
) A. . T T T T I T
n
5 C :z XXNNN'zzz’
p T T T T T 1
nl G

T

walJ

Sequencing primer

A N NN
Frrrrrrrnrri | L
| I I N I I A O | | I I 1 I N AN T N A N N N I I N N |
5" P1 Adapter T 3
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Next Generation Sequencing: Amplified Single Molecule Sequencing
SOLiD
XXNN Nz z z’
(0] rrrrrriri
7p]
©
m
- XXNNNzz z’
T T T I 1
XX NN Nzzz/
r1T1rrrrri

TG

GT

P

Sequencing primer A XX NN N N N N'z - z’
rrrrrrrrrorrrrrrrrrrr-rii
| I N I I N I I I I | IIIIIIIIIIIIIIIIIIIIIIIIIIII3I
T

P1 Adapter
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N%xct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

2nd Base
4 ACGT\ XXNNNZZZ’
" @ @ ED
XXNNNZZZ’
Frri 1

o o omn ez o

1st Base

- O O

L

Sequencing primer

A N NN N NN

rrrrirrrriri Fri Fi
L1111 1 1 1 1 1 111 111 N N N N N Y N N N
‘5' P1 Adapter T 3
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Different platforms

N%xct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

2nd Base
4 N\
ACGT XXNNNZZZ’
) A. . T T T T I T
o C XXNNNZZZ’
m :z T T T I T
o+
nl G
= XXNNNZZZ’
T . . T T T T I 1
\ >, XXNNNzzz /
rTTT I T
TG AT AG
GT CG CT
AC GC GA
s . . CA TA TC
equencing primer — » Y X NN NXXNNNXX NNN
T T TTTT T T T TTT T T T T T T T T TTT 1
AR
5" P1 Adapter T 3
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Different platforms

N%xct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

2nd Base
4 N\
ACGT XXNNNZZZ’
o) A. . T T T I T
o XXNNNZZZ’
i :z .
o0 T T T I T
o+
nl G
A XXNNNZZZ’
T . . T T T I 1
. . XXNNNzzz /
FTTT I T
TG AT AG AT
GT CcG CT CcG
AC GC GA GC
s . . CA TA TC TA
equencing primer X X X X X X X X
1 1 1 1
L1 L1 1 L1

N NN
L
111111111 111111111

A
Frrrrrrrnrri
|
5" P1 Adapter T

3!
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N%xct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

Different platforms

2nd Base

.

.

XXNNNzzz

XXNNNzzz

»

XXNNNzzz

-
-
O

J
®_ O

3
@0 @

< O 0O

%

XXNNNzzz

J

oseg 18|

N
L |
| I I N Y Y N Y N N N I N N N [ N N N NN N N A

Sequencing primer

P1 Adapter

‘m—d
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Different platforms

N%xct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

2" run:
2nd Base
s ~N XXNNNZZZ’

A CGT T T T I 1 ’
21~ 9000 (Bl XXNNNzzz
m| C
w| G 3: ‘ XXNNN'ZZZ’

— T T T ITT1
XXNNNzzz
&T. .j |||||'|||)

Sequencing primer n-1

/ TT T T T TTTT1
I I T T T T T T T T T T T T T T T T N T T T T O A
5" P1 Adapter T 3
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N%xct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

2nd Base
XXNNNZZZ’
4 ) -

A CGT T T T T T T1 ’
3| » 90O D STITIST
mC
| G ‘ XXNNN'ZZZ’

\—T. . Frrrrriri XXNNNZZZ)
\_ v, 4 T T T T I
AC
CA
AT
CG
GC
. . TA
Sequencing primer n-1 XXNNN
/ T T T T T T T T T T T T T T1
1N T T T T T T T T T T TN T T N T T N T N T N T T Y O I A I
‘5' P1 Adapter T 3
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N%xct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

2nd Base
s ~N XXNNNZZZ’

A CGT T T T I 1 ’
3| » 90O D STITIST
m| C
| G ‘ XXNNN'ZZZ’

\—T. . Frrrrrri XXNNNZZZ)
\_ v, 4 T T T T I

AC

CA

T

G

C

. . A

Sequencing primer n-1 X

|

|

-—z
-—z
-—1z

OF4xX-e0o>

| I I N I N N N N N T [ N N N N N
3I

/ T T T T T T TT1
| O O O O I
5" P1 Adapter




Next Generation Sequencing for puMmies Andy Vierstraete
39/165

Different platforms

Nesxct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

2nd Base
XXNNNZZZ’
4 ) i
A CGT | I I I ’
3 » Q0@ CEED STTETEE
m| C
21 G * XXNNN'ZZZ’ Za
— T. . LR XXNNNZZZ):’“”:
L ) % FTT T I
AC
CA
§G
GC
. . TA
Sequencing primern-1 y y N N N
i rrrrrrrrrrrrriri
| I N I I N N I N I I N I I I N N A N I N N I N I I N N A N N
5" P1 Adapter 0] °
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Different platforms

Next Generation Sequencing: Amplified Single Molecule Sequencing

SOLiD

.

2nd Base

XXNNNzzz

.

7= -
N - .i.ﬂ —
E 5
N = Z = =
® NI
zt+ WL o .
Z- ®
Z1= OO« <
2zl <OOF FOOCX |-
xXr z| <OOFX |-
X % - Z = -
X -l
m O <O -
= <OOF OF<OX |-
_ <OOF X |-
» =L
N N = o
= NI <OOF FOO<X -
= z'l <OOFX |—--
zt z|-
z|- z|--
z|- 4 S
OO«
X Fo<o oFo<X
X FO<OX -
Z = =
Z=-
o< Z-©
<O OO X<
O X[—+
oy
i .
E
A
o -
£
s |4
c
5 e
e
—-] <
1a

\ —
-@L000
&

‘200
@0 @
L < O O TK

oseg 18|

5!
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Nesxct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

3th run:
2nd Base
- % XXNNNZZZ’
A CGT r T T T I T1
| A % XXNNNZZZ’
z T T T I T
o C fﬂi‘%
XXNNNzzz /
)| o STITTTES G SSs
-
% TG AT AG AT
\ GT CG CT CG
AC LG GC GA GC
CA CA TA TG TA
@ TG AT AG AT
G GT CG CT CG
GC AC GC GA GC
TA CA TA TG TA

Sequencing primer n-2

111
9" P1Adapter TAC

| I I I N Y N Y Y Y N I N N N N |
3I
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Nesxct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

2nd Base . /.
e ~ NNN'zzz
A CGT """"XXNNszz’
8A s /. T T T T I T
Z Z Z ™
© fo
] e I e XXNNNzzz
P e r T T T I T
w
o % TG AT AG AT
KT GT CG CT CG
AC AC GC GA GC
CA CA TA TC TA
@ i e AT AG AT
G GT CG CT CG
GC AC GC GA GC
TA CA TA TC TA
. . GA
Sequencing primer n-2 XXNNNXXNNN
ITT T T T T T T T T TTTT T T TTT
[N T A T T T T T T T T T T T T T T T T T T O O O O
CT AC 3

5" P1 Adapter
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Different platforms

Next Generation Sequencing: Amplified Single Molecule Sequencing

SOLiD

2nd Base

FOO«
OO+ FOO«
<O O+

OF-<0O
<O OF OF<0O
<O O+

OO«
<OOF FOO«
<O O+

OFO<
FO<<O OFO<
O <O

—O<
<O P00«

O

- —
o @

88
@000
L < O O T\

oseg 18|

FOO«
<O OF

OFO<
FO <O

<OORL
<O O

OO«
<O O

XXNNNXXNNNXXNNNXXNNNXXNNN

CTAC

GA

Sequencing primer n-2

P1 Adapter

5!
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N%xct) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

4" run:
2nd Base
( A CGT)
2 A @9
TG AT AG AT
n| C ET GT cG cT cG
- AC AC GC GA GC
| G CA CA TA TC TA
o @ TG AT AG AT
T G GT cCG GT CG
% GC AC GC GA GC
TA CA TA TG TA
AT AA TG AT
cG CC eT cCG
GC GG AC GC
GA TA TT CA TA

Sequencing primer n-3

|
5" P1Adapter CTAC 3
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Different platforms

Next Generation Sequencing: Amplified Single Molecule Sequencing

SOLiD

2nd Base

OO« z
<O FOO« =z
<OOF 0O« pd
<OOF o 0« X

O <OX

OF <O Z
<O OF OF<0O zZ
FO <O OO X

<O O X

OO« Z
<OOF FOO« pd
OO OO« X

<O O X

O O< =
O <O OF 0L z
FO<OFO0O« Z
<OOF - 0< X

O <CO X

o< =
<O PO O« z
OF <« zZ
O<OOK X

<O OF X

o

c

)

E

a

(=]

£

Q

c

(]

=,

o

(]

N

4 ——
T.' “m.'
O | <

238
A._r_..

< O O +
X, .

oseg 18|

CTAC

P1 Adapter

5!
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Different platforms

Next Generation Sequencing: Amplified Single Molecule Sequencing

SOLiD

OO«
<O 0O OO«
<OOFIL0OO0g
<O O
OF <0

<O OF O <O
<O O OF O<

FO<O
OO«
<O O OO«
<OO0F OO
<O O
OFOL
O <O OF0<
O <O OO
<O O
c o<
2 w_mAC OO«
O <
= o
(@)

s ——
{8+ 4
Do )
S1<@O0@

L < O O T\

oseg 1s|

NNN

OFO<
O <OCO ORX |-
LO O |-—

P S
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Different platforms

Next Generation Sequencing: Amplified Single Molecule Sequencing

SOLiD

2nd Base
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Different platforms

NeSth) Generation Sequencing: Amplified Single Molecule Sequencing
LiD

More accuracy: 3-base encoding probes
2nd Base Probes set 2 : 3-base encoding

4 N
ACGT Cleavage site Fluorescent dye

® /
.

Nz

XXN
rTT T 19

1st Base
4= 0 0 >

— =N

Universal bases
Template 4" base

|

Template 2™ base
Template 1%t base

8. Repeat steps 1-7 with Primers n-1, n-2, n-3, and n-4 using Probe Set 1
ReadPosition| 0| 1] 23| 4/5]6

Primer () “FETITITTITINTITIT

Primer (n-1) “INRRANINRRRRNREET

Primer (n-2) “ERNNRUNRNRBRRRERER | Bridge Probe L3
Primer (n-3) "ENNRRIRRERRIRETET Bridge Probe
Primer (n-4) "TETITTTEITETNNTIT | Bridge Probe

9, Repeat steps 1-7 with Primer n-4 using Probe Set 2 ® Interrogated Positions Ligation Cycle [ 2 [3) 4 |8 6

ReadPosition 01|23/ 4/ 5/6| 7|8 9/10/11|12/13(14 15/16|17|18(19 20| 21|22|23|24| 25/ 26|27|28/ 29|30
Primer (n-4) "TITITTINTRITIITIT | Bridge Probe oo (o o0 (o o0 @

27)28/29/30
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Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide
N
N\
N\
N\
N\
N\
N\
Semiconductor sequencing \ Reversible terminator sequencing
(lon Torrent) \‘ (lllumina)
. e by bt
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Next Generation Sequencing: Amplified Single Molecule Sequencing
lllumina
iISeq 100 MiniSeq MiSeq
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Next Generation Sequencing: Amplified Single Molecule Sequencing
lllumina

HiSeq X NovaSeq 6000
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Different platforms

Next Generation Sequencing: Amplified Single Molecule Sequencing

52/165

lllumina

iSeq 100 MiniSeq MiSeq NextSeq 550
Read Length 2 x 150 bp 2 x 150 bp 2 x 300 bp 2 x 150 bp
Throughput 1.2 Gb 7.5Gb 15 Gb 120 Gb
Reads per run 4 million 50 million 50 million 800 million
Accuracy 99,9 % (>80%) | 99,9 % (>80%) | 99,9 % (>70%) | 99,9 % (>80% of the bases)
Run Time 17.5 hours 24 hours 55 hours 29 hours

HiSeq 2500 / 3000 / 4000 HiSeq X NovaSeq 6000
Read Length 2x125/2x150/2 x 150 bp 2 x 150 bp 2 x 150 bp
Throughput 1000/ 750/ 1500 Gb 1800 Gb 850 — 3000 Gb
Reads per run 4/2,5/5 billion 6 billion 2.8 — 10 billion
Accuracy 99,9 % (>80% of the bases) 99,9 % (>75%) 99,9 % (>75% of the bases)
Run Time 6/3,5/3,5days < 3 days 36 — 44 hours

Workflow: Library preparation ——p» Bridge amplification ——® Reversible termination

sequencing

Andy Vierstraete
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Next Generation Sequencing: Amplified Single Molecule Sequencing
lllumina: Reversible termination sequencing

Incorporate
all four

— — — nucleotides,
i il l each label

: i with a
] I _ different dye

. . . Wash, four-
4 nucleotides with different dye colour imaging

flow simultaneous

Cleave dye
and terminating
groups, wash

cQ a
O O Top: CATCGT .
T@ cO Bottom: CCCCCC Repeat cycles — = 9

lllumina 2- and 4-channel SBS (sequencing by synthesis) sequencing technology
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Next Generation Sequencing: Amplified Single Molecule Sequencing
lllumina

Movie time

lllumina sequencing (youtube)


https://youtu.be/fCd6B5HRaZ8
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Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide
N
N\
N\
N\
N\
N\
N\
Semiconductor sequencing \ Reversible terminator sequencing
(lon Torrent) \‘ (lllumina)
. e b liaati
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Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

PGM GeneStudio S5/ S5 Plus / S5 Prime Proton
(Personal Genome Machine)

T —

PGM GeneStudio S5/ S5 Plus / S5 Prime Proton
Chip 314 - 316 - 318 510 - 520 - 530 - 540 - 550 Pl —
Read length 400 bp 400(600) - 400(600) — 400(600) — 200 - 200 200 bp -
Throughput 0,1-0,6-2Gb 1-2-8-15-25Gb 15 -
Reads per run 0,5 - 3 - 6 million 3-5-20-80 - 130 million 80 - million
Accuracy 99 % (raw read) 99 % (raw read) 99 % (raw read)
Run Time 4 -5-7hours 4-4-4-25hours 2,5 hours
Data processing 2-4-6 hours 6,5-8-17,5-16,5 hours /(up to 4x faster for Plus 2,5 hours

and Prime)
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Different platforms

Next Generation Sequencing: Amplified Single Molecule Sequencing

lon Torrent

Sequencing

1. Denaturation : the bead contains single stranded DNA. 2. Annealing : the sequencingprimer anneals
to the single strands.

3. Adding polymerase : polymerase attaches 4. Sequencing : the beads with DNA are loaded

to the DNA. in the wells, polymerase amplifies the strand
starting from the primer towards the bead.
Nucleotides flow sequentially over the beads.

(Andy Vierstraete 2017)

57/165
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Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

Workflow: Library preparation ——» Emulsion PCR ——® Semiconductor Sequencing

From nucleotide to DNA ol

Micro-machined wells

lon-sensitive layer

Proprietary lon sensor—————=

Sensing Layer
Sensor Plate

{Andy Vierstraete 1999) Drain Source To column

Silicon Substrate receiver Time (s)
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Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

Workflow: Library preparation ——» Emulsion PCR ——® Semiconductor Sequencing

G560 D2RUS X3, 500 forn HO3? 9564 12KV 10,208/ Pou w037

Picture of the wells in a
318 chip

Bace 12KV X14, 8885 1vm WO3F
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Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

4 nucleotides flow sequentially

Nucleotide————
incorporates Hydrogen ion
into DNA : Is released

No camera, just a pH sensor
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Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

No hydrogen
ion released
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Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

Two bases " Two hydrogen ions
are incorporated are released
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Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

Average Corrected lonogram

? I I T I
E = |
5 i
4 |
1y
ﬁ ......................................................................................................
@ 3 -
o KBY.SOUENCE: s o flocrirardecrara i e i s s s s rs e s e e re
2L i
[ACGTACGTCTGAGCAT CGATCGAT GT ACAGCTACGTACGTCTGAGCAT CGAT CGATGTAGAGC TACGTACGT CTGAGCA |

0 20 40 60 80
Flow

ATCGTGTTTTAGGGTCCCCGGGGTT...



Next Generation Sequencing for pummies Andy Vierstraete
Different platforms 64/165

Next Generation Sequencing: Amplified Single Molecule Sequencing

lon Torrent Size selection - > maximizing sequencing yield
[FUI_ Sz
SR
i :h- o n;f;l’ - QQ
120 P Ao b oy’
B> For N @ '-
N A |
801 {1 AN |
601 LN |
. | H‘ 1 A e \
20 / RS X
I ~
o P H : o . M S . ;. _
T T T T T T T T T T I T T T —
35 100 200 300 400 500 700 2000 10380 [bp]
(=)
[FU] %Qﬁb
350 r;’
300 I
250 {
200 |
150 [ ®
| Y
100 b;‘)@ k ||
' |
50 i | | qb:,;x T —
0 %4
T T T T T 1 1 — T — T T S
35 100 200 300 400 500 700 2000 10380 [bp]
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Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

Size selection -> maximizing sequencing yield

Reference lines

300 = 330 / | \
-

250

| —

200 base-read library gel 100 base-read library gel
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Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent Emulsion PCR: OneTouch Instrument

15 min hands-on; 4-8 hours amplification; 35 min enrichment
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Andy Vierstraete

Different platforms

Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

Enrichment: select only the beads that contain DNA
-> maximizing sequencing yield

Primer with biotin

Add Magnetic Streptavidin Bead

@

Immobilize with magnet and wash

Denature bead containing ssDNA with NaOH

Andy Vierstraete (2012)

67/165
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Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

W1 bottle: 350ul 100 mM NaOH
W2 bottle: 2 liter W2psolution (contains pcr solutic
W3 bottlep 50 ml W3 (= buffer with known pH)
4 tubes with 20 pl of the different dNTP's
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Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

Movie time

lon Torrent Sequencing (youtube link)


https://youtu.be/WYBzbxIfuKs
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Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

Torrent Server pipeline

lon 314™ lon 316™ lon 318™
Process Description File Types chip chip chip
Raw Voltage Data DAT

oo Lo
Signal Processing WElLLS m m
Base Calls - Flow Sf:F m m m
Base Calls -Base  FASTQ m m m

l
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Different platforms

[llumina (Solexa)

- MiniSeq

- MiSeq

- NextSeq 500 - 550

- HiSeq 2500 - 3000 — 4000

- NovaSeq 5000 - 6000

- HiSeq X Five - Ten

Thermo Fisher Scientific (Applied Biosystems -> Life Techn
- lon Torrent Personal Genome Machine (PGM)
- lon Torrent S5 and S5XL

- lon Torrent Proton

Pacific Biosciences

- Sequel System

- PacBio RS |l

Oxford Nanopore Technologies
- SmidglON

- MinlON

- GridlONx5

- PromethlON

SeqlLL

- tSMS sequencer

71/165

Next Generation Sequencing

Amplified Single Molecule Sequencing
dlogies)

Third Generation Sequencing,
Next Next Generation Sequencing,
Single Molecule Sequencing
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Third Generation Sequencing: Single Molecule Sequencing
Pro’s:

- Less sample preparation (no PCR, no loss in sequences)
- Longer read lengths (PacBio and Oxford Nanopore)
- No amplification
-> all reads are unique
-> no PCR errors or PCR bias
-> fewer contamination issues
-> no GC-bias
-> analyze every sample (un-PCR-able / unclonable)
-> analyze low quality DNA (museum, archaeological, forensic samples)
- Absolute quantification (low abundance transcripts)
- Sequence RNA directly — easy detection of isoforms
- Detection of base modifications (methylation)
- Detection of structural variants (copy number variants, gene duplications, deletions,
insertions, inversions, and translocations)
- start and stop sequencing as required (PacBio and Ox. Nanopore)
- data available in real time (Ox. Nanopore)
- Possibility for real-time targeted sequencing (Ox. Nanopore) (if no match with target,
DNA strand is ejected and a new is captured and sequenced)
- Possibility to flatten coverage variation: “read untill”: stop reading if gene has enough
coverage, load an other strand and sequence. Less sequencing to cover all variants.

Cons:
- Lower read quality
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Different platforms

Third Generation Sequencing: Single Molecule Sequencing

Pacific Biosciences

Pacbio RS

73/165

Sequel System

Pacbio RS

Sequel System

Read Length

50 % > 20 kb (max > 60 kb)

50 % > 20 kb (max > 60 kb)

5-8 Gb/SMRT cell (max 16/run)

Accuracy

Throughput 1 Gb/SMRT cell (max 16/run)
Reads per run 55,000 365,000
86 % 86 %

Run Time

30 minutes — 6 hours/ SMRT cell

30 minutes — 10 hours/ SMRT cell

Andy Vierstraete
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Third Generation Sequencing: Single Molecule Sequencing
Pacific Biosciences
Accuracy Quality scores in sequencing:
Q17, Q20, Q30,
N LU Quality Probability of  Base call
LT score incorrect bases accuracy
10+ o 10 1in 10 90 %
5 | - 17 1in 50 98 %
= 20 1in 100 99 %
i 30 1in 1000 99,9 %
4 7 40 1in 10.000 99,99 %
o5 5 03 50 1in 100.000 99,999 %
Coverage

60 1in 1.000.000  99,9999%

- Circular Consensus Sequencing (CCS reads)
- Consensus by sequencing many reads

TGCAGATCATTACT -AAACAACGC

-TCC

<AL

-TATCAAAT -CCOGGTGCG-CTTOGTTGTATAACACAAAC -AGG - COAAAAAACATA-TCG-AGTT

TGCAGATCATTACT - AAACAAC

TGCﬁG&TCﬁTTACTAﬂﬂACAECGC
TGCAGATCATTACT -AAACAACGC
TGCAGATCATTACT -AAACAACGC
TGCAGATCATTACT -AAACAACGC
TOGCAGATCATTACT - AAACAACGC
TGCAGATCATTACT -AAACAACGC -

TCC -

C=TEE=AC
o ] o2
Sl
-TCC
-TCC
-TCC

-AC
-AC
-AC
-AC
-AC

- TATCAAAT-CCGGGTGCG-CTTGTTGTATAACACAAAC -AGG-CGAAAAAACATA - TCGBAGT]
CTATCAAAT - CCGGGTGCGHCTTGTTGTATAACACAABT -AGG - CGAAAAAACATA - TCG-AG-T
-TATCAAAT-CCGGGTGCG-CTTGTTGTATAAC
-TATCAAAT-CCGGGTGCG-CTTGTTGTATAACACAAAC -AGG - CGAAAAAACATA-TCG-AGTT
-TATCAAAT-CCGGGTGCG-CTTGTTGT

-TATCAAAT-CCGGGTGCG-CTTGTTGTA

ACGTATCAAAT -CCOGGTGCG-CTTGTTGTATAACACAAAC -AGG-CG-AAALMACATA -TCG-AGTT
ACGCGTCCTAC-TATC -AAT-CCOGGGTGCG-C-TGTTGTATAACACAAACTAGG - CCAAAAAACATA-TCG-AGTT
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Third Generation Sequencing: Single Molecule Sequencing
Pacific Biosciences

Workflow: Library preparation ——9» Sequencing
Sample Preparation Building of SMRTbell

Genomic DNA
(200bp to 10kb+)

WGA

(10-20 ng) DNA Sample
WGA
(10-20 ng) ’l’
Enrichment Fragment DNA —— P— g — r [ —
Products S T %
& L
4 LY

Repair Ends

Ligate Adapters g;"u%_ ________________________________________________ 2 j.‘m_%
N’ -

5-""‘-\‘, f -u-_.k

KC.'_“?-I!?!--. = . "';
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Third Generation Sequencing: Single Molecule Sequencing

Pacific Biosciences

Sample Preparation

Genomic DNA

(200bp to 10kb+)

WGA
(10-28 ng)

DNA Sample

WGA
(10-20 ng)

Targeted
Enrichment
Products

Fragment DNA

Repair Ends

Ligate Adapters

Binding

iyl

Building of SMRTbell
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Third Generation Sequencing: Single Molecule Sequencing
Pacific Biosciences

4 nucleotides with different
fluorescent dye simultaneous
present

2-4 nucleotides/sec
2-20 Kb read length
6 TB raw data in 30 minutes

laser damages polymerase

|
i Emission

Humination

o 400-
1G T G A T AAGT A A
& 8 5 3001
= 4 88 |
(L]
T e 6 A ’ §-§'2““-
So ]
MR AN NMAN 5= | M
G_-!JEB-‘NJ ! \ .
P 1045 1050 1055 1060 1065 1070 1075 1080 1085

Time (s)
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Third Generation Sequencing: Single Molecule Sequencing
Pacific Biosciences

Movie time

Pacific Biosciences (YouTube)


https://www.youtube.com/watch?v=v8p4ph2MAvI

Next Generation Sequencing for pummies

Andy Vierstraete

Different platforms

Third Generation Sequencing: Single Molecule Sequencing
Oxford Nanopore

SmidgION

MinION

GridlON X5

79/165

PromethlON

A

SmidglION MinION GridlON X5 PromethlON
Read ? > 200 kb
Length (record: 1,2 Mb)
Throughput | 1 Gb (1 flow cell with 10-20 Gb (1 flow cell 100 Gb (5 flow cells 50 — 250 Gb per flow
256 pores) ? with 512 pores) with 512 pores/cell) cell/48hours ?
2560 pores (48 flow cells, 3000
pores/cell) 144,000 pores
Reads per ? 10,000 — >300,000
run
Accuracy 90 % (1D) — 96 %(1D?)
Run Time 1 -4 hours 1-48 (70) hours 1 —48 hours 1 -48 hours

consensus accuracy improved to 99.5% at 30x coverage
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Third Generation Sequencing: Single Molecule Sequencing
Oxford Nanopore

aw f
-

current

T s
g
=
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E___-m'
L1
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i
T T T AT AA CAEC TEACECEETE TGCA T C T
il . . . . . . ' . . v . : "
ENE e ElE a n2

Tirre (5



Next Generation Sequencing for pummies Andy Vierstraete
Different platforms 81/165

Third Generation Sequencing: Single Molecule Sequencing
Oxford Nanopore

DNA can be sequenced by threading it through a microscopic pore in a membrane.

Bases are identified by the way they affect ions flowing through the pore from one
side of the membrane to the other.

DNA DOUBLE
HELIX » R9.4: 450 nucleotides/second

© A flow of ions through
the pore creates a current.
Each base blocks the

@ One protein flow to a different degree,

unzips the altering the current.

DNA helix into

two strands. GATATIGCTTTTGATGCCG

& Asecond

protein creates

a pore in the

membrane

and holds

an “adapter”

B © The adapter molecule
keeps bases in place long
enough for them to be

identified electronically.
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Third Generation Sequencing: Single Molecule Sequencing
Oxford Nanopore
1D?
Improved template — complement data
f k.

SEQUENCING SCHEME WHERE STRANDS ARE NOT JOINED 1D2 chemistry Combined

@ 450 b/s (1D%)

© Complement follows template as separate independent strand
Each molecule has it's own motor-adapter

Each individual strand has high 1D accuracy Template

Complement
No secondary structure problems

© Simple library preparation, compatible addition to 1D methods
Compatible with E8 and 450 bps \_

L =
o /E:>\/?|J|:> N = !{l

{JO NANOPORE

Accuracy will improve to 99% with new basecaller
Homopolymer reads will improve with Scrappie basecaller
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Third Generation Sequencing: Single Molecule Sequencing
Oxford Nanopore

Movie time

Oxford Nanopore Sequencing (YouTube)


https://youtu.be/3UHw22hBpAk
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Third Generation Sequencing: Single Molecule Sequencing
SeqLL (Sequence the Lower Limit)

tSMS sequencer

tSMS Sequencer
Read Length 20-55 bp
Throughput 21-35 Gb/run (2x25 channels/run)
Reads per run 600 — 1000 Million
Accuracy 95-96 % ?
Run Time 30 hours ?
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Third Generation Sequencing: Single Molecule Sequencing
SeqLL (Sequence the Lower Limit)

SO0 TTTE

Shearing

SSOOSS SO
5 L

Denature,
Terminal Transferase
+ dATP

3

wAAAAAAAAAA
5"

+ ddTTP
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Third Generation Sequencing: Single Molecule Sequencing
SeqLL (Sequence the Lower Limit) Sequencing by synthesis
® ®
@ &, @ - ® . s
o o ‘g 0y, © @,

ﬁp

Incorporate -
single, i:}‘:-:}I @
dye-labelled
nucleotides Ezzh cycle,
add a
different
dye-labelled
dNTP
Top: CTAGTG
Bottom: CAGCTA
@ Nucleotides flown sequentially
Wash, one-
colour imaging

Cleave dye C
and inhibiting
groups, cap,
wash

Repeat cycles = 9=
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Third Generation Sequencing: Single Molecule Sequencing
SeqLL (Sequence the Lower Limit)

Movie time

SeqgLL sequencing by synthesis (Youtube link)


https://youtu.be/s4UXK8vFhAY
https://youtu.be/s4UXK8vFhAY

Next Generation Sequencing for pummies

Andy Vierstraete

Different platforms

Which Next Generation Sequencer to choose for your project ?

88/165

Capacity Speed Read Length Read Cost/run (*) Amplification
Homopolymers | 10,000 reads
SOLiD 120 - 320 Gb 7 days 75 bp + 5.000 € ? Yes
lllumina 7,5-3000 Gb 1 - 6 days 125 - 2x300 + 3.000-5.000 € Yes
lon Torrent | 20 Mb - 15Gb | 4-17 hours | 200 -400 bp - 800-3.000 € Yes
PacBio 1-8Gb 0,5-10h > 20,000 bp + 600-800 € ? No
Oxford 10-20 Gb 1-48h >20,000 bp +- <1000 € No
nanopore
SeqlLL 21-35 Gb 30h? 20-55 bp + ? No

(*) only sequencing cost, for a minimum of 10,000 reads (more reads — becomes cheaper)

https://genohub.com/

chrél.:|-‘

—
-

T T il
| R —— [

38590000

38595000
LONG_PCR
»B ]

i
T I LI

- o
T e o e

38600000
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Roche — ,
500 _
Mumina ——»
0_
1200 _
SOLID -
0_
SCNOA
EINE
LINE

L
MNA1T480-Roche-454

MNATZ460-lumina-GA

A

RefSeq Genes
i

MA17480-ABI-S0OLID

Re eatH'lg Eleraem:s by HeipeatMasker

Harismendy et al_, Genome Biol. 2009

Genome size (number of base pairs per haploid genome)

https://www.scienceexchange.com/browse?category=ngs
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__ Plants
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Sequencing: homopolymer problems
lon Torrent
GGCAGTGATTAAATAGAAAT-G-AAAAGAACTC-TTGGRAAA! WTG-ATTTTA--TTTGATTCCCT-CAGGGGT

CGCAGTGATTGAATAGAAAT-G-AAAAGAACTC-TTGGAAAAAAAAGTG-ATTTTA--TTTGATTCCCT-CAGGGGT
AAAGAACTC-TTULGE AAAAAAAGTG-ATTTTA--TTTGATTCCLCT-CAG

GLGCAGTGATT GT.
GGCAGTGATTGAATAGAAA GATTCCCT-CAGGGGT
GCCAGTGATTGAATA

GGCAGTGATTGAATAGAAAT-G-AAAAGAACTCHATTGGAAAAAAAAG TGATTCCCT-CAGGGGT
GLCAGTGATTAAATAGAAAT -GL-AAAAGAACTC-TTULGAAAAAAAANGTL-ATTTITA--TTTGATTCCCT-CAGLLGT
GLUCAGTUGATTAAATAGAAAT-L-AAAAGAACTC-T GTG-ATTTTA--TTTGATTCLCCT-CAGGGGT
GGCAGTGATTAAATAGAAATEGEAAAAGAACTC CCT-CAGGGGT

EEQ@@EiEEEIAAATAGAAAT—G—AAAAGAACTC—TTGGAAAAAAAAGTG—ATTTTA——TTTGATTCCCT—CAGGGGT
AAATAGAAAT-G-AAAAGAACTC-TTGGAAAAAAAAGTG-ATTTTA--TTTGATTCLCCCT-CAGLGLGT

_ GGAAAAAAAAGTG-ATTTTA--TTTGATTCLCT-CAGLGGT
GGCAGTGATTAAATAGAAAT-G-AAAAGAACTCATTGGAAAAAAAAGTGTATTTTARTTTTGATTCCCTGCAGGGGT
GGCAGTGATTAAATAGAAAT-G-AAAAGAACTC-TTGGAAAAAAAAGTG-ATTTTA--TTTGATTCCCT-CAGGGGT
GLCAGTGATTAAATAGAAAT -L-AAAAGAACTC-TTULGAAAAAAAAGTL-ATTTTA--TTTGATTCCLLCT-CALLLLT.
AGGLGLGGT
ALGGLGT
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Sequencing: homopolymer problems

Ion Torrent G-C-AA-C--GGL-C-AA-CCG-A--G--C-AA-G-T-G--CCCCCCCCC--GG-TT-C-T-C-G-GGG-T-A-C-GGCT-GG-CCA-GGCC-T-

iG-C-AA-C--GGL-C-AA-CCG-A--G--C-AA-G-T-G---CCCCCCCO--GL-TT-C-T-C-G-GGG-T-A-C-GGCT-GG-CCA-GGCC-T-
IG-C-AA-C-—-GLGG-C-AA-CLG-A--G--C-AA-G-T--——CCCCCCCCO--GG-TT-C-T-C-G-GLGG-T-A-C-GGLCT-GGLG-CCA-GGCC-T-
IGrC-AA-C--GGLGE-C-AA-CLG-A--G—-C-AA-G-T-G--KCCCCECC - -GL-TT-C-T-€C- 6 -06LG-T-A-C-GLGCT-GL-CCA-GLLCC-T-
iG-C-AABC--GGG-C-AA-CLG-A--G--C-AA-G-T-G--[CC C-GGCT-GA-CCA-GGCC-T-
G C-AA-C--GGE-C-AA-LLCG-A--L——-LC-AG-G-T-G-~LCLCCCCCCtg--GO-TT-L-T-C-G-GGG-T-A-C-GLCT-GLG-CCA-GLCC-T-
IG-C-AA-C--GGG-C-AA-CLCG-A--G--C-AA-G-T-G--|-CCCCCCCO--GG-TT-C-T-C-G-GGG-T-A-C-GGCT-GL-CCA-GGECC-T-
G-C-AA-C—-BGG-C-AA-LCCG-A-——-G--C-AA-G-T-G--CLCCCCCE0--GG-TT-E-T-C-LGLGG-T-A-C-GGCT-LGLG-CCA-GGCL-T-
iG-T-AA-C--GGG-C-AA-CCG-A--G--C-AA-G-T-G--|-CCCCCCCO--GG-TT-C-T-C-G-GGG-T-A-C-GGCT-GG-CCA-GGCC-TA
G- C-AA-CG-GGL-C-AA-CCG-A--G--C-AG-G-T-G——-CCCCCCCCO--GG-TT-C-T-C-G-GLG-T-A-C-GGLCT-GG-CCA-GLCC-T-
iGrC-AA-C--GGGE-C-AA-CCG-A-—-GCG--C-AA-G-T-6G—-CCCCCHCCO--GG-TT-C-1-C-G-GGG-T-A-C-GGCT-GG-CCA-GGCC-T-
iG-C-AA-C--GGG-C-AA-CCG-A--G--C-AA-G-T-G--|-CCCCCCCO--GG-TT-C-W-C-G-GGG-T-A-C-GGCT-GL-CCA-GGCC-T-
iGrC-AA-C--GGL-C-AA-CCG-A--G--CE-A CCCCC- -GG ~TT-E-T-C-G-WLG-T-A-C-GLLT-GG-CCA-GGLC-T-
WG-C-AA-C--GGG-C-AA-CCH-A--GC--C-AA-G-T-G—-[CCCCCC C-G-GLG-T-A-C-GGLCT-GG-CCA-GGCC-T-
iG-C-AA-C--GGGEC-AA-CCG-AB-CEBEC-BA-G-T-G--[CCCCCC CCC-T-
iGrC-AA-C- -GGG~ C-AA-CLG-A--G--E-AA-G-T- G- CECC OG- - GE-TT - E-T-€-06-GGG-T-A-C-GGLCT-GG-COG-GGCLC-T-
iG-C-AA-C--GGG-C-AA-CCG-A--G--C-AA-G-T-G--|-CCCCCCCO--GG-TT-C-T-C-G-GGG-T-A-C-GBCT-GG-CCA-GGEC-T-
G C-AA-C——-GLGGE-C-AA-LCG-A-—-G--C-AA-G=-T-6G——-CCCCLCC--G0-TT-C-T-€C——-GGG-T-A-C-GGCT-GG-CCA-GGCC-T-
iG-C-AA-C--GGG-C-AA-CCG-A-—G--C-AA-G-T-G——-CCCCCCCO--GLG-TT-C-T-C-G-GGG-T-A-C-GGLT-GG-CCA-GGCLC-T-
iG-C-AA-C--GGG-C-AA-CCG-A--G--C-AA-G-T-G--CCCCCCCCO--GG-TT-C-T-C-G-GGG-T-A-C-GGCT-GG-COG-GLCC-T-
G-C-AA-C--GLGG-C-AA-CCG-A--G--C-AA-G-T-G--KCCCCCCCCO--GG-TT-C-T-C-G-GGG-T-A-C-GGCT-GG-CCA-GGCC-T-
CCCCCq--GG-TT-C-T-C-G-GGG-T-A-C-GGLCT-GG-CCA-GGCC-T-
G- C-AA-C--GLG-C-AA-CCG-A--G--C-AA-G-T-G--CCCCCCCCO--GG-TT-C-T-C-LG-GGG-T-A-C-GGCT-GL-CCA-GGHC-T -
iG-C-AA-C--GGG-C-AA-CCG-A--G--C-AA-G-T-G--CCCCCCCCg--GG-TT-C-T-C-G-GGG-T-A-C-GGCT-GG-CCA-GGCC- I
G- C-AA-C--GLG-C-AA-CCG-A--G--C-AA-G-T-G--KCCCCCCC--GG-TT-C-T-C-G-GGG-T-A-C-GGCT-GG-CCA-GGCC -
G- C-AA-C--GLL-C-AA-CCG-A--G--C-AA-G-T-6G--CCCCCCCO--GL-TT-C-T-C-L-GGLGG-T-A-C-GLCT-GL-CCA-GLCC-T -
T-G--CCCCCCCCg--GG-TT-C-T-C-G-GLG-T-A-C-GGLLCT-GG-CCA-GLCC-T-
CCLG-A--G--C-AA-L-T-G--CCCCCCCC--GL-TT-C-T-L-L-QGLG-T-A-C-GGCT-GG-CCA-GLCLC-T -
iG-C-AA-C--GGGLG-C-AA-CCG-A--G--C-AA-G-T-G--CCCCCCCO--GG-TT-C-T-C-G-GGG-T-A-C-GGCT-GG-CCA-GLCC-T-

iG-C-AA-C--GGG-C-A

iG-C-AA-C--GGG-C-AA-CCG-A--G--C-AA-G-T-G--CCCCCCCCO--GG-TT-C-T-C-G-GGG-T-A-C-GGCT-GG-CCA-GGCC-T-
C--GLG-C-AA-CCL-A--G--C-AA-G-T-G--CCCCCCCCO--GG-TT-C-T-C-G-LGL-T-A-C-GGCT-GG-CCA-GLLCC-T-
A-C-GGCT-GG-CCA-GGCC-T-
iG-C-AA-C--GGGE-C-AA-CCL-A--G--C-AA-G-T-G--CCCCCCCCO--GG-TT-C-T-C-LG-GGG-T-A-C-GGCT-GG-CCA-GLCC-T-
WG-C-AA-C--GGG-C-AA-CCG-AR-CG--C-AA-G-T-G--|CCCCOCCO--GG-TT-C-P-C-G-GGG-T-A-C-CGCT-GL-CCA-GLCC-T -
WG-C-AA=-C--0GLL-C-AA-CCG-A--G--C-AA-G-T-G-—-CCCCCCCC- -GG -TT-C-T-C-0-00G-T-A-C-OLGLCT-GL-CCA-GLLCC=-T-
iG-C-AA-C--GGG-C-AA-CCG-A- --C-AA-G-T-G--CCCCCCCCg--GG-TT-C-T-C-G-GGG-T-A-C-GGCT-GG-CCA-GLCC-T-
G- C-AA-C--0GGL-C-AA-CCG-A-— -C-AA-G-T-G--CCCCC - - GG -TT-C-T-C-G-GGG-T-A-C-GGCT-GL-CCA-GLLC-T-
AA-CCL-A--G--C-AA-G-T-G--FCCLCCCLO--0GG-TT-C-T-C-G-GGL-T-A-C-GGCT-GG-CCA-GLCC-T-
CCCg--GG-TT-C-T-C-G-GGG-T-A-C-GGLCT-GG-CCA-GGCC-T-

C-GGCT-GG-CCA-GGCC-T-

G- C-AA-C--GLG-C-AA-CCLG-A--G--C-AA-G-T-G--FCCCCCCOO--GG-TT-C-T-C-G-GGG-T-A-C-GGCT-GG-CCA-GLCC-T-
iG-C-AA-C--GGG-C-AA-CCG-A--G--C-AA-G-T-G---CCCCCCCO--GG-TT-C-T-C-G-BMGG-T-A-C-GGCT-GG-CCA-GGCC-T-
G-C-AA-C--GLG-C-AA-CCGLG-A--G CCECg- -GG -TT-C=-T-C-6G-G0GG-T-A-C-GGCT-GL-CCA-GQLGCC-T-
G- C-AA-C--GLG-C-AA-CCG-A--G--C-AA-GLG-T-G--CCCCCCCCO--GG-TT-C-T-C-G-GGG-T-A-C-GGCT-GG-CCA-GGCC-T-
G-C-AA-C--GGG-C-AA-CCG-A--G--C-AA-G-T-G--FCCCCCCOCO--GG-TT-C-T-C-G-GGG-T-A-C-GLCT-GG-CCA-GLCC-T-
iG-C-AA-C--GGLGG-C-AA-CCG-A--G--C-AA-G-T-G--CCCCCCCCO--GL-TT-C-T-C-G-GGG-T-A-C-GGCT-GG-CCA-GLCC-T-
iG-C-AA-C--GGG-C-AA-CLG-A--CG--C-AA-G-T-G--CCCCCCCCO--GG-TT-C-T-C-L-GGG-T-A-C-GLCT-GG-CCA-GLGCLC-T-
G- C-AA-C--GGLG-C-AA-CCG-A--G--C-AA-G-T-G--FCCCCCCCO--GL-TT-C-T-C-G-GGG-T-A-C-GGCT-GG-CCA-GLCC-T -
WG-C-AA-C--0GLL-C-AA-COL-A--G--C-AA-G-T-G--CLCCCCCCO--GG-TT-C-T-L-G-0LOLG-T-A-C-GLCT-GL-CCA-GLLCC-T -

GCC-T-
C-AA-COG-A--G--C-AA-G-T-G--|CCCCCCCO--GG-TT-C-T-C-G-GGG-T-A-C-GGCT-GG-CCA-GGCC-T-

iG-C-AA-C--GGGE-C-AA-CCG-A--G--C-AA-G-T-G--|FCCCCCCCO--GG-TT-C-T-C-LG-GGG-T-A-C-GGCT-GG-CCA-GGCC-T-
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GACTCGATAATAAAGGCTGCATGCGACAATGGATTTTACATAATLOGLG TATGAQ]TTAGGC TTAACCAGCGGTGGTAAGCGATCLGGLGLGOGAATTAGGCAAGTCAGGGTTAGGGTGGTTATAGTAGTGTGCATGGTTATT

GACTGATAATAAAGCGTCGCATGCGACAATGGATTTTACATAATGGGGGT
GACTGATAATAAAGCGTOGCATGCCGACAATGCATTTTACATAATGLGGLLGTATGAG
GACTGATAATAAAGCTCGCATGCCACAATGGATTTT TGOGGCGTATGAG
GACTGATAATAAAGCGTGCGATGCG TTTTACATATTGLGGLLGTATGAT
GACTGATAATAAAGCTCGCATGCCACAATGCGATTTTACATAATGGGGG
GACTGATAATAAAGCGGCCATGCG
CACTGATAATAAAGCTCCATGCCACAATCCATTTTACATAATCOGCGCCGGATCAG
CCACAATCGCATTTTACATAATGCGGCGTATGAG
GCACTGATAATAAAGCTCGCATGCCGACAATGCGATTTTACATAATGGGGGTATGAG
GCACTGATAATAA TGCCACAATCCATTTTACATAATGGGCGTATGAG
GACTGATAATAAAGCGTG ACAATGCGATTTTACATAATGGGOGGTATGAG
GACTGATAATAAAGGTCCATGCCGACAATCGCGATTTTACATAATG GAG
CACTGATAATAAAGCTCCATGCCACAATGCATTTTACATAATGGLG AG
GACTGATAATAAAGCTCCATGCGACAATGCGATTTTACATAATGGGGOGT
GCACTGATAATAAAGCTCCATGCCACAATCGCATTTTACATAATCGCGCOTATGAG
GCACTGATAATAAAGCTCCATGCCGACAATCGCATTTTACATAATCGGGCGTATGAG
GACTGATAATAAAGCTCCATGCCACAATCCATTTTACATAATCOGCGCOTATGAG
GACTGATAATAAAGCTCCATGCGACAATGCGATTTTACATAATGGGCOGTATGAG
GACTGATAATAAAGCTGG AATCCATTTTACATAATCGGGCGGTATGAG
GACTGATAATAAAGCGTCGCATGCG CATTTTACATAATGGGGGTATGAG
GCGACTGATAATAAAGCTCGCATGCG TTTTACATAATGGGCGGTATGAG
GACTGATAATAAAGCTGCATGCCGACAATCGCGATTTTACATAATGGGLGOGTATGAG
GACTGATAATAAAGCTCCATGCCGACAATCGCGATTTTACATAATCGLGGLGLTATGAG
GACTGATAATAAAGGTGCATGCCGACAATGCATTTTACATAATGGGGCGTATGAG
GACTGATAATAAAGCTCGCATGCCGACAATGCGATTTTACATAATGGGGGTATGAG
GACTGATAATAAAGCTCCATGCCACAATGCATTTTACATAATGGCGCCGTATGAG
GACTGATAATAAAGCTGCGAT ATGCGATTTTACATAATGGGCGGTATGAG
GACTGATAATAAAGCTCCATGCCACAAT TACATAATGGGCGTATGAG
GACTGATAATAAAGCTCGCATGCGACAATGGA CATAATGGGGGTATGAG
GACTGATAATAAAGCGTCGCATGCGACAATGGATTITT GLGOGTATGAG
GACTGATAATAAAGCTCCATGCCGACAATCGCGATTTTACATAATGG
CACTCGATAATAAAGCTCCATGCCGACAATGCGATTTTACATAATGGGGGTA
GACTGATAATAAAGCTCCATGCCGACAATCCGATTTTACATAATCGGCOGTAT
CACTCATAATAAAGCTOGCATGCCGACAATCGCATTTTACATAATGLGGLGGTATGAG
GACTGATAATAAAGCTCCATGCCGACAATCGCGATTTTACATAATCGGGCGTATGAG
GCACTGATAATAAAGCTCGCATGCCACAATGCATTTTACATAATCGOGGCGCGTATGAG
GCACTGATAATAAAGCTCGCATGCCACAATCCATTTTACATAATCOGCGCCGTATGAG
ATAATAAAGCTCCATGCCACAATCCATTTTACATAATGGGCGTATGAG
TAATAAAGCTCCATCCCACAATCCATTTTACATAATGCOGGCGTATGAC
TAATAAAGCTCGATGCCACAATCCATTTTACATAATGGGCGTATGAG
TAATAAAGCTCGATGCGACAATGCATTTTACATAATGGGCGTATGAG
TAATAAAGCTCGCGATGCGACAATCGCATTTTACATAATGOGGLOGTATGAG
AAAGLTCCGATGCCACAATGCATTTTACATAATGGGLGOGTATGAG
AAAGCTCCGATGCCACAATCGCGATTTTACATAATCGOGGCGOGTATGAG
AAAGCTCCATOGCCACAATGCATTTTACATAATGLGLGGTATGAG
GACTGATAATAAAGCTCGCAT TCCGATTTTACATAATCGGCCGTATGAG
GACTGATAATAAAGCTCGCATGCGACAAT ACATAATGCGCGCGCOTATGAQG
GACTGATAATAAAGCTCGCATGCGACAATGGA ATAATGGGCGTATGAG
GACTGATAATAAAGCTCCGATGCCACAATGCATTTTACA COGTATGAG
GACTGATAATAAAGCTCCATGCCACAATCGCATTTTACATAATCOGGCCOTATGAQG
GACTCGATAATAAAGCTCCATGCCGACAATGCATTTTACATAATGGGCGTATGAG
GCGACAATGGATTTTACATAATGGGLGGTATGAG
CLACAATGGATTTTACATAATGLGGLTATGAG
GACTGATAATAAAGCTOGCATGCCGACAATCGCATTTTACATAATCGLGLGTATGAG
GACTGATAATAAAGCTCGCATGCCGACAATCGCGATTTTACATAATCGGGOTATGAG
GACTCGATAATAAAGCGTOCATGCCGACAATCGCGATTTTACATAATCOGOGLOGTATGAG
CCACAATCCATTTTACATAATGGGCGTATGACG
TTTTACATAATCGCGGCCGTATGAG

MTTTTTTT]
MTTTTTTT]
MTTTTTTT]

TTTTTTTT]
TTTTTTTT]
1T
TTTTTTTT]
MTTTTTTT]
TTTTTTTT]
TTTTTTTT]

TTTTTTT]
TTT
MTTTTTTT]
TTTTTTTT]|
TTTTTTTT]
TTTTTTTT]
TTTTTTTT]
TTTTTTTT]
TTTTTTTT]
TTTTTTTT]
TTTTTTTT]
MTTTTTTTT]
MTTTTTTT]
TTTTTTTT]
TTTTTTTT]
TTTTTTTT]
TTTTTTTT]
TTTTTT]

MTTTTTTT]
MTTTTTTT]
TTTTTTTT]
MTTTTTTT]
TTTTTTTT]
MTTTTTTT]
TTTTTTTT]
TTTTTTTT]
TTTTTTTT]
MTTTTTTT]
TTTTTTTT]
TTTTTTTT]
TTTTTTTT]
TTTTTTTT]
MTTTTTTTT]
MTTTTTTT]
TTTTTTTT]
MTTTTTTTT]
MTTTTTTTT]
WITETTEY
TTTTTTTT]
TTTTTTTT]
TTTTTTTT]
TTTTTTTT]
TTTTTTTT

COGCGCAATTATGCGAAGTCAGGGTTAGGGTCGTTATAGTAGTGTGCATGGTTATT
TAGGOGTGGTTATAGTAGTGTCGCATGGTTATT
GTTAGGGTTAACGAGGGTGGTAAGGATGGGGGGAATTAGGGAAGTCAGGGTTHGGCGTGGTTATAGTAGTGTGCATGGTTA
CTTAGGGTTAACGAGCGTGGTAACGCATCGOGOOGGAATTAGLGCGAAGTCAGGGTTACGGGTGGTTATAGTAGT T
CAATTACCCAAGTCACGGTTACCCTCGTTATAGTAGTCTCGCATGGTTATT
COATCGCCOGCAATTACGCAAGTCAGGGTTAGCGOTOGTTATAGTAGTCGTGCATCGGTTATT
CTTAGGGTTAA TAACCATCCLCOGCAATTAGCCAAGTCACGGGTTACGOTCGTTATACTAGTGTCCATGGTTATT
CTTATGCGTTAACCGAGCCTGGTAACCATCCCGCGOGCAATTACGCGCGAAGTCACGGGTTACGGTGGT TAGTCGTCGCATGGTTATT
CTTAGGGTTAACGAGCGTGGTAAGCATCCOGCGGAATTAGLGAAGTCACGGTTACGGTCGTTATAGTAGTOGTCGCATGGTTATT
CTTAGGGTTAACCGAGCGTGCGTAACCATCCOGCCCAATTAGCCAAGTCACGGTTACGGGTG AGTAGTGTCCATGGTTATT
GCTTAGGGTTAACGAGCGTGGTAAGCATCGOOGCGAATTAGGCAAGTCAGGGTTAGGGTGGTTA TOGTGCATGGTTATT
CTTAGGGTTAACGAGLGTOGGTAAGCGATCLOGLGCGAATTAGLCGAAGTCAGGGTTAGGL TGGTTATAGTAGTGTCGCATGGTTATT
CTTAGGGTTAACGAGCGTGGTAAGCATOLOGGGCGAATTAGLCGAAGTCAGGGTTAGGL TGOGTTATAGTAGTGTCGCATGGTTATT
GCTTAGGGTTAACGAGCGTGGTAACGCATCCGCGCGAATTAGCGAAGTCACGGTTACGGTGGTTATACTAGTCTCGCATGGTTATT
CLGGTTAACCAGCOTGOGTAAGCATCCCCGCAATTAGUCAAGTCAGGGTTACCOTCGTTATACTAGTOTCCATGGTTATT
GTTAGGGTTA AACCATCCCOLCCGAATTACGGCAAGTCACGGGTTAGCGOGTCGTTATAGTAGTCTCCATGGTTATT
CTTAGGGTTAACCGAGCGTGG CUCCCAATTACGCAAGTCACGOTTAGCOTCGTTATAGTAGTCGTCCATGGTTATT

CTTAGGGTTAACGAGCGTGGTAAGCATGGG TAGCCGAAGTCACGGGTTACGGGTGGTTATAGTAGTGTCGCATGGTTATT
CTTAGGGTTAACGAGCGTGGTAAGCATCCOGCOGCAATTAGCCAAGTCACGGTTACGCGTCGGTTATA TGCATGGTTATT
CTTAGGGTTAACCGAGCGTGGTAACGCATCLGCCGOGAATTAGGGAAGTCAGGGTTACGGTCGGTTATAGTAG TGGTTATT

CTTAGGGTTAACGAGCGTGGTAACGCATCCOGOGCGCAATTAGCCGAAGTCACGGTTACCGGTGGTTATAGTAGTG ATT
GTTAACGAGGOTGGTAACGCGATCGLOGGGAATTAGGCGAAGTCAGGGTTAGGGTGGTTATAGTAGTGTGCATGGTTATT
CTTAGGGTTAACGAGLGTGOGGTAAGCATOGLLG CLCAAGTCAGGOTTACGLU TOGGTTATACGTAGTOGTCGCATGGTTATT
GTTAGGGTTAACGAGCGTGGTAAGCATCGGGGG AGGGTTACGGCTCGTTATAGTAGTGTGCATGGTTATT
GCTTAGGGTTAACGAGCGTGGTAAGCATGGGGGG GGGTTACCGCTCGTTATAGTAGTGTGCATGGTTATT
CTTAGGGTTAACCAGCCTGGTAACCATCCOGLGGAATTA CTTACGCTCGTTATACTAGTCGTCCATGGTTATT
GCTTAGGGTTAACGAGCCGTGGTAAGCATCCGCCCCAATTACGGCAAGTCACGGTTAGCGGTCGGTTATAG GCATGGTTATT
CTTAGGGTTAACCAGCCTGCGTAACCATCCOOCCAATTAGGCAAGTCACGGTTAGCOGTCGTTATAGTAGTCTCC T
CTTAGGGTTAACGAGCGTGCGTAACGCATCCGGOGCGAATTAGGCAAGTCACGGTTACGGTGGTTATAGTAGTCGTCGCAT
GTTAGGGTTAACGAGCGGTGGTAAGCGATCLOLGGAATTAGGGAAGTCAGGGTTAGGGTGGTTATAGTAGTGTGCATGGTTATT
CTTAGGGTTAACGAGCGCTGGTAACCATCCOCCCGAATTAGGCGAAGTCACGGTTACGGTCGTTATACTAGTCTCCATGGTTATT
CGGTTAACGAGCOCTGGTAAGCGATCCCCGCAATTAGCCAAGTCAGGLCTTAGCGOTCGTTATAGTAGTGTCGCATGGTTATT
CTTAACGAGCCTGGTAACGCATCCCCCCAATTACCCAAGTCACGGOGTTACCCTCGTTATACTAGTCGTCCATGGTTATT
GT TAACGAGGGTGGTAAGGATCGOGGOGCAATTAGLCAAGTCACGGGTTAGGLGTCGTTATAGTAGTOTGCATGGTTATT
GT AACGAGCCTGGTAAGCATCCGCOGCCGAATTACGCAAGTCACGGTTAGCCGTCGTTATAGTAGTCGTGCATGGTTATT
GTTAGGGTTA ACCGATCCCGCGCAATTAGCGCGAAGTCACGGGTTAGCCTCGTTATAGTAGTGTGCATGGTTATT
CTTAGGGTTAA COCCCAATTAGGCAACGTCAGGGTTACGOTCGTTATAGTAGTCTGCCATCGGTTATT
GTTRCGGCGTTAACCGAGCGTGCGTAACCATCCGGCGOGCAATTAGGGAAG ACCGCTGGTTATACTAGTCGTCCATGGTTATT
CTTAGGCTTAACCAGLCTGGTAACCATCCGCOCCAATTAGGCAAGT COCTOCGTTATACTAGTGTCCATGGTTATT
CTTAGGGTTAACCGAGCGTGGTAACCATCCCGOGCAATTAGGCGAAGT GGTTATAGTAGTCGTCGCATGGTTATT
GTTAGGGTTAACGAGCGTGGTAAGCATGCGOOCGAATTAGGGAAGT GGTTATAGTAGTGTGCATGGTTATT
CTTAGGGTTAACGAGCGTGGTAAGCATCGCOOOGCAATTAGGCGAAGT TTATAGTAGTCGTGCATGGTTATT

CTTAGGGTTAACGAGCGOGTGGTAAGCATCLOGLOGGAATTAGLGAAGTCAGG ATAGTAGTGTCGCATGGTTATT
GTTAGGGTTAACGAGCCTGGTAAGCATCCCGCOGCAATTAGODGAAGTCAGG TAGTGTCGCATGGTTATT
CTTAGGGTTAACCGAGCGTGGTAACGCATOLOGLOGGAATTAGLGAAGTCAGG AGTCGTGCATGGTTATT

CTTAGGGTTAACGAGCGTGGTAACGCATCCOGCOGCAATTAGOCGAAGTCACGGTTACCGCTGGTTATAGT CATGGTTATT
CTTAGGGTTAACCGAGCGTGCGTAAGCATCLGOGOCGAATTAGGGAAGTCAGGGTTACGGTGGTTATACTAGTCGTGCA
CTTAGGGTTAACGAGCCTGGTAACCATCCGCCCCGAATTAGCGCAAGTCACGGTTACCCGTCGTTATAGTAGTCGTLCATG
CTTAGGGTTAACGAGCCTGCGTAACCATCCCGCCCAATTAGOCGAAGTCACGGTTACCGOTCGTTATACTAGTCGTCCATGCGTTATT
LT ACCACGCTCGLGTAACCATCCCGCCCAATTACGCAAGTCACGGTTACCGOTCGTTATAGTAGTCTCCATGGTTATT
GTTA COCAATTACGCCAAGTCACGGTTACGCCTCGTTATAGTAGTCTCGCATGGTTATT
GCTTAGGGTTAACGAGCGTGGTAAGCATCGCGOGOGAATTAGGCAAGTCAGGGTTAGGGTGG TGGTTATT
CTTAGGGTTAACGAGLOTOGGTAACGCATCLOLGCGAATTAGLCGAAGTCAGGLGTTAGGLTLGGT

GTTAGG GLCAATTACGCCAAGTCAGGGTTAGCOTOGGTTATAGTAGTGTCGCATGGTTATT

GTTAGG CGOCAATTAGCCAAGTCAGGGTTACGCGTCGGTTATACGTAGTGTCGCATGGTTATT
CTTAGGGTTAACGA AATTAGCCAAGTCACGGTTAGCGLTCGTTATAGTAGTOGTCGCATGGTTATT
GTTAGGGTTAACGAGCGCTGGTAAGCATCCGOCGCGCGAATTAGCGCGAAGTCACGGGTTACGGTGGT

CTTAGGCGTTAACGAGGGTGGTAAGCGATCGLGLCGAATTAGGCAAGTCAGCGGGTTAGCGTGGTTATAGTAGTG
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GOGOGGTGGCT TTGGAGTTGCAGTTGATGTGTGATAGTTGACGGGTTGATTGC TGTACTTGCTTGTAAGCAT -

92/165

TTTGATGTGGATTGGGT TTTTATGTACTACAGGTGGTCAAGTATTTATGLGTACCGTACAATAT

GGGGTGGCTTTGGARTTGCAGTTTATGTGTGATARTTGAGGGTTGETTGCTGTTICTTGGTTGTAAGCATG
GGGGT TTGATGGGGGATAGTTGGGGGTTGATTGGTITTCTTIGTTGTAAGCAT -
GTGGCTTTGGAGTTGCAGTTGATGTGTGATAGTTGGGGGTTGATTGC TGTACTTGCTTGTAAGCAT -
GTTGATGTGTGATAGTTGAGGGTTGGTTGCTGTHECTTGCTTTITAAGCAT -
GTTGATTGCTGGACTTECTTGTAAGCAT -

GGLGTGGCTTTCEAGT TGCAGTTGATGTGTGATAGTTGAGGGTTGATTGCTGTACTTGETT
GGTTTGGCTTT GGGTTG-TTGCTGTECTTICTTGTAAGCAT -
TGATTGCTGTICTTECTTGGAAGCAT -
TTGCTGTICTTGCTTGTAAGCAT -
TAGTTGAGGGTTGATTGCTGTACTTGCTTGGAAGCAT -
TAABCATG

CCTTTCCAGTTGCAGTTCGATGTGTCATACTTGACGCGTTCATTGC TGTACTTGCTTGTAAGCAT -
CAGTTCATGTGTCATAGTTGAGCGTTCATTGCTGTACTTGCTTGTAAGCATG
GUGGTTCATTGCTGTACTTGCTTGTAAGCATG,
TChTTCCTCTACTTGCTTCTAAGCQ;G
CLGOTOGCTTTCCAGTTGCAGTTGATGTGTGATA I
GLOGCGTOGCTTTGCAGTTGCAGTTGATGTGTGATAG
COCCTCGCTTTCCAGTTGCAGTTCGATGTGTCATAGTTCGAGG
GLOGCTCGCTTTCCAGTTGCACTTCATCGTGTCATAGTTGAGG
CCGCGTCGCTTTGCAGTTGCAGTTGATGTGTGATAGTTGAGGGTTGA
GOCCCTCGCTTTCCAGTTGCACTTCGATCGTCTCATAGTTCACGGTTGATTG
CCGCTCGCTTTCCAGTTGCACTTCGATGTGTCATAGTTCGACGGTTCGATTGCT
GLCCGCTCGCTTTCCAGTTGCACTTCGATGTGTCATAGTTCGACGGTTCATTGCTGTACTTGCTTG
CGOGOGTCGGCTTTCCACGTTGCAGTTCGATGTOTCATAGTTGACGGTTCGATTGCTGTACTTGCTTGTAAGCAT -
CGGCGCTCGGCTTTCGCACGTTGCAGTTGATGTGTCATAGTTGACGGGTTCATTGCTGTACTTGCTTGTAAGCAT -
GLGCGGTCGGCTTTGCAGTTGCAGTTCGATGTGTCGATAGTTGACGGGTTCATTGCTGTACTTGCTTGTAAGCAT -
CLGGCTCGCTTTCCAGTTGCAGTTCGATGTGTCATAGTTCGACGGGTTCGATTGCTGTACTTGCTTGTAAGCAT -
COCCGGTOGCTTTCCAGTTGCACGTTCGATGTGTCATAGTTCGAGGGTTCATTGC TCTACTTGCTTGTAAGCAT -
CCCGCTCGGCTTTCCAGTTGCAGTTCGATGTGTCATAGTTCGACGGTTCGATTGCTGTACTTGCTTGTAAGCAT -
CTGTACTTGCTTGTAAGCAT-
TTGCAGTTGCAGTTCGATGTGTGATAGTTGAGGGTTGATTGCTGTACTTGCTTGTAAGCAT -

GCGGGT CAGCGTTCATTGCTGTACTTGCTTGTAAGCAT -
GGGGTG TTGCTTGTAAGCA - -
GGOGGTGGCTTTG TTGTAAGCAT -
GLGOGGTGGCTTTGCAGTT T=
GCCGTGGCTTTLCCGAGTTGCAGTTGA

CGCCGOGTCGGCTTTCGCAGTTGCAGTTGATG AGCAT-

GLOGTOGGCTTTGCAGTTGCAGTTGATOGTGTCATAGTTGAGGGTTCGATTGCT
GOCCGTOGGCTTTGCAGTTGCAGTTGATGTGTCGATAGTTGACGGTTGATTGCTGT
GLCCGCTCGCTTTCCAGTTGCAGTTCGATGTGTCATAGTTCGACGGGTTCGATTGCTGTACTTGCTTGTAAGCAT -

GUCGGTCGCTTTGCACGTTG
GLGGGTCGGCTTTGCGAGTTGC
GOCCGCTCGCTTTCCAGTTGCAGTTGA

GGGGTGG

GLGGGTGG

GGOGGTGGCT

GLOGGTGGCT
GGOGTGGCTTTGCGAGTTGCAGTTGAT
COOGGTOGGCTTTCCAGCTTGCAGTTGAT
GLOGTGGCTTTCCAGTTGCAGTTGATGT

GGGGGGGGGE
EGGGGGGGEE
EGGGGGGGGE
GGGGGGGGGE
EGGGCGGGEG
EGGGGGOGEE
LGGGGGGGEE
L GGGGGGGEG
EGGGGGGGGG
EGGGGGGGGY
GGGCGGGGET
GGGGGHRGG
GGGGGGGGE
CGGGGGGGGE
GGGGCGGGGEE
EGGGGGGGEG
GGGGGGGGGE
EGGGGGGGGE
GCGCGGOGGGGE
GGGGGGGGE

GGCGCGCGGGOG
CCCCOGGGEG
CCCGOCOGGGOG
GGGGG
GGCGGG
CCGCCGOGGGGOG
CCGCGGCGGGGGG
-GGCGGGGGGG
-GCGLOGGGGOG
CCGCGGOGGGOG
Anananan
LGGLGOGGGEG
LCCCCGGGGOG
LOGGOOGGGOG
LCCGOGOGGGOG
LCCGCCLGGOG
COCOLCOOCGGLG
GCCCGCGGGGOG
CLGGGCG
GGGG
CCGCGGCG
GoG
G

TTTTCGATGTGCGATTGGGTTT CTACAGOTCATCAACTATTTATCOTACCGTACAATAT
TTTTCATGTGCATTCGGGTTTTTATCTACTACAGCGTGGT
TTTTCATGTGCATTCGGGTTTTTAT
TTTTGATGTCGGATTCGGGTTTTTATGTACTACAGGTGGT
TTTTCGATGTGCGATTGGGT TTTTATGTACTACAGGTGGTCAAGTATTTATOGTACCGTACAAT
IGTTTGATGTCCGATTOGLGGTTT TATTTATGGTACCGTACAATAT
TTTTCGATGTGGATTGGGT TTTTATGTACTACAGGTGGT TTTATGGTACCGTACAATAT
TTTTCGATGTGGATTGGGT TTTTATCGTACTACAGGTGGTCAAGTATTTATGGTACCGTACAATAT
TTTTCATGTCCATTCGGGT TTTTATCTACTACACGGTGGTCAACTATTTATOOTACCGTACAATAT
TTTTCATGTGCGATTGLGGTTTTTATGTACTA CTATTTATCLCTACCGTACAATAT
TTTTCATGTGCATTCGGGTTTTTATGTACT TOGGTCAAGTATTTATGGTACCGTACAATAT
TTTTGATGTGGATTGGGT TTTTATGTACTACAGGTGGTCAAGTATTTATGGEACCGTACAATAT
IGTTTCATGTGGATTOGLGT TTTTATCTACTACAGGTGGTCAAGTATTTATOOTACCGTACAATAT
TTGTCATGTGCATTCGGGT TTTTATCTACTACAGCTGGTCAAGTATTTATGGTACCGTACAATAT
TTTTCAGGGGGTTTCGGTTTTT TACAGOTGGTCAAGTATTTATGCTACCGTACAATAT
TTTTCATGGGGGTTCGGGTTTTTITOGTACTACAGG ATTTATCCGTACCCGTACAATAT
TTTTGATGGGGATTGGGTTTTTHITGTACTACAGGGGGTCAAGTATTTATGGERACCGTA T
TTTTCGATGGGGATTOGGGT TTTTATGTACTACAGGGGGTCAAGTATTTATCGGTACCGTACAAT
TTTTCATCGGGCATTCGGT TTTTATCTACTACAGCTGGTCAACTATTTATOCGTACCGTACAATAT
TTTTGATGTGGATTGGGTTTTTATGTEC TACAGGTGGTCAAGTATTTATGGTACCGTACAAT
TTTATGTACTTCAGGTGGTCAAGTATTTATGGTACCGTACAATAT
GATTCGGGTTTTTATCTACTACACGTGGTCAAGTATTTATOGOTACCGTACAAGAT
TTATCTACTACACCTGGTCAAGTATTTATOOGTACCGTACAATAT
TTTTCGATGTGGATTGGGTTTTTATGTAC ATTTATCGCGTACCGTACAATAT
TTTTCATGTLCGATTCGGGTTTTTATCGTACTACAGG ATTTATCCTACCGTACAATAT
TTTTCATGTCCGATTOGLGT TTTTATGTACTACAGGTGGTCAAGTATTTATGGTACC i
TTTTCATGTGCATTCGGGTTTTTATCTACTACAGOGTCGGTCAAGTATTTATGCTACCGTACAAT
TTTCGATGTGCGATTCGGTTTTTATCGTACTACAGCTGGTCAAGTATTTATGCGTACCGTACAATAT
TTTTGATGT GTTTTTATCTACTACAGGTGGTCAAGTATTTATCCTACCGTACAATAT
TTTTCGATGTG CTTTTTATCTACTACAGCGTGGTCAAGCTATTTATCCTACCGTACAATAT
TTTTCGATGTGCGATTG TATCTACTACAGCTGGTCAACTATTTATCGTACCGTACAATAT
TTTTCATGTGCGATTGG TATCTACTACAGCTGGTCAACTATTTATOGTACCGTACAATAT
TTTTCATGTGCATTCGGGTTTT CAGCTGGTCAAGTATTTATCCGTACCGTACAATAT
TTTTGATGTGGATTGGGTTTTTATGTACT ATTTATOGGTACCGTACAATAT
TTTTCGATGTGGATTGGGTTTTTATGTACTA TATGGTACCGTACAATAT
TTTTCATGTGCATTCGGTTTTTATCTACTACAGCTGGTCAACTATTTATCGCTACCGT
TTTTCGATGTGGATTGGGT TTTTATGTACTACAGGTGGTCAAGTATTTATOGTACCGTACAATAT
TTTTGATGTGCGATTCGGGT TTTTATCGTACTACAGGTGGTCAAGTATTTATOGGTACCGTACAATAT
TTTTCATGTGGATTOGGGT TTTTATCTACTACACGGTGGTCAAGTATTTATOOTACCGTACAATAT
TTTTCATGTLGATTOGLGT TTTTATCGTACTACAGGTGOGTCAAGTATTTATOOTACCGTACAATAT
TTTTCATGTGCGATTCGGGT TTTTATGTACTACAGCTGGTCAAGTATTTATOGGTACCGTACAATAT
TTTTCATGTOCGATTCGLGGT TTTTATCGTACTACAGGTGOGTCAACGTATTTATCOGTACCGTACAATAT
TTTTCATGTCGATTGGGT TTTTATGTACTACACGGTGGTCAAGTATTTATOGOGTACCGTACAATAT
CATGTCCATTGGGTTTTTATCTACTACAGGTGGTCAACGTATTTATCCTACCGTACAATAT
TTTTCATGTCGCGATTCGGTTTTTATCTACTACAGCTGGTCAAGTATTTATGCTACCGTACAATAT
TTTTCATGTCCATTCGGTTTTTATCTACTACAGCTGGTCAACTATTTATCCGTACCGTACAATAT
TGGATTCGGGT TTTTATGTACTACAGGTGGTCAAGTATTTATCGGTACCGTACAATAT
TTGGGTTTTTATCTACTACACGGTGGTCAACTATTTATCCTACCGTACAATAT
ATCTACTACAGCTGGTCAAGTATTTATCGCTACCGTACAATAT
TATGGTACCGTACAATAT
GOCTACCGTACAATAT
TACCGTACAATAT
TACCGTACAATAT
GTACAATAT
ACAATAT

ACAATAT



Andy Vierstraete

Next Generation Sequencing for pumMmmies
Quality scores in sequencing

Sequencing: homopolymer problems

93/165

TCATAAGCTGOGTTCTCACTTCTGTTACTCCAGCTTCTTCGLGCACCTGT

I I | u m I na M ISeq VATCATGTTTCAGACTTTTATTTCTCOGCCATAATTCAAA
i

VATCATGTTTCAGACTTTTATTTCTCGCCATAATTCAAACTTTTTTT
WMTCATGTTTCAGACTTTTATTTCTCGCCATAATTCAAACTTTTTTT
ATCATGTTTCAGECTTTTATTTCTCGCCATAATTCAAACTTTTTTT
WATCATGTTTCAGACTTTTATTTCTCCGCCATAATTCAAACTTTT
VATCATGTTTCAGGCTTTTATTTCTCGCCATAATTCAAACTTTTTTT
WMTCATGTTTCAGACTTKTATTTCTCGCCATAATTCAARCTTTTTTT
GTTTCAGACTTKTATKTCTCGCCATAATTCAAACTWTTTTT

CTCGATAAGCTCGGTTCTCACTTCTGTTACTCCAGCTTCTTCGGCACCTGT
CTCGATAAGCTGGTTCTCACTTCTGTTA
CTCATAAGCTCGGTTCTCACTTCTGTTACTCCAGCTTCTTCGOCACCTGT

CTCATAAGCTOGTTCTCACTTCTGTTACTCCAGCTTCTTCGGCACCTGT
CTGATAAGCTGGTTCTCACTTCTGTTACTCCAGCTTCTTCGGCACCTGT
CTCATAAGCTLGGTTCTCACTTCTGTTACTCCAGCTTCTTCGLCACCTGT

TTCAAACTTKTKTT
WATCATGTTTCAGACTTTTATTTCTCGCCAT
ATCATGTTTCAGACTTTTATTTCTCCGCAATAATTCAAA
MTCATGTTTCAGACTTTTATTTCTCGCCATAATTCABACTTTTITT
TATTTCTCGCCATAATTCAAMCTTTTTTT,
WATCATGTTTCAGACTTTTATTTCTCGCCATAATTCAAACTTTTTTT

GCTCGGTTCTCACTTCTGTTACTCCAGCTTCTTCGGCACCTGT
CTCATAAGCTOGTTCTCACTTCTGTTACTCCAGCTTCTTCGGCACCTGT
TCTGTTACTCCAGCTTTTTCGGCACCTGT

CTGATAAGCTOGGTTCTCACTTCTGTTACTCCAGCTTCTTCGGCACCTGT
CTCGATAAGCTOGGTTCTCACTTCTOGTTACTCCAGCTTCTTCRKGCACCTLT
CTGATAAGCTOOGT TCTCACTTCTGTTACTCCAGCTTCTTCOGLGCACCTLT

WMTCATGTTTCA
——————————AGACTTTKATT!CTCGCCATAATTCAAGCTTTTETT

WMTCATGTTTCAGACTTTTATTTCTCGCCATAATTCAAACTTTTTTT
WATCATGTTTCAGA
T

ATCATGTTTCAGACTTTTATTTCTCOGCCATAATTCAAACTTTTTTT,
ATGTTTCAGACTTTTATTTCTCOGCCATAATTCAAACTTTTTTT
lITCATGTTTCAGACTTTTATTTCTCGCCATAATTCAAACTT

CTCATAATCTCGGTTCTCACTTCTGTTACTCCAGCTTCTTCGGCACCTGT
GTTCTCACTTCTGTTACTCCAGCTTCTTCGLCACCTGT
ATGATAAGCTGGTTCTCACTTCTGTTACTCCAGCTTCTTCGGCACCTGT

CTCGATAWCGCTOGTTCTCACTTCTGTTACTCCAGCTTCTTCGLGCACCTLT

CTTCTTCGGTACCTGT
CTGATAAGCTOGGTTCTCACTTCTGTTACTCCAGCTTCTTCGLCWCCTGT
CTCGATAAGCTGGTTCTCACTTCTGTTACTCCAGCTTCTTCGGCACCTGE

WWTCATGTTTCAGACTETTATTTCTCGCCATA

\ATCATGTTTCAGACTTTTATTTCTCECCATAATTCAAACTTTTTTT
ATGTTTCAGACTTTTATTTCTCCGCCATAATTCAAACTTTTTTT

CAGACTTTTATTTCTCCGCCATAATTCATACTATTTTT
VATCATGTTTCAGACTTTTATTTCTCGCCATAATTCAAACTTTTTTT|
VATCATGTTTCAGACTTYTATTTCTCCGCCATAATTCAAACTYTTKTT
VATCATGTTTCAGACTTTTATTTCTCOGCCATAATTCAAACTTTTTTT

TCATGTTTCAGACTTTTATTTCTCOGCCATAATTCAAACTTTTTTT
VATCATGTTTCAGACTTTTATTTCTCCGCCATAATTCAAACTTTTTTT
TTTCTCOGCCATAATTCAAACTTTTTTT

ATCATGTTTCAGACTTTKATTKCﬂCECCATAATTCAAACITTTTTT
TCTCLGCCATAATTCAAACTTTTTTT]
TTCTCOGCCATAATTCAAACTTTTTTT
AGACTTTTATTTCTCCGCCATAATTCAAACTTTTTTT]

TTTTATTTCTCCGCCATAATTCAAWCTTTTTTT
CAAACTTTTTTT
CTTTTATTTCTCGCCATAATTCAAACTTTTTTT

\ATCATGTTTCAGACTTTTATTTCTCECCATAATTCAAAC?TTTTTT

TCGATAAGCTGOGTTCTCACTTCTOGTTACTCCAGCTTCTTCGLGCACCTGT
CTCGATAAGCTOGOGTTCTCACTTCTGTTACTCCAGCTTCTTCGLGCACCTLGT
CTGATAAGCTOGOGTTCTCACTTCTGTTACTCCAGCTTCTTCGLGCACCTLT
CTCACTTCTGTTACTCCAGCTTCTTCGLCACCTGT
CTCGATAAGCTOGGTTCTCACTTCTGTTACTCCAGCTTCTTCGGCACCTGT
CTGATAAGC
CTGATAAGCTOGOGTTCTCACTTCTGTTACTCCAGC
CTGATAAGCTGG TCCAGCTTCTTCGGCACCTGT
CTGATAAGCTOGOTTCTCACTTCTGTTACTCCAGCTTCTTCOGLGCACCTOGT
CTCGATAAGCTOGGT TCTCACTTCTGTTACTCCAGCTTCTTCGLGCACCTGT
CTCGATAAGCTGGTTCTCACTTCTGTTACTCCAGCTTCTTCGOGCACCTGT
TCCAGCTTCTTCGGCACCTGT
CTCGATAAGCTOGGTTCTCACTTCTGTTACTCCAGCTTCTTCGLGCACCTLT
CTCGATAAGCTOGGTTCTCACTTCTGTTACTCCAGCTTCTTCGLGCACCTLT
CTCGATAAGCTOGGTTCTCACTTCTGTTACTCCAGCTTCTTCGLGCACCTLT
CTGATAAGCTOGGTTCTCACTTCTGTTACTCCAGCTTCTTCGGCACCTLT
GGCACCTGT
CTCGATAAGCTOGGTTCTCACTTCTGTTACTCCAGCTTCTTCGLCACCTGT
CTCATAAGCTCGGTTCTCACTTCTGTTACTCCAGCTTCTTCGLGCACCTGT
CTGATAAGCTOGGTTCTCACTTCTGTTACTCCAGCTTCTTCGLGCACCTLT
CTOGGTTCTCACTTCTGTTACTCCAGCTTCTTCGLGCACCTGT
CTGATAAGCTOGOGTTCTCACTTCTGTTACTCCAG

GCACCTGT

VATCATGTTTCAGAC

AWTCATGTTTCAGACTTTTATTTCTCOCCATAATTCAAACTTTTTTT
ATCATGTTECAGACTTTTATTACTCGCCATAATTCAATCTTTTTTT

CACCTGT

ACTTCTGTTACTCCAGCTTCTTCGLCACCTGT

CTTCTTCGGCACCTGT
CTCATAAGCTOGGTTCTCACTTCTGTTACTCCAGCTTCTTCGLCACCTGT

CTCATAAGCTGGTTCTCACTTCTGTTACTCCAGCTTCTTCGLCACCTGT




Next Generation Sequencing for puMmies Andy Vierstraste

Quality scores in sequencing

Sequencing: homopolymer problems

lllumina MiSeq

CACTACAATCTTTTTGTCCCATOTTOGGCAACCTCCTCATCCCATAATCAATATTTCCATGE

TT-T-T117

94/165

TGTTAACTGACAATTCTGAAATAAAATAAGA -

FACTACAATCTTTTTGTCCCATGTTGGCAACCTCCTCATCCCATAATCAATATTTCCATGE
FACTACAATCTTTTTGTCCCATOTTLGGCAACCTCCTCATCCCATAATCAATATTTCCATGC
CACTACAATCTTTTTGTCCCATOGTTGGCAACCTCCTCATCCCATAATCAATATTTCCATGE
ACTACAATCTTTTTGTCCCATOTTOGGCAACCTCCTCATCCCATAATCAATATTTCCATGC
ACTACAATCTTTTTGTCCCATOGTTGOCAACCTCCTCATCCCATAATCAATATTTCCATGC
ACTACAATCGTGTTGTCGCATOGTTGGCAACCTCCTCATCCCATAATCAATATTTCCATGE
TA-TACAATCTTTGTOGTCCCATLGTTOGOCAACCTCCTCATCCCATAATCAATATTTCCATGC
-ACTACAATCTTTTTGTCCCATGTTGGCAACC TRCTCATCCCATAATCAATATTTCCATGE
CACTACAATCTTTTTCTMCCATCTTCCCAAMC TMCTCATMCCATAAKCAATATTTCCATGC
FACTACAATCTTTTTGTCCCATOTTGGCAACCTCCTCATCCCATAATCAATATTTCCATGE
CACTACAATCT TTTTGTCCCATOTTOCCAACCTCCTCATCCCATAATCAATATTTCCATTC
ACTACAATCTTTTTGTCCCATGTTGGCAACCTCCTCATCCCATAATCAATATTTCCATGC
FACTACAATCTTTTTGTCCCATOTTOGGCAACCTCCTCATCCCATAATCAATATTTCCATGE
ACTACAATCTTTTTOGTCCCATOGTTGGCAACCTCCTCATCCCATAATCAATATTTCCATGC

CACTACAATCTTTTTGTCCCATOTTOGCAACCTCCTCATCCCATAATCAATATTTCCATGC
FACTTCAATCTTTTTGTCCCATGTTGOGCAACCTCCTCATCCCATAATCAATATTTCCATGC
-ACTACAATCTTTTTGTCCCATGTTGGCAACCTCCTCATCCCATAATAAATATTTCAATGC
A CTARAATCTTTTTGTCCCATCTTCOCAACCTCCTCATCCCATAATCAATATTTCCATGC
SACTACAATCTTTTTGTCCCATGTTGOCAACCTCCTCATCRCATAATCAATATTTCCATGC
ACTACAATCTTTTTGTCCCATOTTOGOCAACCTCCTCATCCCATAATCAATATTTCCATGC

SACTACAATCTTTTTGTCCAATGTTGOCAACCTCCTCATCCCATAATCAATATTTCCATGC
FACTACAATCTTTTTGTCCCATOTTGGCAACCTCCTCATCCCATAATCAATATTTCCATGE
CACTACAATCTTTTTGTCCCATGTTOGGCAACCTCCTCATCCCATAATCAATATTTCCATGC
ACTACAATCTTTTTGTCCCATOGTTGOCAACCTCCTCATCCCATAATCAATATTTCCATGC
-ACTACAA

-ACGACAATCTTGTTGTCRACATGTTGGCAACCTCCTCATCCCATAATCAATATTTCCATGC
CACTACAATCTTTT TN TCCCATLGTTGGCAACCTCCTCATCCCATAATCAATATTTCCATGE
ACTACAATCTTTTTGTCCCATCTTCOCAACCTCCTCATCCCATAATCAATATTTCAATGC
CACTACAATCTTTTTGTCCCATGTTGGCAACCTCCTCATCCCATAATCAATATTTCCATGE
-AC

CACTACAATCT TTTTGTCCCATOGTTLGGCAACC TCCTCATCCCATAATCAATATTTCCATGE
ACTACAATCTTTTTGTCCCATOGTTOGGCAAGC TCCGCATCCCATAATCAATATTTCCATGC
ACTACAATCTTTTTGTACCATGTTGGCAACCTCCTCATCCCATAATCAABRTTTCCATGC
CACTACAATCTTTTTOTCCCATOGTTOGOCAACCTCCTCATCCCATAATCAATATTTCCATGC
CACTACAATCTTTTTITCCCATOTTGGCAACCTCCTCATCCCATAATCAATATTTCCATGE
-ACTACAATCTTTTTGTCCCATGRTGGCAACCTCCTCATCCCATAATCAATATTTCCAT

CACTACAATCTTTTTGTCCCATOGTTGGCAACCTCCTCATCCCATAATCAATATTTCCA

CACTACAATCTTTTTGTCCCATOTTOGCAACCTCCTCATCCCATAATCAATATTTCCATGC
ACTACAATCTTTTTGTCCCATGTTGOCAACCTCCTCAT -CCATAATCAATATTTCCATGC

CACTACAATCTTTTTGTCCCATOGTTGOCAACCTCCTCATCCCA

ACTACAATCTETTTGTCCCATGTTGGE
SACTACAATCTTTTTGTCCCATGTTGGCAACCTCCTCATCCCATAATCAATATTTCCATGEC
SACTACAATCTTTTTGTCCCATGTTGGCAACCTCCTCATCCCATAATCAATATTTCCATGE
SACTACAATCTTTTTGTCCCATGTTGGCAACCTCCTCATCCCATAATRAATATTTCEATGC
SACTACAATCTTTTTGTCCCATGTTGGCAACCTCCTCATCCCATAATCAATATTTCCATGE
SACTACAATCTTTTTGTCCCATGTTGGCAACC TCCTCATCCCATAATCAATATTTCCATGE
-ACTACAAT
SACTACAATCTTTTTGTCCCATGTTGGCAACCTCCTCATCCCATAATCAATATTTCCATGE
ACTACAATCTTTTTGTCCCATGTTGCCAACCTCCTCATCCCATAATCAATATTTCCATGC
SACTACAATCTTTTTGTCCCATGTTGGCAACCTCCTCATCCCATAATCAATATTTCCATGE
SACTACAATEC T T T T TGT O CATG T TGO AACC TECTOCATC T CATAATCAATATTTEOCATOGE

-T-T-TTTT]
TT-T-TTTT|
TT-T-TTTT
TT-T-TTTT|
TT-T-TTTT|
TT-T-TTTT]
TT-T-TTTT|
TT-T-TTTT|
TY-T-TTWT
TT-T-TTTT
TT-T-TTTT

SF=T-TIT
TT-T-TTTT

T-T-TTTT]
Br-T-TTTT
TT-T-TTTT|
TT-T-TTTT|
TT-T-TTTT|
TT-T-TTTT,
“T=T<TTTT

T-T-TTTT
-T-T-TTTT
TT-T-TTTT,
TT-T-TTTT|
TT-T-TTTT,

TT-T-TTTT
-T-T-TITT
TT-T-TTTT
TT-T-TTTT|

-T-T-TTTT
TT-T-TTTT|
-T-T-TTTT
-T-T-TTTT,
-T-T-TTTT

-T-T-TTTT!
-T-T-TTTT

TT-T-TTTT|
-T-T-TTTT,
TT-T-TTTT|
-T-T-TTTT,
-T-T-TTTT

TT-T-TTTT|
-T-T-TTTT
TT-T-TTTT,

TTETETTTTT

~T-T-TTTT

TGTTAACTGACAATTCTGAAATAAAABRAAGAG
TGTTAACTCGACAATTCTCAAATAAAATAAGA -
TCTTAACTGACAATTCTGAAATAAAATAAGA -
TCTTAACTCGACAATTCTCAAATAAAATAACGA -
TGTTAACTGACAATTCTTAAATAAAATAAGA -
TGTTAACTCGACAATTCTCGAAATAAAATAACGA -
TGTTAACTGACAATTCTCAAATAAAATAAGA -
TCTTAACTGACAATTCTCAAATAAAATAAGA -
TCY TAACTCGACAATTCTCAAATAAAATAAGA -
TCTTAACTCGACAATTCTGAAATAAAATAAGA -
TCTTAACTCGACAATTCTCAAATAAAATAAGA -

TCTTAACTCGACAATTCTGAAATAAAATAACGA -
TLTTAACTCGACAATTCTCAAATAAAATAAGA -
TCTTAACTCGACAATTCTGAAATAAAATAAGA -
TGTTAACTGACAATTCTGAAA

TCTTAACTCGACAATTCTGAAATAAAATAAGA -
TGTTAACTGACAATTATGAAATAAAATAAGA -
TOCTTAACTGACAATTCTCAAATAAAATAACGA -
TCTTAACTCGACAATTCTTAAATAAAATAACGA -
TGTTAACTGACAATTCTCAAATAAAATAAGA -
TCTTAACTGACAATTCTGAAATAAAATAAGA -
TGTTAACTGACAATTCTCAAATAAAATAACGA -
TCTTAACTGACAATTCTCGAAATAAAATAAGA -
TCTTAACTCGACAATTCTCGAAATAAAATAAGA -

TCTTAACTGACAATTCTGAAATAAAATAAGA -
TLGTTAACTGACAATTCTCAAATAAAATAA

TGTTAACTGACAATTCTCAAATAAAATAAGA -
TCTTAACTGACAATTCTGAAATAAAATAAGA -

TGTTAACTGACAATTCTGAAATAAAATAAGA -
TGTTAACTGACAATTCTGAAATAAAATAAGA -
TGTTAACTGACAATTCTGAAATAMAATAAGA -
TCTTAACTGACAATTCTGAAATAAAATAAGA -
TGTTAACTGACAATTCTGAAATAAAATAAGA -

TCTTAACTGACAATTCTGAAATAAAATAGGA -
TCTTAACTGACAATTCTGAAATAAAATAAGA -

TCTTAACTCGACAATTCTCAAATAAAATAAGA -
TGTTAACTGACAATTCTCAAATAAAATAAGA -
TOCTTAACTGACAATTCTCGAAATAAAATAAGA -
TGTTAACTCGACAATTCTCAAATAAAATAAGA -
TCTTAACTCGACAATTCTCGAAATAAAATAAGA -

TCGTTAACTGACAATTATCGAAATAAAATAAGA -
TCTTAACTCGACAATTCTCGAAATAAAATAAGA-

TGTTAACTGACAATTCEGAAATAAAATAAGT -
TETTAACTEACAATTITCAAATAAAATAADA -



Next Generation Sequencing for pummies Andy Vierstraete
Quality scores in sequencing 96/165

Sequencing: quality scores (Phred scores) and accuracy

Quality scores in sequencing: Q17, Q20, Q30, ... is a probability

Quality Probability of Base call
score incorrect bases accuracy

8 1in6 84 % _
_ o Q10: 90,0% chance that the base is correct

10 1in 10 90 % Q30: 99,9% chance that the base is correct
15 1in 30 97%
17 1in 50 98 % 1 Gb genome: 1 time coverage:
20 1in 100 99 % Q20: possible 10.000.000 errors

_ o Q30: possible 1.000.000 errors
30 11n 1000 99,9 % More coverage reduce the errors
40 1in 10.000 99,99 %
50 1in 100.000 99,999 %

60 1in 1.000.000  99,9999%



Next Generation Sequencing for pummies Andy Vierstraete
Quality scores in sequencing 96/165

Sequencing: quality scores (Phred scores) and accuracy

FastQC : average quality from the sequencing run
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Next Generation Sequencing for puMmies Andy Vierstraete

Quality scores in sequencing 97/165

Sequencing: quality scores (Phred scores) and accuracy

FastQC : average quality from the sequencing run

MiSeq forward sequence

laxy_DeepS_3-1.pp.fastq |

Basic Statistics

Per tile sequence quality

°
o

00000

-

er base sequence content

Per sequence GC content

©

Per base N content

Sequence Length Distribution

@Sq e Duplication Levels

verrepresented sequ

@Adpt Content
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r sequence quality scores
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14
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1 2 3 4 5 & 7 8 9
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Next Generation Sequencing for puMmies Andy Vierstraete

Quality scores in sequencing

Sequencing: quality scores (Phred scores) and accuracy

FastQC : average quality from the sequencing run

MiSeq reverse sequence

“ Galaxy DeepS 3-2.pp.fastq |

98/165

@ Basic Statistics
@ Per base sequence quality
@ Per tile sequence quality

@ Per sequence quality scores

@ Per base sequence content

Per sequence GC content
@ Per base N content

Sequence Length Distribution|
@ Sequence Duplication Levels

@ Overrepresented sequences

@ Adapter Content
@ Kmer Content

38

[=1 [ = @ @

1 2 3 4 5 6 7 8 8

15-1% 25-26 3539 4548 55-586 6566 F5-70 85-89 65-00 105-108 120-124 135-139 150-154

185-169 180-184 195-199 210-214 225-229 240-244



Next Generation Sequencing for puMmies Andy Vierstraete

Quality scores in sequencing 99/165

Sequencing: quality scores (Phred scores) and accuracy

FastQC : average quality from the sequencing run

HiSeq

| @) Fastac

_Eile Help

ERR263486 1.filt.fastq.gz |

@ Basic Statistics

:@ Per base sequence quality

@ Per tile sequence quality

'@ Per sequence quality scores

|

@ Per base sequence content

4 Per sequence GC content
:@ Per base N content

@ Sequence Length Distribution|
@ Sequence Duplication Levels

Overrepresented sequences

@ Adapter Content
@ Kmer Content
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28

24

22

20

13

18

14

12

14Q

GQuality scores across all bases (Sanger / lllumina 1.9 encoding)

K]
[ ] ]
Ly |
Nl
[ [
) 1]
il

1 2 3 4 5% & 7 &8 91011 1415 18-1% 22-23  26-27 30-31  34-35 3839 4243 4547 50-31  54-35 58389 62-63 8667 V07l 7475 VB-70 8283 86-87 0061 8405 93-00
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Quality scores in sequencing 100/165

Sequencing: quality scores (Phred scores) and accuracy

FastQC : average quality from the sequencing run

SOLiD

File ﬂeip
[ ERR048950_1.filt.fastq |

@ Basic Statistics |
@ Per base sequence quality |
@ Per sequence quality scores
@ Per base sequence content
@ Per se

:@ Per base N content

:@ Sequence Length Distribution|

quence GC content

@ Sequence Duplication Levels |

24

22

20

18

16

14

12

10

Quality scores across all bases (Sanger / lllumina 1.9 encoding}

0, o o O T L

I I IIIIIIII IIIIIIIIIIEII

i wand

1 2 3 4 5 6 7 8 9 10 11 12 12 14 15 16 17 18 18 20 21 22 23 24 25 26 27 28 20 30 31 32 33 24 35 36 37 38 39 40 41 42 43 44 45 48 47 48 49 50 51
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Quality scores in sequencing

Sequencing: quality scores (Phred scores) and accuracy

FastQC : average quality from the sequencing run

PaCBIO (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/pacbio_srr075104_fastgc.html)

34

32

a0

28

28

24

22

20

1=

18

14

12

10

Quality scores across all bases (Sanger / lllumina 1.2 encoding)

[,

PTTT

[T

[T

1 23456789

400-588 1200-1399

2200-2399  3200-3399
Position in read (bp)

4200-4398

5200-5399

G200-5398

101/165
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Sequencing: quality scores (Phred scores) and accuracy
FastQC : average quality from the sequencing run
MinION

[ restac =E
Eile Help
e |
minion .fastq |
@ BasicStatiatics | Quality scores across all bases (Sanger / lllumina 1.9 encoding)
| |
E@P ba: quence quality |
I 134
@ Per seq e quality
;QPeb quence content |32
@ Per sequence GC c&ltent
| 30
j@ Per base N content
I Sequence Length Distribution| 28
@ Sequence Duplication Levels |
| 126
@ Overre presen ted sequences |
@ Adapter Content 24
@ Kmer Content
22
20
18
18
) Ij|i
12
10
8
6 I
2
0 1 2 3 4 5 6 7 8 9 10001999 4000-4999 7000-7999 11000-11996  15000-1599%  19000-19999  23000-2369%  27000-2796%¢  3J1000-31999  35000-35999  39000-39999  43000-43999  47000-47999  51000-51999
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Sequencing: quality scores (Phred scores) and accuracy

=% Alignment of Contig 1 |Z||E| g|
G%_ Pogitieon: 889 1.1l86kb
.E% 63|E| ; Gélllj : GEIID ; Gt?_EI I 6—1’0 I GR?EI I
’Translate w Trace AGGTAGCACACTGGATCTTTCAACTGTTCC T GG TCTACAAACTCAAATGTAATTTGGCAC
Majority

w D1-t7f _016.abl(1>200)—

O |2 By

el

w D1-t7r 001.abkl(1>500)—

G ETAGEARCACTCGEAT CEIT T CAACT G I CETGETETACARNACTCAANT GT AATTEY GECAC

=< Alignment of Contig 1

Pogition: 889 1.186kk
1040 1DFD I 1DFD 1070 I 1DFD : 1DPD i
’Translate w Trace GATCGGGEGCTCECCACTTC G C TCATGAGC GC T TG TTTC G G TGEGGEGGEGTAT GG T GG CAGEC

Majority

w D1-t7r_001.akl(1>200)—

B |1 Bt oLe

e T e | e W Y N

CATCGGGCTCGGCCACTTCGGEGCTCATGAGCGCTTGTTTC GG CGTGGEGEGTAT GG TGGECAGGECC
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Sequencing: quality scores (Phred scores) and accuracy

== Alignment of Contig 1

@%
5
-
33
“
sl
E,I

Pogition: 889 1.1868kb
; 65||D I 6&?‘0 ; ETD
’ Translate w Trace T Z i T T oA A T = T T il Bt T =z = T 3 T A A A A T T CA
Majority

w D1-t7f_016.akl(1>%00)—

T54:C26 Td¥ T18 TITEILAINALZ CI3 TIE GIZ TV TA6 C22 C12 T3INGEZ0 G332 T47 C19.T28 AZ3 C41 AZ6 A28 A3 C22 T4l C33 A34
w D1-t7r_001.abkl(1>%00)— — —

\ \ VYV WANY VA,

Tel C44 T48 T41 T43 C38 A30 A30 C34 T49 G73 T3e T3I8 Cd42 C42 T4l G61 38 T27 C41 T40 A38 C40 AZB AZQ A37T C40 T40 C38 AZ3

7 Alignment of Contig 1 |Z||E|rg|

@% Pogition: G889 1.186kkb

Q 10&0 1070 1080

H 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1

: " Translate = Trace T T c & & =z C T c A T Z A = C = o T T =z T T T cC & G Cc G T =

Majority

[ |+ Dl-t%r 001.abl1(1>200)—

Ral

Q o T e e @RS e B ey o o A
TZ0T16Cle 52 GI3IGZZCLl1TI8B Cl18 A1Z T1I7 Gle AZO0GS Cld4 12 C13 T18 T1Z2 G222 T12 TV T1l4 Cle &7 Gl3ClO0GY TO 21
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Sequencing: quality scores (Phred scores) and accuracy
lon Torrent PGM

40
|

60
|

&0
|

100

120 140 160 180 ZIO'D

220 240
| I I | I |

Hindlll

llumina

MiSeq

40
|

(2]
18
Quality ’
180 200 220 240
I I | |

IIIumlna

HHHHN

HiSeq

39 33

'

il

.|..||‘“H”.hhl...uu|“||||..|

3:67869#37/1 GAGCAGAAGATTTAGTGCCTGC GATAATCACAGATTATGATTACGCCCTAAGAGTGTTTATCCTTAC TTACCCTGGCATGC CAGGGAAACTAGC CATACT

64

I

Quality scores

SOLID

omﬂnnmmm

Il

36

Il

l

13

|

39

“Color e space, . '

Quality scores

20
1

933

a IIIIIIIIIIIIIIIIIIIIII'I' Ill
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Sequencing: quality scores (Phred scores) and accuracy
lon Torrent PGM

} 1 I I 1 I I
:00036:00118 GGGCATGTAACAGTCCTTCAACACATGGTCTTTTGCGAAATGAAAACGGAACTGAAGATAAATCTTGCCCTGTATGTGTAGCAGTGGTTCCATTAGTTCGACTGCTGTCGGTACTATTTGCAATTGAAGGCCTTGACAAA

54

20 40 60 80

Quality scores

160 200
I 1

220 240
] I
1:00036:00118 TCTGAAGGCCGAGACCTACTCAACGAAAATTTAACTTTAGTCAAATGTTTCTTTACTATTGAATCTTCAGAGATAGAGTGTTCCAAAAAGTGGAAAATCTGGGAGCTT

260
I

280
1

AACCCAATTTAGCTTCAGATTGTTGAATAG

25
[ 34 17 9

Quality scores

300 320 340 360 380
1 I I I |
:00036:00118 TTTCTCACCATCTTCATAGAGATTGATCTTCTCCTCAATGGAGTAAGATTTCTTATGGTCGTAACCAATGATTGGAAAAAGATATTCCATACCTTAGGCTTATCTTCATGGCCAATGAG

Quality scores

lllumina HiSeq

3:94473#37/1

I 27 25

Quality scores
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Sequencing: quality scores (Phred scores) and accuracy

lllumina MiSeq

20 40 60 80 100 120
I I I I I I

3:1465 2:N:0:3 ACTAAAAGCAATCGAATTCACCCCACTTTTTGCTTCAAACGTCACATCTGGCTGCTGCACACTACCCACTTGCCATAAACAAATCGTATTATCTTCACTCGCCGAGGCAAGCATTAAACTATC
b4

40

Quality scores 30

a

140 160 180 200 220 240
} I I I I }
3:1465 2:N:0:3 GTGCTGAGCAAAACTAACCGCTTTTGTCAAATTCTGATGCGCTTCTAAACTATATAATAAGC TAGGAGGTAATTGATGATAAATCGGAAC TAAATAATCTTTGGTTTTTAAATGCAAACCAGT
o4
30
24
38

Quality scores

a

Minlon

20 40 60 80 100 120
[} [} [} [} [} [}

3d2164_strand CAGTATACGTTCAGTTACATGTTGCAGAAGGCTCAACACTCTTCGCGATCTGTGCCAAGATTCAGTTACGTCTGTTATATAAAATCTCAGCTTCATATGCCTTCAAATACAAGTTCAAGATGG
be

98%
Quality scores 37% 17
2 90% 68%
10 37% 2
2
a

25,|080 26.|100 25,|120 26.|140 26.|150 26.|190
1d2164_strand ACCGTTTCAAGTGGATGAAATCGAGCAGATATTCGATTGGGAATGGGATTACATGTCTATCCTGTAATGTAGATGTTCCCATGTTTCATTATGTTGTCATTTCGCAAAAACTTGTTTTAAGGA
bt

99% 99%
19 94% 19
Quality scores 1 884% 12
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Sequencing: quality scores (Phred scores) and accuracy

lonTorrent Assembly ?? how important are quality scores ??

60 80 100 120 140
| I | I |

GTCAGTCTCGAATTGGCCGACGTGGGATCTGTGTTCTTCGGAGTGCAGCGCACCACGGCCCTGTGCGTGTCACTTGTGACTGTGCAGAGGTTGAGCAGTTGGCAAAC(

5T cAGT SGCAAAL
G T THEIGCAAA(
CTTGOGCAAAL

G TCGGTCTCGAATTGGCCGACGTGGGATCTGTGTTCTTCGGAGTGCAGCGCA
T G CGTGGG TRIT S TETIETTA | IR E] J L]
1 GTGCG

:

T GGCCCTGTGCGTGTCACTTGTG
BTCTCGAATTGG ECT 6D 5TGTC
3 L A

3 :

ACTTGEG TG CVY6 a € G
T
T

GTG
A r‘;"‘;,,;:’u‘w'»‘ﬂ,f‘-i‘ﬂ;ﬁ;,’;f ‘ - T : .
GTCAGTCTCGAATTGGCCGACGTGGGATCTGTGTTCTTCGGAG GCAGCGCAC ACGGCCCTGTGCGTGTCACTTGTGACTGTGCAGAGGTTGAGCAGTTGGCAAA
ETCAGTETCEAATTEGELCECEALCETEGEEGATETETAGTTETTECEEAGTEBCAGELECAC CACGGELLETOTELEGTETCACTTETEALTETEEAGAGETTGAGCAEGTTEEGCANAL
6 GTCGGTCTCGAATTGGCCGACGTGGG GGTTGAGCAGTTAGCAAA
p 99.7%

* IO e I Ao

3 GTCAATCTCGAATTGGCCGACGTGGG.

" OO

oL b

-TAGTAGCTGGTTCCTTCCGAAGTTTCCC - CTAGGAATTC-AATCGAA -CCAT -CGT -C

TAATTCGAACCATEC
3 CT 66T TCCTTCCGAAGTTTCCC -WlTAGGANMT TCIGEIATCGAA -CCEITHN B
T T T CTTE &S A G TTTELCEC-CTAGE - ATTCEAN G T c Gl T - =
5 C T 81 E C T TCCCAAGCTIIRICEC -CTAGCGERIATITC - AAT o - - 4 =
TS AT CE &4 CATCEHITAGTAG E P ERTEFRBETET T Ewah C : CTAS TS TTC-EIATCGAA - C T M
TS 8T PEAARLRTE:TOEBTABL TEETTIEETTEE S SR ETTTEHEMETAES « &TTE:we «cATE A - EEAT - CE8T « &

TAAGTCGAACCATCATAGT CAAG I C 1T CCC CTAGGTATTC.

88% 7% 26

ontonnn=n00000Nnnn 00pononnll noonAeens
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Sequencing: quality scores (Phred scores) and accuracy

MiSeq Assembly (Halomonhystera sp.) ?? how important are quality scores ??

oAb SRR,

CCCATAACTTTCGTTCTTGATTAATGAAAACATTCTTGTCAAATGCTTTCGCAGTAGTTCGTCTTGCCACGATCCAAGAATTTCACCTCTAACGTGGCAGTACGAATGACC

A
C T
i T
T
G ii
C
CCCAAAACTTTCGTT AATTAAAACATTCTTG GGCTGTACGAATGAC
40 99.99% 38 38
I [T
CCCATAACT&JCGTT AATGAAAGCATTCTTG

39

H [ [T H\l “

160 180
|

200 220 240 260
| | | | |

TTAATCATTACTTTCGTTCTTAAAACCAACAAAATAGAACGTAAGTCCTATTCTATTATTCCATGCAGAACTATACAAGCGAAACGCCTGTATTGAGCACTT

T

G TAG
-

AAAACCAACAAGATATAGCGTAAGTCC GAAACGTCTGTATTGA
0,
99.97% 6. 99.7% -

T WA,

— consensus sequences is ok
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Sequencing: quality scores (Phred scores) and accuracy

What can cause sequencing errors ?
- Oxidation artifact induced by acoustic shearing of DNA in library prep.

(Costello, 1013. Discovery and characterization of artifactual mutations in deep coverage targeted capture sequencing data due to oxidative DNA damage
during sample preparation

- PCR errors in library prep
- PCR errors in emulsion PCR or Polony PCR

Taq: 2,28x10° — 2,28 errors in 100,000 bases polymerized

600 bp template: 100,000/600=167 fragments

2,28 fragments per 167 fragments contain 1 wrong base (1,36%) after 1 pcr cycle
50M reads (MiSeq) => 680,000 reads with 1 error.

High Fidelity polymerase: 4,4x107 — 4,4 errors in 10,000,000 bases polymerized
600 bp template: 10,000,000/600=16,667 fragments

4,4 fragments per 16,667 fragments contain 1 wrong base (0,026%) after 1 pcr cycle
50M reads (MiSeq) => 13,000 reads with 1 error.

Polymerase 600 bp template MiSeq 50 M reads
(% PCR products with an error) (# reads with an error)
S cycles 20 cycles 5 cycles 20 cycles
Taq (error rate 2,28x107°) 6,84% 27,36% 3,42M 1 3,68M
High Fidelity Taq 0,132% 0,528% 66,000 264,000
(error rate 4,4x107)

- indel sequencing errors (lllumina 0,005% - lon Torrent 1%)
- substitution sequencing errors (lllumina 0,1% - lon Torrent 0,08%)
- DNA damage: oxidated G to T transversion during amplification step

(Chen, 2016. DNA damage is a major cause of sequencing errors, directly confounding variant identification.)
- DNA damage in cells by aging
I?
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Sequencing: quality scores (Phred scores) and accuracy
Quality trimming of reads with sliding window 30, cutoff 15

} L} I I I |
:00036:00118 |[GGGCATGTAACAGTCCTTCAACACATGGTCITTTTGCGAAATGAAAACGGAACTGAAGATAAATCTTGCCCTGTATGTGTAGCAGTGGTTCCATTAGTTCGACTGCTGTCGGTACTATTTGCAATTGAAGGCCTTGACAAA

ﬂ 34

Quality scores l

160 180 200 220 240 260 280
1 I I I 1 I I
:00036:00118 TCTGAAGGCCGAGACCTACTCAACGAAAATTTAACTTTAGTCAAATGTTTCTTTACTATTGAATCTTCAGAGATAGAGTGTTCCAAAAAGTGGAAAATCTGGGAGCTTTTAACCCAATTTAGCTTCAGATTGTTGAATAG

25
17
34 9
Quality scores l

o
3?0 3%0 SfD 3?0 350 40'0
:00036:00118 TTTCTCACCATCTTCATAGAGATTGATCTTCTCCTCAATGGAGTAAGATTTCTTATGGTCGTAACCAATGATTGGAAAAAGATATTCCATACCTTAGGCTTATCTTCATGGCCAATGAGC

Quality scores

o
w
E
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Applications

*Genome Sequencing
* De novo sequencing
Resequencing
Targeted (re)sequencing
Mitochondrial sequencing
Mutation detection
Amplicon sequencing
Amplicon Cancer Panel
* Phylogenomics- Phylogenetics
*Transcript Expression Profiling
* RNA sequencing
mMiRNA sequencing
Deep-SAGE
Deep-CAGE
PAS: polyadenylation site
*Transcription factor binding : ChlP sequencing
*Structural variation
*Metagenomics / Metagenetics / Metatranscriptomics
*Microsatellite sequencing
*Genetic marker discovery
Microsatellite development
RADSeq (Restriction-site-Associated Sequencing)
RRLs (Reduced-Representation libraries)
GBS (Genotyping By Sequencing)
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Applications N —
. Ampliy
[—————— l
—_— —
{‘,:|
Targeted (re)sequencing rurlysnd ot ﬂ
Hybridize probes and block l ?__:::::J::::: [T:E:ﬂa:fig;:lh:nm
¢ of o —
C’r == ——a
Recoverand purify | \ =

—

Amplify and purify l
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 Mutation detection

115/165

SNP identification: Principle

Reference sequence

v

1)

Reference genome sequence
available or not

| SNP
Individual_1_haplol AACGATTATCGCAATAACGAGGATTATCCCAGTTA
Individual_1_haplo2 AACGATTATCGCAATGACGA ATTATCTCAGTTA
Individual_2 haplol AACGACTATCGCAATAACGA ATTATCCCAATTA
Individual_2_haplo2 AACGATTATCGCAATAACGAGGATTATCCCAGTTA
Individual_3 haplol AACGACTATCGCAATAACGA ATTATCCCAATTA
Individual_3_haplo2 AACGATTATCGCAATGACGA ATTATCTCAGTTA
Individual_4 haplol AACGATTATCGCAATAACGAGGATTATCCCAGTTA
Individual_4_haplo2 AACGATTATCGCAATGACGA ATTATCTCAGTTA

*

*

b4
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Mutation detection

116/165

500;000 1.00?.000 I.SDUI.UOD 2.000“000 2‘509.000 3.009.000 3.50?.000 4‘009.000 4.500“000 5.033.??1I U
[R 0] ] [ ] [ ] 1]
886 270 888,300 r =
Consensus | G O T G OA OO ITGACGGTCGCCALC L C 2EEEDEE B 1%
Cover Annotations and Tracks
e | /] Show Annotations (22 of 354)
885,352 885,362 885,372 885,382 885,302
H H ; : H v
[w 2:26-502... Q ‘
~ \ariants: G Bl » | [¥] Polymorphism (22 of 354) s v € >
FlD = HWI-. T T T G T C TCTCTC L
FUD = HWI- T T ¢ T G T c TCTCTC Sl @ Tracks Options +
FlD == Hl- T T T G T c TCTCT )
FUD = HW- T T T CT T T TCoT G T [C] Variants: ImapFCM3_cut (332) - < b
FUD == HWI- T T ¢ T (= c TCTCT T
FEV o Wl T T T T c T TCT T [¥] variants: ImapFCM3_cut 2 (22) s v < »
FlD = H- T T T G T c TCTCT T
FID = HW-., T T T T c T TCT T . Columns  Bd Track « | Pop out
FUD HWIFST3... | T T ¢ T L= = TCTCT T - -
FUD HWI-ST3 T T T T = T T T T Name Minimum &  Maximum
A Ebe | - - - —m — Toom oo i GCGCAT 375,805 375,804
REV = HW-.. TGAT = T < TS T m LIS [SEETE
REV - HWI- .. T ¢ T = T [ T TCT T c 884,930 884,930
FEV = HWE T G T c TCTCT T c 534,033 884,933
AIPCF [l | L S = T E NIRRT L c 884971 884,571
FEV - HWE. ! T T T TCTCT T
b LW T T T T ToTCor T d 535,364 885,354
FUL = HWI-.., ! 4y T € T GEIT =] 2 T c 885,369 885,369
FUD = HWE. ! T T ¢ T CET c T G 535,380 885,330
;”éﬁ:nm ! % T T R g g T g c 835,425 885,425
REV - W ] T o s TCTCT T c eass00  seslys
REY = HWE. T T T ToOTCOT T cG 1,265,398 1,265,399
FUG - HW-_ T T T TCTCT T 1,409,824 1,909,835
REV - HWI- ! T T C T TCTCT T G 1,491,393 1,491,393
EE::Em : % % - % % % % g c 1,491,425 (1,481,425
REV = HWI-., ! 0 TGAT CEaT [ Wow LW m G 1,491,426 1,491,426
FllD == H ! T T T CGT c TCTCT T c 1,491,487 1,491,487
FlD e HWE T T T CGT c TCTCT T T 2,290,575 2,290,575
FllD == HWE. ! T T ¢ T GCT T TCTCT T
FllD == H ! T T T CGT c TCTCT T E ii:g:z iigg:;;
FlD e HWE T T T 0 T c TCTCT T 1250, 1290,
FllD == HWE. ! T T ¢ T 0 T T TCTCT T = 2,501,148 2,501,150
FUD == HWE, ! T T ¢ T ( T T TCTCT T ITCTTTTAATGC 4,178,736 4,178,735
FUD HWIFST ! T T T TCTCT T
FllD = HW. ! T T ¢ T TCTCT T
FUD = HWE. ! T T ¢ T TCTCT T
FlD e HWE T T T TCOTCT T
FEV = HWE. ! T T ¢ T TCTCT T
FUD = HWE. ! T T ¢ T TCTCT T
FllD == Hl ! T T T TCTCT T
FllD == HWE. ! T T ¢ T TCTCT T
FUD = HWE. ! T T ¢ T TCTCT T
FllD == H ! T T T =] TCTCT T
FlD = HWE. ! T T T = TCTCT T
FUD = HWE. ! T T ¢ T (SN = TCTCT T
FllD == H ! T T T (S h TCT T
FlD e HWE T T T CG TCT T
FUD = HWE. ! T T ¢ T SN TCT T
FllD == H ! T T T (S TCT T
FlD = HWE T T T oG CT COTC i -

Not random errors, but 2 possible
bases at one position.
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Applications

Mutation detection

DNA ‘CAT‘GC T}AGA‘T C C‘GTA‘T GC|

AminoAcid | His H Ala HArg H Ser H Val HCys|

Insertion (frame shift)
‘CAT‘GCT|AGA‘CTC‘CGT}ATG|C
AminoAcid  [His HAIa HArg HLeuH ArgHMet]

DN

>

Insertion (non-frame shift)

DN

>

|CAT|GCT‘AGA|GGA|TCC|GTA‘TGC
AminoAcid  [His HAla HArg HGly HSer H Val HCys|

» Deletion (frame shift)
ona [CATIGCTIAGAICCGTAT|IGC

Amino Acid His H Ala HAr ProHTvrH ? |

ova [CATIGCTIAGAGTAITGC
Amino Acid His H Ala HAr: Val

7 Cc Deletion (non-frame shift)

117/165

Single nucleotide variation (SNV)
STATCATAC Original DNA

Mut§gtion

TCA TCT CCA TAA D4

' % \Z v
UCA UCU CCA  UAA |mRna

\Z \/ \Z v

. ; ; Stop o Aci
rn rin Prolin AMINOIACIO
Serine  Serine oline . 4on

v 2 \

Normal| [Normal| | Faulty
Protein| |Protein| |Protein

Protein

No Silent Missense  Nonsense
mutation  mutation mutation mutation

Insertions and deletions
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[ ]
[ ]
. ATCGTTGCTAATGCTAATAGCCATGACCTTTTGCAATGCCATGAATCGTAGTCTAATTT
ATCGTTGCTAATGCTAATAGCCATGACTTTTGCAATGCCATGAATCGTAGTCTAATTT
) ATCGT TG T ARG T AR TAGC CAT A A R A SR ER AR E G AR FETRARTE .
[ ]
. TDoubIe peaks start here
* Amplicon sequencing = PCR fragments
® = Alignment of Contig 1 El@lb__(l
° @ | position: 1 Z.694kb
@ . .Z.DID.D‘ it .Z.Dll.ﬂ. s .E.DIE.D. i .Z.DIS.D. . ‘2‘0\4.0. i .E.DIE.D. s .Z.DIE.D. it ‘Z‘DF‘D‘ o s
[ l:% P Translate w Trace —GEGETTGCAAAAGAAGT CGETAGCTTAACCTTTWT GRAGES 8 8Y ERACMMY TTREEGEY YMWERMY RGGGRERAARY CEMAMCAR
Majority T M NMNNCTA NNN  THN NNTCHNNGHNNN NMG NNN NN N N
° -: 23::3};‘:3;; :Ei Eiig?g;: NGGET TECALALGAAGTCGGHN P
- -
: 1 ol s i AR,
[ ) - GGETTGCAAAAGALGT CGETAGCTTAACCTT THT GNAGCGNNNNNNNNNNNT THNNNNNNNNNNNNNNNNNNNNNNNNNN AN AN G

w 60a-t_001.abl(1l-865)—

L4 - GGETT GCAAAAGAAGTCGETAGCT TA.ACCTTTTTGNAGGNNNCTMCNNNTTTNNGNNT CNNGNNNGGGNNGNCNANCAI\JG
°
. Fusion method: pcr fragments of 400 bp (lonTorrent) |
° trP1 Target Forward

° 5° -CCTCTCTATGGGCAGTOGGTGAT | 3*  Target Amplicon

EEEEe—— NN N
Commmn 3 NERTNNHNNNENNNNNNNN | CACT CAGCCTCT GTGCGTCCCTACTC TACC- 57

° Target Reverse \ A

° Key

L4 A Target Forward

5’ ~CCATCTCATOCCTGOGTGTCTCCGACTCAG | INNNNNNNNINNNN-3" .-
b E— NN NN
/ TargetAmplicon 3 NENHSHNNENNNNKNNENN| TAGTCCC TCACGOCTATCTCTCC-5!
Key Target Reverse trP1
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Species 1 Species 2
* Gene 1 Gene 2 Gene 1 Gene 2
Sample DNA = = = =
/ b / Y
Stap 1 BEEE D paEE B —
\ 4 \ { \ 4 \ 4
Optional purification Optional purification Optional purification Optional purification
- - \ 4 ¥ 4
Amplicon sequencing o m——"  —"  —— = -'
1 1 1 1
\ 4 \ 4 \ \ 4
Purification Purification Purification Purification
[ J
Amplicon l ‘ ‘ ‘r
Libraries ~ CHEEEEEEE | 1 = — I =
N [ 4
= =1
Pool I = == ! _=
| : Laboratory
cTreamanmmtine fadme himdine - ORI T T T F 1 - - = == _Seq;cing_facﬂ;y
Final library -y =ien
° preparation o —3
(addition of gi= Sie-E8— =_ 8
° adapters) i **n
. }
° == =
gene-specific primers = == == =1 ]
head == = ==
barcodes = Herbold et al. A flexible and economical barcoding approach
] ‘ for highly multiplexed amplicon sequencing of diverse target
sequencing adapter ms genes. 2015

Sequencing

Sequence multiple genes at once prepared in separate
PCR’s: lot of work, chimera formation possible !
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Multiplex PCR

Primer set A Primerset B Primer set C Primer set D

Amplicon sequencing =
PCRwith all four primer
setsinasingle tube

. |
: Gene A Gene B GeneC Gene D
° Il
* DA
¢ I
* AT
. Sequence multiple genes at once prepared in multiplex

PCR: difficult to optimize, chimera formation possible !
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Amplicon Cancer Panel
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Targets Exons with >400 oncogenes and tumor suppressor genes
Amplicon length 125-175 bp (average 155 bp)
Primer pool size ~16,000 primers in 4 tubes
Input DNA required 10 ng per pool, 40 ng per DNA sample

Single-day workflow from DNA to annotated variants

Uizl e (run time varies by read length and chip type)

Sample multiplexing lon PI™ or lon 540™ Chip: 4 samples, ~1,000x average coverage
Coverage uniformity* >90% 94%

On-target bases™ >05% 97%

egedoptnol s

* Coverage uniformity = bases covered at »20% of the mean coverage.
** On-target bases = bases mapped to target regions, out of total mapped bases per run.

Technical Note: DNA Sequencing i I | u ml na

Sequencing Panel for 4813 Genes with Known
Associated Clinical Phenotypes

TruSight™ One Sequencing Panel provides high depth of coverage for accurate variant calling
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Phylogenomics- Phylogenetics

122/165

Phylogenomics draws information by comparing
entire genomes, or at least large portions of genomes.

Phylogenetics compares and analyzes the sequences
of single genes, or a small number of genes, as well
as many other types of data
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* Different expression profiles of genes in different conditions
(avoid rRNA)
* Determine the genes in the transcriptome (also INncRNA)

RNA sequencing

PASS THE
TAYE,




Next Generation Sequencing for puMmies Andy Vierstraete

Applications 124/165
Prepare Libra Sequence | Analyze Data N 5
- pare Horen | | illumina
) TruSight RNA Pan-Cancer Panel
o Comprehensive assessment of cancer-related RNA transcripts and fusion detection in FFPE
o tissues and other oncology samples.

RNA seq ThermoFisher

SCIENTIFIC

on AmpliSeq Colon and Lung Cancer Research
Panel v2 and lon AmpliSeq RNA Fusion
_ung Cancer Research Panel

Application Somatic mutation detection
KRAS, EGFR, BRAF, PIK3CA, AKT1, ERBB2, PTEN, NRAS, STK11, MAP2K1, ALK,
Genes DDR2, CTNNB1, MET, TP53, SMAD4, FBX7, FGFR3, NOTCH1, ERBB4, FGFR1, and
FGFR2
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Applications Isoforms:
|_> Exon 1 Exon 2 Exon 3 Exon 4 Exon 5
[ DNA T na TIN AT T , ™ , Dy T M\ TR DT D LT n y . ; ”
[ ]
RNA
[ ]
° | Alternative Splicing 1
[ ]
1 2 3 4 5 1 2 4 5 1 2 3 5
° MRNA  isiisisinisiisisielisissisieinsiniisinsisilel == B B o e
° Translation Translation Translation
[ ]
[ ]
* RNA sequencing J
° Protein A Protein B Protein C
[ ]
o Table 2. Performance of lllumina, PacBio and ONT on isoform
. identification in the gold standard SIRVs.
* True positive (68) False positive
. I
; Over-annotated library (100)
* Strategy+Library _
o Correct library (68)
. Insufficient library (43)
* lllumina+Insufficient 39 5 - 33
[ ] .
lllumina+Correct 63 - 27
RCE;;ErﬁgizﬂgZﬁsive comparison of Pacific Biosciences and Oxford lllumina+Over-annotated 62 15 24
Nanopore Technologies and their applications to transcriptome .
analysis [version 1; referees: awaiting peer review] PacBio+Correct 67 - -
Jason L Weirather!”, Mariateresa de Cesare?’, Yunhao Wang'-34", Paolo Piazza?,
Vittorio Sebastiano®6, Xiu-Jie Wang?, David Buck?, Kin Fai Au @ 1.7 ONT+Correct ﬂ - -
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2D transcriptomics: spatialtranscriptomics.com

‘ Visualization and analysis of gene expression in tissue sections by
spatial transcriptomics
Patrik L. Stahl et all. Science 1 July 2016
e B Repllcate 1
HNR e A .
=
RNA sequencing
TOP VIEW SIDE VIEW s N o
m. Poly-T " = e P e ASe el R
. . . . W W @ Cluster 3: Outer plexiform layer ® Cluster 5: Olfactory nerve layer
@ Cluster 4: Glomerular layer

- - - - ID- Bar:ade

ID1 C D E

Log2 (norm counts)
01234567

L IGFBP5

Genes
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mMiRNA sequencing
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'DGCR8

RISC rmRN A _.'

;-fsﬂmuu lnRHhJJnuvaqe_

microRNA is approx 21 bases long
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. Tag-based: one tag per transcript
. DeepSAGE > most 3’ CATG

. DeepCAGE - 5’-end

) PAS - polyadenylation site

* Deep-SAGE PO Y

» Deep-CAGE Multiple tags per transcript

PAS: polyadenylation site Ribosome profiling (RPF) 2 mRNA engaged with ribosomes

R RNA-seq = whole mRNA sequencing after fragmentation

Sequence 17 bp of the transcription start or stop site
-> discovery of new start and stop sites,
antisense transcription possibilities
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*Transcription factor binding :
* ChIP sequencing

Protein-DNA interactions

IELRLERTE SURE TRRARIR

129/165
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Deletion Movel sequence insertion Mobile-element insertion
[ ]

Ref. -+ Ref. »  Ref. >

[ ]

[ ] ! £ 1 s

[ ] - .: -1 .'_' m .

Mobile
¢ element
J Tandem duplication Interspersed duplication

Y

Ref, ——mmm—s  Ref —mmmm

[ J

. Inversion Translocation

o Ref. »  Ref. =

. ==  Ref. »
[ J

C MNature Reviews | Genetics

«Structural variation | '
. - changes in level of expression of genes
. - fusion of genes — proteins with abnormal function
. - genes controlled by different promoter —change the

. expression of the protein
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Study of genomes recovered from environmental samples

Isolate and purify Extract microbial
coral-associated genomes
microbes

Digest DMA into fragments

Generate clone libraires

- : = Direct sequencing
. Sequence inserts L (e.g.pyrosequeancing)

GGCGLG

-.,TSG."\TDG".'!“G(‘

AGATCCGTHGTCAG CGTCA'I'!’ TATG GT

*Metagenomics / Metagenetics / MetatranscrlptemaG&GGGcG;T‘A%éc;é;;eTiéaa:gew‘;h;‘;;éifaasf;w'nacmﬂ;';;' ™

C
ATATAGCAATATGCTCCCGATCCCATTTGGTCTATATCGCGTACGCAT

I[I

i Bicinformatic
: analysis of sequence reads

f 1

TAGCTACAGTCGATGCATTAGCGCATGACTATCGCAGTAATCGGCATATTACGCGCGCGATCTATATATCGCG

Identification of microbial member Identification of protein function
te_g_ Synechmccus} [Eg.phot{JSynthESIE gEnE)

Structural and functional reconstruction of coral microbiome
TRENDS in Ecology & Evolution
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203MJ:00024:00113
2C3MJ:00015:00258
2C3MJ:00031:00814
2C3MJI:00040:00%85
2C3MJ:00069:01227
2C3MJ:0007%:00854
2C3MJ:00015:00835
203MJ:00015:01507
2C3MJ:00061:00676
203MJI:00044:01575
2C3MJ:00074:00286
2C3MJI: 00080:00601
2C3MJ:00057:00682
203MJ:00042:00789
2C3MJ:0003%:01157
2C3MJ:00032:00523
2C3MJ:0004%:00796
2C3MJI:00040:01427
2C3MJ:00031:01466
203MJ:00061:00502
2C3MJ:00051:00680
2C3MJ:00095:01531
2C3MJ:00030:00728
2C3MJ:00038:00403
2C3MJ:00087:01486
2C3MJ:00025:01201
20C3MJ:00054:00265
2C3MJ:00140:00384
203MJI:00035:00628
2C3MJ:00092:00568
203MJI:00083:01747
2C3MJ:00080:01851
203MJI:00112:00469
2C3MJ:00041:01708
2C3MJI:00059:01679
2C3MJ:00081:01698
2C3MJI:00058:02044
2C3MJ:00076:01765
203MJ:00073:01821
2C3MJ:00081:00501
2c3MJ:00034:00578
2C3MJI:00080:01457
2C3MJ:00065:00274

> 20 > 40 > 60 > 80 > 100 >
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag—aagaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag—aagaaggaactcacgcocttcgggagaagagocaggocggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag—aagaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag—aagaaggaactcacgcocttcgggagaagagocaggocggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag—aagaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcttcgggagaagagcocaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag—aagaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcttcgggagaagagcocaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag—aagaaggaactcacgcttcgggagaagagocaggocggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag—aagaaggaactcacgcttcgggagaagagcaggcocggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcttcgggagaagagcaggecggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag—aagaaggaacacacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgctccgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag—aagaaggaactcacgcttcgggagaagagecaggecggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag—aagaaggaactcacgcttcgggagaagagecaggecggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag—aagaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag—aagaaggaactcacgcocttcgggagaagagocaggocggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag—aagaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaag—aagaaggaactcacgcocttcgggagaagagocaggocggtgacggag

aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaag————aagaaggaactcacgcttcgggagaagagcaggcggtgacggag
asaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaag————aagaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaag————aagaaggaactcacgcttcgggagaagagcaggcggtgacggag
asaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaag————aagaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaag————aagaaggaactcacgcttcgggagaagagcaggcggtgacggag

aaagaattcaaatcccaatcctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaagaaagaaggaactcacgecttcgggagaagagocaggecggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaagaaagaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaagaaagaaggaactcacgcocttcgggagaagagocaggocggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaagaaagaaggaactcacgcttcgggagaagagcaggecggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaagaaagaaggaactcacgcttcgggagaagagcaggcocggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaagaagaaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaagaagaaaggaactcacgecttcgggagaagagecaggecggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaagaagaaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaagaagaaaggaactcacgecttcgggagaagagecaggecggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaagaagaaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaagaagaaggaaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaagaaagaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaaagaagaaggaactcacgcttcgggagaagagcaggcggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaaagaagaaggaactcacgocttcgggagaagagocaggocggtgacggag
aaagaattcaaatcccaattctaccaaataaacagaaaagaagaagaagaagaagaagaagaagaaagaagaaggaactcacgcttcgggagaagagcaggcggtgacggag

111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
111
108
108
108
108
108
11z
112
11z
112
112
112
112
112
112
11z
112
11z
112
11z
112

*Microsatellite sequencing
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Microsatellite sequencing

Based on sizing on capillary sequencer
— one number as result

Small peaks before or after big one ?7?

133/165
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Applications

Microsatellite sequencing

* 20 w 40 w &0 hd a0 hd 100 hd
2C3MJ:00024:00113 : =zaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag—aagaagpgaactcacgcttcgggagaagagcaggeggtgacggag : 11171
2C3MJ:00015:00298 : zaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag—aagaagaactcacgcttcgggagaagagcaggecggtgacggag @ 111
2C3MJ:00031:00814 : =zaagaattcaasatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcttcgggagaagagcaggeggtgacggag @ 111
2C3MJ:00040:00985 : aaagaattcaaatcccaattctaccaaataaacagadaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcecttcgggagaagagcaggeggtgacggag @ 111
2Cc3MJ:00069:01227 : =aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcttcgggagaagagcaggeggtgacggag @ 111
2C3MJ:00075:00854 : aaagaattcaaatcccaattctaccaaataaacagadaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgecttcgggagaagagcaggeggtgacggag @ 111
2C3MJ:00015:00955 : aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag—aagaagjaactcacgcttcgggagaagagcaggcggtgacggag = 111
2C3MJ:00015:01507 : =aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcecttecgggagaagagcaggeggtgacggag @ 111
2C3MJI:00061:00676 : aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag—aagaagaactcacgcecttcgggagaagagcaggeggtgacggag @ 111
2C3MJ:00044:01575 : =zaagaattcaamatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcecttcgggagaagagcaggeggtgacggag @ 111
2C3MJI:00074:00286 : aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag—aagaagjaactcacgcecttecgggagaagagcaggeggtgacggag @ 111
2C3MJ:00080:00601 : =zaagaattcaamatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcttcgggagaagagcaggeggtgacggag @ 111
2C3MJ:00097:00682 : zaaagaattcaaatcccaattctaccaaataaacagadaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcecttcgggagaagagcaggeggtgacggag @ 111
2Cc3MJ:00042:00789 : =saagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag-aagaaggaacacacgcttcgggagaagagcaggeggtgacggag @ 111
2C3MJ:00035:01157 : aaagaattcaaatcccaattctaccaaataaacagadaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcectccgggagaagagcaggeggtgacggag @ 111
2C3MJI:00032:00523 : zaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag—aagaagaactcacgcttcgggagaagagcaggeggtgacggag @ 111
2C3MJ:00045:0075¢ : =zaagaattcaamatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcecttcgggagaagagcaggeggtgacggag @ 111
2C3MJ:00040:01427 : zaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag—aagaagjaactcacgcecttecgggagaagagcaggecggtgacggag @ 111
2C3MJ:00031:01466 : =zaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcttcgggagaagagcaggeggtgacggag @ 111
2C3MJ:00061:00502 : aaagaattcaaatcccaattctaccaaataaacagadaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcecttcgggagaagagcaggeggtgacggag @ 111
2Cc3MJ:00051:00680 : =zaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcttcgggagaagagcaggeggtgacggag @ 111
2C3MJ:000985:01931 : aaagaattcaaatcccaattctaccaaataaacagadaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcecttcgggagaagagcaggeggtgacggag @ 111
2C3MJ:00030:00728 : aaagaattcaaatcccaattctaccaaataaacagagaagaagaagaagaagaagaagaagaagaag—aagaagijaactcacgcttcgggagaagagcaggeggtgacggag 0 117 melem
2C3MJ:00038:00403 : =zaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaag————aagaagpgaactcacgcttcgggagaagagcaggeggtgacggag : 1081
2C3MJ:00087:01486 : aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaag————aagaagjaactcacgcttcgggagaagagcaggcggtgacggag @ 108
2C3MJ:00025:01201 : =zaagaattcaamatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaag————aagaaggaactcacgcttcgggagaagagcaggeggtgacggag @ 108
2C3MJI:00054: 00265 : aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaag————aagaagjaactcacgcttcgggagaagagcaggcggtgacggag = 108
2C3MJ:00140:00384 : zaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaag-———aagaagpaactcacgcttcgggagaagagcaggecggtgacggag @ 108 Q
2C3MJ:00035:00628 : =zzagaattcazatccocaatcoctaccazataaacagafzagaagazgaagaagaagaagaagaagaagaaagaaggaactcacgottogggagaagagoaggeggtgacggag = 1125
2C3MJ:00092:00968 : aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaagaaagaagjaactcacgcttcgggagaagagcaggcggtgacggag = 112
2C3MJ:00083:01747 : aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaagaaagaaggaactcacgecttecgggagaagagcaggeggtgacggag @ 112
2C3MJ:00080:01851 : zaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaagaaagaagaactcacgecttcgggagaagagcaggecggtgacggag =@ 112
2C3MJ:00112:00469 : =zaagaattcaamatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaagaaagaaggaactcacgecttecgggagaagagcaggeggtgacggag @ 112
2C3MJ:00041:01708 : zaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaagaagaaagjaactcacgecttecgggagaagagcaggecggtgacggag @ 112
2C3MJ:00059:01679 : =saagaattcaamatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaagaagaaaggaactcacgecttcgggagaagagcaggeggtgacggag @ 112
2C3MJ:00081:016598 : zaaagaattcaaatcccaattctaccaaataaacagadaagaagaagaagaagaagaagaagaagaagaagaaaggaactcacgecttcgggagaagagcaggeggtgacggag @ 112
2Cc3MJ:00098:02044 : =zaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaagaagaaaggaactcacgcttcgggagaagagcaggeggtgacggag @ 112
2C3MJ:00076:01769 : aaagaattcaaatcccaattctaccaaataaacagadaagaagaagaagaagaagaagaagaagaagaagaaaggaactcacgecttecgggagaagagcaggeggtgacggag @ 112
2C3MJ:00073:01821 : aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaagaagaaggpeaactcacgcttcgggagaagagcaggcggtgacggag = 112
2C3MJ:00081:00901 : =zaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaagaaagaaggaactcacgcecttcgggagaagagcaggeggtgacggag @ 112
2C3MJ:00034:00578 : aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaaagaagaagjaactcacgecttecgggagaagagcaggecggtgacggag @ 112
2C3MJ:00080:01457 : =aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaaagaagaaggaactcacgecttcgggagaagagcaggeggtgacggag @ 112
2C3MJ:00065:00274 : aaagaattcaaatcccaattctaccaaataaacagadaagaagaagaagaagaagaagaagaagaaagaagaagaactcacgecttcgggagaagagcaggecggtgacggag : 112_“_

Fragment of 111 bases (all identical), fragment of 108 bases (all identical), fragment of 112 bases (some different)
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Applications

Microsatellite sequencing

* 20 w 40 w &0 hd a0 hd 100 hd
2C3MJ:00024:00113 : =zaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag—aagaagpgaactcacgcttcgggagaagagcaggeggtgacggag : 11171
2C3MJ:00015:00298 : zaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag—aagaagaactcacgcttcgggagaagagcaggecggtgacggag @ 111
2C3MJ:00031:00814 : =zaagaattcaasatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcttcgggagaagagcaggeggtgacggag @ 111
2C3MJ:00040:00985 : aaagaattcaaatcccaattctaccaaataaacagadaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcecttcgggagaagagcaggeggtgacggag @ 111
2Cc3MJ:00069:01227 : =aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcttcgggagaagagcaggeggtgacggag @ 111
2C3MJ:00075:00854 : aaagaattcaaatcccaattctaccaaataaacagadaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgecttcgggagaagagcaggeggtgacggag @ 111
2C3MJ:00015:00955 : aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag—aagaagjaactcacgcttcgggagaagagcaggcggtgacggag = 111
2C3MJ:00015:01507 : =aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcecttecgggagaagagcaggeggtgacggag @ 111
2C3MJI:00061:00676 : aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag—aagaagaactcacgcecttcgggagaagagcaggeggtgacggag @ 111
2C3MJ:00044:01575 : =zaagaattcaamatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag-aagaaggaactcacgcecttcgggagaagagcaggeggtgacggag @ 111
2C3MJI:00074:00286 : aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaag—aagaagjaactcacgcecttecgggagaagagcaggeggtgacggag @ 111
2C3M3 T T 20 a0 0 ' 0 o 100 ' 111
ggzzg2c%@@003&00728 AAAAAAI%EAAATCCCAATTCTACCAAATAAACAGAAAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGGAACTCACGCTTCGGGAGAAGAGCAGGCGGTGACGGAG: 111
2C3MT - : 111
203m3 . L
20aMd Quality scores 2 gg% 997|,o - 111
2C3MJ \15 : 111
2C3Ma : 111
2C3Ma o : 111
2O BMT - e e A 0t D S ] e e g S S e e e g ey ey gy § 111
2C3MJ:00030:00728 : aaagaattcaaatcccaattctaccaaataaacagagaagaagaagaagaagaagaagaagaagaag—aagaagjaactcacgcttcgggagaagagcaggeggtgacggag 0 117 melem
2C3MJ:00038:00403 = aaagaattcaaatcccaattctaccaaataaacagaiaagaagaagaagaagaagaagaagaag————aagaaggaactcacgcttcgggagaagagcaggcggtgacggag : 1081
2c3m z'o alo slo a'o uIJo =g : 108
232Eéc3wmmoa&ooao3 AAA ATTCAAATCCCAATTCTACCAAATAAACAGAAAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGGAACTCACGCTTCGGGAGAAGAGCAGGCGGTGACGGAG:g ; 122
2c3M, " g = 1080
2C3M 100% 98% bg @ 11277
203M 35 o 17 bg @ 112
2C3M Quality scores 23 ° =g @ 112
2C3M Eg @ 112
2C3M g : 112
2C3M Fg : 112
zc3M ! g @ 112
2C3MJ:00081:016598 : zaaagaattcaaatcccaattctaccaaataaacagadaagaagaagaagaagaagaagaagaagaagaagaaaggaactcacgecttcgggagaagagcaggeggtgacggag @ 112
2Cc3MJ:00098:02044 : =zaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaagaagaaaggaactcacgcttcgggagaagagcaggeggtgacggag @ 112
2C3MJ:00076:01769 : aaagaattcaaatcccaattctaccaaataaacagadaagaagaagaagaagaagaagaagaagaagaagaaaggaactcacgecttecgggagaagagcaggeggtgacggag @ 112
2C3MJ:00073:01821 : aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaagaagaaggeaactcacgcttcgggagaagagcaggcggtgacggag = 112
2C3MJ:00081:00901 : =zaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaagaaagaaggaactcacgcecttcgggagaagagcaggeggtgacggag @ 112
2C3MJ:00034:00578 : aaagaattcaaatcccaattctaccaaataaacagafaagaagaagaagaagaagaagaagaagaaagaagaagjaactcacgecttecgggagaagagcaggecggtgacggag @ 112
2C3MT: - 'y i i 100 : 112
2 32MJ:2C3M):00034:00 Ah ATTCAAATCCCAATTCTACCAAATAAACAGAAAAGAAGAAGAAGAAGAAGAAGAAGAAGAAAGAAGAAGGAACTCACGCTTCGGGAGAAGAGCAGGCGGTGACGGAG 112__
100% 2%
Quality scores = 99%11
23
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RADSeq (Restriction-site-Associated Sequencing)
RRLs (Reduced-Representation libraries)
GBS (Genotyping By Sequencing)

Genome-wide genetic marker discovery and genotyping using next-generation sequencing.

o Davey et all.

NATURE REVIEWS, GENETICS VOLUME 12, JULY 2011
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RADSeq (Restriction-site-Associated Sequencing)
RRLs (Reduced-Representation libraries)
GBS (Genotyping By Sequencing)

Genome-wide genetic marker discovery and genotyping using next-generation sequencing.
Davey et all.
NATURE REVIEWS, GENETICS VOLUME 12, JULY 2011
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*Single-end sequencing

*Paired-end sequencing -
*Mate-pair sequencing
*Barcoding samples

OR

|A
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*Single-end sequencing
*Paired-end sequencing
*Mate-pair sequencing
*Barcoding samples

Figure 4. Paired-End Sequencing and Alignment

Paired-End Reads Alignment to the Reference Sequence

| Reference | = —
Read 2

Paired-end sequencing enables both ends of the DNA fragment to be sequenced. Because the distance between each paired read is
known, alignment algorithms can use this information to map the reads over repetitive regions more precisely. This results in much better
alignrment of the reads, especially across difficult-to-sequence, repetitive regions of the genome.

- Short fragments: overlap possible between forward and reverse reads
- Longer fragments: no overlap (insert between 200 -1200 bp long)
Better for detecting rearrangements, repetitive sequences, gene fusions,
novel transcripts,
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Run types

*Single-end sequencing
*Paired-end sequencing
*Mate-pair sequencing

140/165

B

Figure 5. De Novo Assembly with Mate Pairs

Short-Insert Paired End Reads De Novo Assembly

—
i

|

e~ E—=__lG_G

Mead 2 CC—
e— ey ]
L —

Long-Insert Paired End Reads (Mate Pair) S S

Using a combination of short and long insert sizes with paired-end sequencing results in maximal coverage of the genome for de novo
assembly. Because larger inserts can pair reads across greater distances, they provide a better ability to read through highly repetitive
sequences and regions where large structural rearrangements have occurred. Shorter inserts sequenced at higher depths can fill in gaps
missed by larger inserts sequenced at lower depths. Thus a diverse library of short and long inserts results in better de novo assembly,
leading to fewer gaps, larger contigs, and greater accuracy of the final consensus sequence,

Long inserts possible: 0.6-25 kb
Better for detecting complex rearrangements, denovo sequencing, genome finishing,

structural variant detection.
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Run types

*Single-end sequencing
*Paired-end sequencing
*Mate-pair sequencing
*Barcoding samples

0.6 - 25 kb fragment

*Add biotin labels
/sularize molecule

Shear molecule

T Enrich for biotin
labelled fragments

Ligate adaptor and primer T

T - Sequence the fragments

wpaﬂ has been seqeunced ?

| B N N N BN B B B B B B B BN BN B BN |
not sequenced insert with known size

B

Andy Vierstraste (2012)
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Run types

*Single-end sequencing
*Paired-end sequencing
*Mate-pair sequencing
*Barcoding samples

Barcode 1 Sample 1
e *
Barcode 2 Sﬂmﬁt 2
= +
Barcode 3 Sample 3
—_—

1 Barcoding Step

Sequencing

142/165

10-12 bp unique sequence is
added tot the DNA

Libraries

No
barcode
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Sanger sequencing: e.g.: one gene sequenced with 6 primers

7% Strategy of Contig 1

Ck 250 500 ?%D lQDD 12FD lEFD l?FD ZDFD ZZFD EEFD ZTFD EDFD

Coverage I
i= O] Conflicts
:%% Contig 1 I i
A-11015 003, abl (1>900)
A-11020_00%.akl(1>200)
A-11014 001.ak1{1>878)
A-1101a 005.abl({1-884) I
)
)

w

w

A-11018 007.akl(1l>881
A-11022 011.akl(1>%00

w

S N o T

== Alignment of Contig 1
G% Position: 1

%
.
O

b
“
s
@,

1780 1790 1500 1810 1820 1830 1840 185¢

} Translate w Trace CAATGACTAT GECCEEEoCET GCACT GET GEEEE— CT - GEETETGET CAT GTACG-AGAT CAT T GCEECCE
Majority

- A-11016 005.akl(1>884)—

S WMWWMWWW\MM

CAATGACTAT GECCEEECCET GEACT GET GLEEG-CT - GEET GT GET CAT GTACG- AGAT GAT T GCGEECCGE

Manually check the assembly and correct errors.
2000 bp takes 5-10 minutes.
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Sanger sequencing: simplified:
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Sanger sequencing: simplified:
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Data analyses

simplified

Next Generation sequencing
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Impossible to assemble manually
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Next Generation sequencing: simplified:
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Next Generation sequencing: simplified:

Same dataset, different parameters
Determining which assembly is the best is not an easy question. (Monya Baker. Nature Methods Volume 9 No.4, 333-337 (2012))
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Data analyses

Next Generation sequencing: Impossible to check manually
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Next Generation sequencing: Example of a bacteria sequenced on a 314 chip
100 bp reads: 11,97 Mb: not enough to assemble
complete genome.

I EENYR

Contigs: 4,206 132,521 takal reads ;
Contig | Length ¥ | Reads | Features | Mismatch % [
clavibacter_rep_c 5,882 4,028 0 3
clavibacter_rep_c33z23 2,659 A 1] 1 ')
clavibacter_rep_c33zZ 2,647 Qg9 1] 1
clavibacter_rep_c3321 2,258 g6z n n9
clavibacker_cl43 2,144 352 n 1
clavibacker_c495 1,905 241 n 0.8
clavibacker_rep_c3329 1,655 530 n 1
clavibacker_c190 1,607 305 n 1.3
clavibacker_cZ61 1,604 232 n n9
clavibacter_c94 1,534 239 n 1.1
clavibacker_c420 1,579 I n 1.1
clavibacter_ca3 1,569 228 n n9
clavibacker_c203 1,497 185 n n.a
clavibacker_c441 1,432 299 n 1.1
clavibacker_cl72 1,433 180 n n9
clavibacker_c1195 1,413 275 n 1
clavibacker_cl149 1,392 210 n 1
clavibacker_c1011 1,374 166 n 1.3
clavibacker_c223 1,355 158 n 1.2
clavibacter_ca4 1,350 191 n (]
clavibacker_c199 1,310 Zle n 1
clavibacter_c217 1,295 190 n 1.3
clavibacker_cl75 1,236 161 n (]
clavibacter_cala 1,283 235 n n9
clavibacker_c783 1,273 173 n 1.2
clavibacker_c250 1,276 204 1] 1.2
clavibacker_cl157 1,260 168 1] (]
clavibacter_c47 1,253 152 1] 1.1
clavibacker_c45 1,237 220 1] (]
clavibacker_ca00 1,222 213 1] 1.2
clavibacker_c499 1,214 195 1] 1.2 ""
o0 FISRE Aeaeti! B e B 4 M 4= - 4
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Next Generation sequencing: Assembly of the largest contig

110 5,882 (5.9 P{m zai%‘m 340 (55 b

)

283 U278 : : 305 U* 4 ' | 340U334|
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Light blue: forward
dark blue: reverse sequence

Next Generation sequencing:
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Next Generation sequencing: CV: coverage of a specific part
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Next Generation sequencing: expectations from a run.

MiSeq run 2 x 250 bp

154/165
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Next Generation sequencing: expectations from a run.

lon Torrent PGM run 400 bp

990 M 58 3,360,432 294 bp 346 bp 384 bp
Total Bases Key Signal Total Reads Mean Median Mode
81% 66% Read Length
ISP Loading Usable Reads eaooo Read Length Histogram
ISP Density ISP Summary o

40000

100 % Emnou
SN1-21-N49 30 % IR 5,114,378 19% ©
Loading Dansity (Avg ~ 81%) Loading Empty Wells 20000

2
a

80 %
10000

500 70 %
o, o
0% 100 /43 5,112,504 0 /0 B 100 200 300 ADO 500 &00
0 Enrichment No Template Read Length
50 %

2120 wells

00

29%

0% T1% ERFrRLi]
30 % Clonal Palyclonal
20 5 0% Test Fragments
3,360,432 3% Adapter Dimer
4% Low Quality

200 A00 GO0
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© E Plants ibi
£ — , .~ Amphibians
% = / Cartilaginous
s r i | fish Mammals . _
2 J0Gb Pr°‘5ts ns;eCts \  One SOLID run: 90 Gb (gigabases)
2 N L Reptilesi -> 200 GB (gigabytes) of raw data
P ; -> mapping to reference:
@ 1Gbt 4 h on 250 cores server
o E !\
") E
s - Bony fish BIrds
2 100 Mb Mollusks
0 2
s 10 MbL <~ Fungi 1 Gb genome, 15 x coverage =
= 15 Gbases to assemble or
= . . Bacteria to map to a reference !
3 1Mbg
o :
N C
o 100 Kbl Total DNA sequencing:
g : Viruses 1x gDNA
5 i il 100x MDNA
G 10Kbg
1 Kbl

© 2012 Pearson Education, Inc.
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Lots of programs available: commercial or open source

Pro's:

- user friendly
- plug and play

- automated processing available

- integrated packages

- support

Con's:

- “limited” set of options

- expensive
- black box

[3F Create Sequencing QC Report...

= Create Statistics for Target Regions...

2 Trim Sequences...
=; De Novo Assembly...
=; Map Reads to Reference...
=; Map Reads to Reference (beta)...
=} Large Gap Read Mapping...
=} Transcript Discovery...
[=] Create Detailed Mapping Report...
=1 Merge Mapping Results...
T4 Probabilistic Variant Detection...
= Remove Duplicate Reads...
17A SNP Detection...
1A DIP Detection...
£- ChIP-Seq Analysis...
22 RNA-Seq Analysis...
% Expression Profiling by Tags
i Structural Variation
= Small RNA Analysis
~ Multiplexing

vyvwvy

Pro's:

- free

- most run on Linux platforms (stable)
- endless possibilities

- you can make your own pipelines

- (sometimes) clear methods

Con's:

- most run on Linux platforms (requires
bioinformatics skills in Linux operating
system and shell scripting)

- lots of small programs that only do one
specific job

- maintenance

- time consuming (in the beginning)

ionadmin) wellca0l ugent.be - Kensole | 4
Edit View Bookma

avierstr@molfyl2:~> spades.py --iontorrent --careful --sl N54.fastq :,J

threads 4 -k 21,33,55 -o spadesh54il !
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| hll i SEQanswers

the next generation sequencing community

o SEQanswers = Bicinformatics = Bioinformatics Welcome, avierstr,
tv SEQar You last visited: Yesterday at 10:51 PM
Erivate Messages: Unread 0, Total 0.

User CP Community w Calendar Mew Posts Search w Quick Links w Log Dut

Thread Tools w | Search this Thread w

sci_guy ||__ Software packages for next gen sequence analysis
Member
28 Dec 2009: This thread has been closed. Please see our wiki software portal for information about each of these packages.
Lacation: Sydney
: A reasonably thorough table of next-gen-seq software available in the commercial and public domain
Join Drate: Jan 2008

Posts: G0 .
Integrated solutions

* CLChio Genomics Waorkbench - de nrovo and reference assembly of Sanger, Roche FLX, Illumina, Helicas, and SOLID data. Commercial next-gen-seq
software that extends the CLChio Main Workbench software. Includes SMP detection, CHIP-seq, browser and other features. Commercial, Windows,
Mac OS5 ® and Linux,

* Galawy - Galaxy = interactive and reproducible genomics. A job webportal.

* Genomatix - Integrated Solutions for Mext Generation Sequencing data analysis.

* IMP Genomics - Mext gen visualization and statistics tool from SAS. They are working with NCGR ta refine this tool and produce others.

* NextGEMe - de novo and reference assembly of Illumina, SOLID and Roche FLX data. Uses a nowvel Condensation Assembly Tool approach where
reads are joined wia "anchors" into mini-contigs before assembly. Includes SKNP detection, CHiP-seq, browser and other features. Commercial. Win or
MacOs,

* SegMan Genome Analyser - Software for Mext Generation sequence assembly of Hlumina, Roche FLX and Sanger data integrating with Lasergene
Sequence Analysis software for additional analysis and visualization capabilities. Can use a hybrid templated/de novo approach. Commercial, Win or
MMac OS5 ¥,

* SHORE - SHORE, for Short Read, is a mapping and analysis pipeline for short DNA sequences produced on a Illumina Genome Analyzer, A suite
created by the 1001 Genomes project. Source for POSIX.

* SlimSearch - Fledgling commercial product.

Align/Assemble to a reference

* BFAST - Blat-like Fast Accurate Search Tool, Written by Nils Homer, Stanley F. Nelson and Barry Merriman at UCLA,

* Bowtie - Ultrafast, memory-efficient short read aligner. It aligns short DNA sequences (reads) to the human genome at a rate of 25 million reads per
hour on a typical workstation with 2 gigabytes of memory, Uses a Burrows-wWheeler-Transformed {BWT) index. Link to discussion thread here. \Written
by Ben Langmead and Cole Trapnell, Linug, Windows, and Mac OS x,

* BWA - Heng Lee's BWT Alignment program - a progression from Mag., BWaA is a fast light-weighted tool that aligns short sequences to a sequence
database, such as the human reference genome, By default, BWA finds an alignment within edit distance 2 to the query sequence. C++ source,

* ELAMD - Efficient Large-Scale Alignment of Mucleotide Databases. Whole genome alignments to a reference genome. ‘\Written by Illumina author
Anthony 1. Caox for the Solexa 1G machine.

* Ewonerate - Warious forms of pairwise alignment {including Smith-\Waterman-Gotoh) of ONA/protein against a reference. Authors are Guy St C Slater
and Ewan Birney from EMBL. C for POSIX,
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* Ewonerate - Various forms of pairwise alignment (including Smith-Waterman-Gaotoh) of DNA/protein against a reference. Authors are Guy St C Slater
and Ewan Birney from EMBL. C for POSIX,

* GenomeMapper - GenomeMapper is a short read mapping tool designed for accurate read alignments. It quickly aligns millions of reads either with
ungapped ar gapped alignments. A tool created by the 1001 Genomes project. Source for POSIX.

* GMAP - GMAP (Genomic Mapping and Alignment Program) for mRMA and EST Sequences, Developed by Thomas Wu and Caolin Watanabe at Genentec.
C/Perl for Unix.

* gnumap - The Genomic Mext-generation Universal MAPper {gnumap) is a program designed to accurately map sequence data obtained from
next-generation sequencing machines (specifically that of Solexa/Illumina) back to a genome of any size. It seeks to align reads from nonunigue
repeats using statistics. From authars at Brigham Young University, C source/Unix.

* MAQ - Mapping and Assembly with Qualities (renamed from MAPASS2), Particularly designed for Hlumina with preliminary functions to handle ABI
SOLID data. Written by Heng Ui from the Sanger Centre. Features extensive supporting tools for DIP/SHP detection, etc. C++ source

* MOSAIK - MOSAIK produces gapped alignments using the Smith-‘Waterman algorithm, Features a number of support tools. Support for Roche FLX,
Wumina, SOLID, and Helicos. Written by Michael Stromberg at Boston College. Win/Linuz/MacOSx

* MrFAST and MrsFAST - mrFAST 8 mrsFAST are designed to map short reads generated with the llumina platform to reference genome assemblies; in
a fast and memaory-efficient manner. Robust to INDELs and MrsFAST has a bisulphite mode. Authors are from the University of Washington, C as
source,

* MUMmer - MUMmer is a modular system for the rapid whole genome alignment of finished or draft sequence. Released as a package providing an
efficient suffix tree library, seed-and-extend alignment, SMP detection, repeat detection, and wisualization tools. Wersion 3.0 was developed by Stefan
Kurtz, Adam Phillippy, Arthur L Delcher, Michael Smoot, Martin Shumway, Corina Antonescu and Steven L Salzberg - most of wham are at The Institute
for Genomic Research in Maryland, US4, POSIX OS required.

* Mowvocraft - Tools for reference alignment of paired-end and single-end Ilumina reads. Uses a Meedleman-Wunsch algarithm. Can support Bis-Seq.
Commercial. Awvailable free for evaluation, educational use and for use on open not-for-profit projects. Requires Linux or Mac 0OS X,

* PASS - It supports lllumina, SOLID and Roche-FLX data formats and allows the user to modulate very finely the sensitivity of the alignments.
Spaced seed intial filter, then NW dynamic algorithm to a SW(like) local alignment, Authors are from CRIBI in Italy, Win/Linus,

* BMAP - Assembles 20 - 64 bp Illumina reads to a FASTA reference genome. By Andrew D, Smith and Zhenyu xuan at CSHL. {published in BMC
Bioinformatics), POSIX OS required.

* Seghap - Supports up to 5§ or mare bp mismatches/INDELs. Highly tunable. Written by Hui Jiang from the Wang lab at Stanford. Builds available for
most 05's,

* SHRIMP - Assembles to a reference sequence. Developed with Applied Biosystem's colourspace genomic representation in mind. Authors are Michael
Brudno and Stephen Rumble at the University of Taronto., POSIX.

* Slider- An application for the Ilumina Sequence Analyzer output that uses the probability files instead of the sequence files as an input for alignment
to a reference sequence or a set of reference sequences. Authors are from BCGSC, Paper is here.

* SOAP - SOAP {Short Oligonucleotide Alignment Program). & program for efficient gapped and ungapped alignment of short oligonucleotides onto
reference sequences. The updated version uses a BWT. Can call SNPs and INDELs. Author is Ruigiang Li at the Beijing Genomics Institute. C++, POSIX.
* SSAHA - S5AHA {Sequence Search and Alignment by Hashing Algorithm) is a tool for rapidly finding near exact matches in DNA or protein databases
using a hash table. Developed at the Sanger Centre by Zemin Ning, Anthony Cox and James Mullikin, C++ far Linux/alpha.

* SOCS - Aligns SOLID data, SOCS is built on an iterative variation of the Rabin-Karp string search algorithm, which uses hashing to reduce the set of
possible matches, drastically increasing search speed. Authars are Ondov B, Yaradarajan 4, Passalacqua KD and Bergman NH.

* SWIFT - The SWIFT =suit is a software collection for fast index-based sequence comparisan. It contains: SWIFT — fast local alignment search,
guaranteeing to find epsilon-matches between two sequences. SWIFT BALSAM — a wery fast program to find semiglobal non-gapped alignments based
on k-mer seeds. Authors are Kim Rasmussen {SWIFT) and Wolfgang Gerlach {SWIFT BALSAM)

* SRoligoSearch - SxoligoSearch is a commercial platform offered by the Malaysian based Synamatix, Will align Illumina reads against a range of
Refzeq RNA or NCBI genome builds for a number of arganisms. Web Portal. OS5 independent.

* wWrmatch - A versatile software tool for efficiently solving large scale sequence matching tasks, ¥match subsumes the software tool REPuter, but is
much more general, with a very flexible user interface, and improved space and time requirements. Essentially a large string matching toolbox. POSIX.
* Zoom - Z200M {Zillions Of Oligos Mapped) is designed to map millions of short reads, emerged by next-generation sequencing technology, back to
the reference genomes, and carry out post-analysis. Z00M is developed to be highly accurate, flexible, and user-friendly with speed being a critical
priority. Commercial. Supports Ilumina and SOLID data.

De novo Align/Assemble

* ABYSS - Assembly By Short Sequences. ABySS is a de novo sequence assembler that is designed for very short reads. The single-processor version
is useful for assembling genomes up to 40-50 Mbases in size, The parallel version is implemented using MPI and is capable of assembling larger
genomes. By Simpson JT and others at the Canada's Michael Smith Genome Sciences Centre. C++ as source.

* ALLPATHS - ALLPATHS: De novo assembly of whole-genome shotgun microreads, ALLPATHS is a whole genome shotgun assembler that can generate
high guality assemblies from short reads. Assemblies are presented in a graph form that retains ambiguities, such as those arising from polymorphism,
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*ALLPATHS - ALLPATHS: De novo assembly of whale-genome shotgun microreads. ALLPATHS is a whole genome shotgun assembler that can generate
high quality assemblies from short reads. Assemblies are presented in a graph form that retains ambiguities, such as those arising from polymorphism,
thereby prowviding infarmation that has been absent from previous genome assemblies. Broad Institute.

* Edena - Edena {Exact DE Novo Assembler) is an assembler dedicated to process the millions of wery short reads produced by the Ilumina Genome
Analyzer, Edena is based on the traditional overlap layout paradigm. By D. Hernandez, P. Frangois, L. Farinelli, M. Osteras, and J. Schrenzel. Linux/AWin,
* EULER-SR - Short read de novo assembly. By Mark 1. Chaisson and Pawvel A, Pevzner from UCSD (published in Genome Research), Uses a de Bruijn
graph approach.

* MIRAZ - MIRA (Mimicking Intelligent Read Assembly) is able to perform true hybrid de-novo assemblies using reads gathered through 454 sequencing
technology (GS20 or GS FLx). Compatible with 454, Solexa and Sanger data. Linux OS5 required.

* SEQAM - A Consistency-based Consensus aAlgorithm for De Movo and Reference-guided Sequence Assembly of Short Reads. By Tobias Rausch and
others. C++, Linux Win,

* SHARCGS - De novo assembly of short reads, Authors are Dohm JC, Lottaz C, Boroding T and Himmelbauer H. from the Max-Planck-Institute for
Molecular Genetics.

* S5AKE - The Short Sequence assembly by K-mer search and 3' read Extension {SSaKE) is a genomics application for aggressively assembling millions
of short nucleotide sequences by progressively searching for perfect 3'-most k-mers using a DNA prefix tree. Authors are René Warren, Granger
Sutton, Steven Jones and Robert Holt from the Canada's Michael Smith Genome Sciences Centre. Perl/Linuz,

* SoAPdenovao - Part of the S0AP suite. See above.

* WCAKE - De novo assembly of short reads with robust error correction. An improvement on early versions of SSAKE.

* Welvet - Welvet is a de novo genomic assembler specially designed for short read sequencing technologies, such as Solexa or 454, Meed about
20-25% coverage and paired reads, Developed by Daniel Zerbing and Ewan Birney at the European Bioinformatics Institute (EMBL-EBI).

SNP/Indel Discovery

* 55ahaSMP - ssahaSNP is a polymorphism detection tool. It detects homozygous SMPs and indels by aligning shotgun reads to the finished genome
sequence. Highly repetitive elements are filtered out by ignoring those kmer words with high occurrence numbers, More tuned for ABI Sanger reads.
Developers are Adam Spargo and Zemin Ming from the Sanger Centre. Compag alpha, Linux-64, Linux-32, Saolaris and Mac

* PolyBayesShort - A re-incarnation of the PolyBayes SNP discovery tool developed by Gabor Marth at Washington University. This version is
specifically optimized for the analysis of large numbers {millions) of high-throughput next-generation sequencer reads, aligned to whole chromasomes
of model organism or mammalian genomes. Dewvelopers at Boston College. Linux-64 and Linux-32.

* PyroBayes - PyroBayes is a novel base caller for pyrosequences from the 454 Life Sciences sequencing machines. It was designed to assign more
accurate base quality estimates to the 454 pyrosegquences. Developers at Boston College.

Genome Annotation/Genome Browser/alignment Yiewer/Assembly Database

* EagleWiew - An information-rich genome assembler viewer, EagleView can display a dozen different types of information including base quality and
flowgram signal. Developers at Boston College.

* LookSeq - LookSeq is a web-based application for alignment wisualization, browsing and analysis of genome sequence data, LookSeq supports
multiple sequencing technaologies, alignment sources, and viewing modes; low or high-depth read pileups; and easy visualization of putative single
nucleotide and structural wariation. From the Sanger Centre.

* MapWiew - MapWiew: wvisualization of short reads alignment on desktop computer. From the Evolutionary Genomics Lab at Sun-Yat Sen University,
China. Linus,

* SaM - Sequence Assembly Manager. Whaole Genome Assembly (WGAY Management and Yisualization Tool, It provides a generic platform for
manipulating, analyzing and viewing WGA data, regardless of input type. Developers are Rene Warren, Yaron Butterfield, Asim Siddiqui and Steven
Jones at Canada's Michael Smith Genome Sciences Centre. MySQL backend and Perl-CGI web-based frontend/Linux.

* STADEN - Includes GaP4, GAPS once completed will handle next-gen sequencing data. & partially implemented test version is awvailable here

* #WMatch¥iew - A wvisual tool for analyzing cross_match alignments, Developed by Rene Warren and Stewen Jones at Canada's Michael Smith Genome
Sciences Centre, Python/Win or Linus.

Counting e.q. CHiP-Seq, Bis-Seq, CNV-5eq

* BS-5eq - The source code and data for the "Shotgun Bisulphite Sequencing of the arabidopsis Genome Reweals DMa Methylation Patterning” Mature
paper by Cokus et al. (Stewve Jacobsen's lab at UCLA). POSIX.

* CHiPSeq - Program used by Johnson et al, {2007} in their Science publication

* CHY-Seq - CNY-seq, a new method to detect copy number wariation using high-throughput sequencing. Chac xie and Martti T Tammi at the National
University of Singapore. Perl/R.

* FindPeaks - perform analysis of ChIP-Seq experiments. It uses a naive algorithm for identifying regions of high coverage, which represent Chromatin
Immunoprecipitation enrichment of sequence fragments, indicating the location of a bound protein of interest. Original algorithm by Matthew
Bainbridge, in collaboration with Gordon Robertson, Current code and implementation by Anthony Fejes. Authors are from the Canada's Michael Smith
Genome Sciences Centre, Javas/0sS independent. Latest versions available as part of the Yancouver Short Bead Analysis Package
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Immunu:uprempltatmn enrichment of sequence fragments, indicating the location ofa bound protem oflnterest Orlglnal algurlthm by Matthew
Bainbridge, in collaboration with Gordon Robertson. Current code and implementation by Anthony Fejes. Authors are from the Canada's Michael Smith
Genome Sciences Centre. JAYA/OS independent. Latest versions available as part of the ¥ancouver Short Read Analysis Package

* MACS - Model-based Analysis for ChIP-Seq. MACS empirically models the length of the sequenced ChIP fragments, which tends to be shorter than
sonication or library construction size estimates, and uses it to improve the spatial resolution of predicted binding sites. MACS also uses a dynamic
Poisson distribution to effectively capture local biases in the genome sequence, allowing for maore sensitive and robust prediction. Written by Yong
Zhang and Tao Liu from Xiaole Shirley Liu's Lab.

* PeakSeq - PeakSeq: Systematic Scoring of ChIP-Seq Experiments Relative to Controls. a two-pass approach for scoring ChIP-Seq data relative to
controls, The first pass identifies putative binding sites and compensates for variation in the mappability of sequences across the genome. The second
pass filters out sites that are not significantly enriched compared to the normalized input DNA and computes a precise enrichment and significance. By
Rozowsky 1 et al. C/Perl.

* QUEST - Quantitative Enrichment of Sequence Tags. Sidow and Myers Labs at Stanford. From the 2008 publication Genome-wide analysis of
transcription factor binding sites based on ChiP-Seq data. {C++)

* SISSRs - Site Identification from Short Sequence Reads. BED file input. Raja Jothi @ MNIH. Perl.

**Sae also this thread for ChIP-Seq, until I get time to update this list.

[ R LR R T R PSR p e [ P P R TR T PR

Alternate Base Calling
* Rolexa - R-based framewaork for base calling of Solexa data. Project publication
* alta-cyclic - "a novel llumina Genome-Analyzer {Solexa) base caller"

Transcriptomics

* ERAMGE - Mapping and Quantifying Mammalian Transcriptomes by RNA-Seq. Supports Bowtie, BLAT and ELAND, From the ‘Wald lab.

* G-Mo.R-Se - G-Mo.R-Se is 3 method aimed at using RNA-Seq short reads to build de novo gene models. First, candidate exons are built directly from
the positions of the reads mapped on the genome {without any ab initio assembly of the reads), and all the possible splice junctions between those
exons are tested against unmapped reads. From CNS in France.

* Maphesxt - MapNext: A software tool for spliced and unspliced alignments and SMP detection of short sequence reads. From the Evolutionary
Genaomics Lab at Sun-Yat Sen University, China.

* QPalma - Optimal Spliced Alignments of Short Sequence Reads. Authors are Fabio De Bona, Stephan Ossowski, Korbinian Schneeberger, and Gunnar
Ratsch, & paper is available.

* BSAT - RSAT: RMA-Seq Analysis Tools, RMASAT is developed and maintained by Hui Jiang at Stanford University.

* TopHat - TopHat is a fast splice junction mapper for RMA-Seq reads. [t aligns RNA-Seqg reads to mammalian-sized genomes using the ultra
high-throughput short read aligner Bowtie, and then analyzes the mapping results to identify splice junctions between exons. TopHat is a collaborative
effort between the University of Maryland and the University of California, Berkeley

Last edited by ECO; 12-28-2009 at 05:45 &M, Reason: Add Hnk to wiki
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e Galaxy

Tools Options +

|search tools —
Get Data

Send Data

Lift-Over

Text Manipulation

Filter and Sort

Join, Subtract and Group
Convert Formats

Extract Features

Fetch Sequences

Fetch Alignments

Get Genomic Scores
Operate on Genomic Intervals
Statistics

Wavelet Analysis
Graph/Display Data
Regional ¥ariation
Multiple regression
Multivariate Analysis
Evolution

Motif Tools

Metagenomic analyses
FASTA manipulation
NGS: QC and manipulation
MGS: Mapping

NGS: Indel Analysis
NGS: S¥fCNY Analysis
NGS: RNA Analysis

NGS: SAM Tools

NGS: Peak Calling

NGS: Simulation
SNP/WGA: Data; Filters
SNP/WGA: QC; LD; Plots

SHP/WGA: Statistical Models
Human Genome Variation
Genome Diversity

NGS: ¥CF Tools

NGS: Bedtools

MNGS Taskforce: Hubrecht -
Alignment tool benchmarking
NGS Taskforce: WUR denovo
benchmarking

NGS Taskforce: LUMC - GAPSS = |

[ ]

A

Het Weer = | De Morgen: Home IH IwayZeey | isoHunt @ E] Telemeter (¢ DoeHetBeterZelf H" Ion Cormrnunity Hom...

Yisualization Help User

Upload File {version 1.1.3)

File Format:
|auto-detect v
W hich format? See help below

File:

I Browse.. |

TIF: Due to browser limitations, uploading files larger than 2GE is guaranteed to fail. To upload large files, use the

URL method (below) or FTP {if enabled by the site administrator).
URL fText:

Here you may specify a list of URLs (one per line) or paste the contents of a file,
Files uploaded via FTP:

File Size Date
Plazse create oF log in o 3 Galaxy account to view fles uplnaded wiz 570,

This Galaxy server allows you to upload files via FTR, To upload some files, log in to the FTP server at
galazy.nbic.nl using your Galaxy credentials {email address and password),

Convert spaces to tabs:

M ves

Use this option if you are entering intervals by hand.

Genome:
| Arabidopsis thaliana (taird)

Execute |

Auto-detect

[

The systerm will attempt to detect Axt, Fasta, Fastqsolexa, Gff, Gff2, Html, Lay, Maf, Tabular, \Wiggle, Bed and Interyal
(Bed with headers) formats, If vour file is not detected properly as one of the known formats, it most likely means

that it has some format problems (e.g., different number of columns on different rows), You can still coerce the
system to set your data to the format you think it should be, You can also upload compressed files, which will

automatically be decompressed,

Ab1l

A hinary seguence file in 'ab 1’ format with 2 ".abl' file extension, You must manually select this 'File Format’ when

uploading the file,

Axt

blastz pairwise alignment format. Each alignment block in an axt file contains three lines: a summary line and 2

sequence lines, Blocks are separated from one another by blank lines. The summary line contains chromosomal

position and size information about the alignment, It consists of 9 reguired fields.

Ranmn

Options +

History

o
0 bytes

0 vour histary is empty, Click 'Get
Data' on the left pane to start
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Header1 —— %

Sequence
Header 2
Quality score

163/165

Barcode

v

@DBRHHJIJN1_0097:1:1:1111:1176#CGATGT/1
CCTTCTGGGGCAAGACTTGAGCAAAGACAAATGAAAGTAAAAGTTGCCCTGAAAACCCGAAAATCGTATGACTCTTTTTTTAATGTTTGATCAGGACCAT
+DBRHHJN1 0097:1:1:1111:1176#CGATGT/1
gggggaggggcagggggggdggegggegggggdaggdegacedee\ eed”dee [decbgegXdebee~dddddUd [ ceacI\ “dadbbccc”"bbBBBEERB
@DBRHHJN1 0097:1:1:1200:1169#CGATGT/1
TGGATGTAAATTTAATTAATTTAGTAGGTCCTTCTCTTTTGTCTGAAACTAGGGCTCTATTAAGAATATAATAGTAGCACTTTTGAATAAAACTGAALGG
+DBRHHJN1 0097:1:1:1200:1169#CGATGT/1
fgffdeggeggggeegf fdgadddeeceececegeggefegegggdfgggfg dd\ddu * fgggfggf\gddddcccbbd\ffefggdc cfdefdfffd
@DBRHHJN1 0097:1:1:1201:1199#CGATGT/1
GGTTAAAGACTTAAATGCTAGACAAGACACCATCAAACTCCTAGAAAAGAACATAGGCAAAACACTCTCTGATATCAACATTACAAATGTTTTCTCAGGT

Quality score using the ascii table

LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL o o v v v s s s e s s s s s s e s s s a e s msmmm e s emmmessannnsesnnnnsess
IMEER S () T+, —. /0123456759 ; <=> 7@ ABCDEFGHIJELMNOPQRSTUVWEYZ (4]~ _~abcdefghiiklmmopgrstuvwxyzi |}~

33 59 G 73 104 126
5 - Sanger Phred+33, raw reads typically (0, 40)
X — Zolexa Solexa+6d, raw reads typically (-5, 40)

I - Illumina 1.3+ Phred+6d, raw reads typically (0, 40)
J — Illutnina 1.54 Phred+o64d, raw reads typically (3, 40)
with O=unused, l=unused, Z=EFRead Segment Cuality Control Indicator (bold)

[Note: See discussion above) .
L - Illumina 1.54+ Phred+33, raw reads typically (0, 41)

Depending on the application:

- Pre-assembly:
Quality trimming, demultiplexing, adapter-barcode removal, data statistics, ...
- Assembly:
denovo, mapping to reference
- Post-assembly:
Quality Control, statistics, SNP calling, annotation, blasting,...
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- Can Next Generation Sequencing solve my problem ?

- What application do | need (de novo, RNA, amplicon, ...) ?

- What is the best platform to run it on ? (capacity, price, speed, accuracy, read length...)
- What is your experimental design ?

- What about bioinformatics ?

- Are your results correct ? (XY - XX chromosome for SNP)

- In cancer research: mutation in gene increase “probability” for developing cancer

- What about statistics ?

- 15x coverage is probably not over the whole genome

- Rubbish in = rubbish out (contamination, sample degradation, mixed samples)

- If you don't know, ask and discuss with others.
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Thanks for your interest !

http://users.ugent.be/~avierstr/

Andy.Vierstraete@ugent.be

(CTAGGTAGCTAGTCG

— GCTLIFECISGATAG
= CY-LETTERTWORDT CeMoFE
[T TGIeinlt

= GCTATATCGTAGCTG|
GHENT |
UNIVERSITY

WWW.DNA.UGENT.BE

Center for Molecular Phylogeny and Evolution


http://users.ugent.be/~avierstr/
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