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Today's Instructor

Dr. Hernan Lorenzi,
Ph.D. in Molecular Biology

Ongoing Computational
Biology projects:

* 16S microbiome/WGS
« Parasite genomics

 Bioinformatics and Computational
Biosciences Branch (BCBB), NIAID

 National Institutes of Health, Bethesda,
MD USA.

» Contact our team via email:
— Email: bioinformatics@niaid.nih.gov

— Instructor: Hernan.lorenzi@nih.gov
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Agenda

Sequencing technologies
* Sanger Sequencing
* Next Generation Sequencing (NGS):
1. Roche 454/lon Torrent
2.  lllumina
3. PacBio
4. MinlON / Oxford Nanopore

NGS biases and errors

Sequencing data formats

1. FASTA
2. FASTQ
3. SAM/BAM
Preprocessing of sequencing reads

NGS Applications

Different Generations of Sequencing

@_, First
Generation

Second
O~ cenemton |-

Third
O ceprston )

@[ Fourth }

Generation
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1972: Sanger started work on DNA sequencing

1977: Sanger developed Di-deoxy chain termination method of DNA sequencing

1977: Maxam and Gilbert developed chemical degradation method of DNA sequencing

1977: First DNA based genome sequenced (DX174 bacteriophage)

1995: First bacterium Haemophilus influenzae was sequenced by shotgun method

1996: Applied Biosystems developed automated DNA sequencing based on Sanger’'s method
1996: First eukaryotic genome (Saccharomyces cerevisiae) was sequenced

2001: Firsthuman genome draft was published by two different independent teams

2005: First NGS platform released Roche 454 GS-20

2006: Introduction of second NGS platform —Solexa Genome Analyzer

2006: Initiation of 1000 genome project

2007: Introduction of Roche 454 GS-FLX & ABI-SOLID sequencer

2008: Development of lllumina GA-II

2009: Introduction of Roche 454 GS-FLX Titanium

2010: Introduction of Roche 454 GS-Junior

2011: Introduction of SOLID 5500 W & lllumina MiSeq

2012: Introduction of lllumina HiSeq

2013: Introduction of SOLID 5500xI W & lllumina MiniSeq

2014: Introduction of Roche 454 GS-Junior+, lllumina NextSeq 500 &
lllumina HiSeq X Ten

2017: Introduction of lllumina iSeq 100

2008: Development of first commercial platform of third generation technology i..e Heliscope by
Helicose Biosciences

2010: lon Torrent released the Personal Genome Machine (PGM)

2011: Introduction of PacBio RS C1/C2

2012: Introduction of PacBio RS C2 XL & PacBio RS Il C2 XL, lon Torrent released lon Proton
2013: Introduction of PacBio RS || C2 XL

2014: Introduction of PacBio RS || P5 C3 & PacBio RS || P6 C4

2015: Introduction of lon S5/S5XL 520/530/540

2016: Introduction of PacBio sequel

» 2014: Release of MinION platform by Oxford Nanopore Technologies
» 2017: Release of ProMethION, GridION & SmidglON X5 platforms by Oxford

Nanopore Technologies

» 2018: Commercialization of ProMethlON platform by Oxford Nanopore Technologies



Sequencing vocabulary

Read: piece of sequenced DNA output by the sequencing machine.
DNA template: Fragment of DNA to be sequenced.

Read depth: number of times a given nucleotide in the genome (reference) has been read in a sequencing experiment. It

can be calculated as (N x L / G) where N = number of reads; L = mean read length; G = genome size

Read coverage: percentage of the genome covered by the sequencing reads.

Contig: a contiguous piece of sequencing data generated from overlapping sequencing reads

Scaffold: set of 2 or more contigs linked together in the same order and orientation as they are in the chromosome.

Reference: anything containing DNA information (genome, chromosome, contigs, etc.)

Mapping: to place reads to one or more specific locations on the reference sequence based on sequence identity.

Base quality: number associated with the probability of error of a nucleotide call within a sequencing read.

Mapping quality: number reflecting how accurate is the mapping of a sequencing read to the reference.

Sequencing bias: preference shown by NGS technologies of sequencing DNA/RNA regions with specific nucleotide composition.
Homopolymer region: DNA sequence composed by a run of a single nucleotide.

Insertion: DNA sequence present in the sequencing data but not in the reference.

Deletion: DNA sequence present in the reference but missing in the sequencing data.

InDel: term referring to a DNA polymorphisms involving an insertion or deletion.

Single Nucleotide Variant (SNV): DNA polymorphism involving a single nucleotide.

Single Nucleotide Polymorphism (SNP): Special case of SNV involving a replacement of a nucleotide for another.

Copy Number Variation (CNV): polymorphism involving changes in the number of copies of a genomic feature with respect to the
reference.

Structural Variation: DNA polymorphisms involving chromosomal/sequence rearrangements (inversions, translocations, etc.)
K-mer: nucleotide sequence of a certain length.
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Sequencing technologies: Sanger

Sanger sequencing:
It was developed by Frederick Sanger and
colleagues in 1977.

Most widely used sequencing method for
~40 years until the appearance of NGS.

Still in use for smaller-scale sequencing
projects and small budgets.

It was first commercialized by Applied
Biosystems in 1986

It uses selective incorporation of chain-
terminating fluorescent dideoxynucleotides
by DNA polymerase during in vitro DNA
replication

Cloned DNA

Reaction Mixture
Primer Template
5 llllllll 3‘ 3 = e
ddNTPs

DNA Polymerase
ddTTP @ ddcTP @ £
ddATP @ ddGTP @

Y

1

Primer
elongation
and chain

termination

lllllllllllllllll

PR

/

b

j N
5*‘ R ¢ Capillary gel
B |- "\ separation
Laser = Detector \l of DNA
l = fragments
Capillary gel
i J
Detection of | )
etection ot |
fluorophores ! gf‘
=

Sequence analysis

done by computers

Chromatograph

7




Sequencing technologies: Sanger

For Sanger sequencing it is necessary to amplify or clone the DNA fragments you want to sequence

Sequencing libraries:

MCS

* Small fragment libraries (<10kb): Resistance
gene

* Single clone: PCR fragment, DNA fragment cloned in a plasmid. Cosmid

* Mid-size fragment libraries (10 kb — 50 kb): .
* Fosmids. Few copies / cell Cos site Ori

* Cosmids. Many copies / cell Up to 50 kb
» Bacterial Artificial Chromosomes (BACs).
One copy / cell ] Up to 300 kb YAC
Insert (1MB)
* Large insert libraries (100 kb - 1000 kb):
Yeast Artificial Chromosomes (YACs) | | | |
Telomere 881119,1/&!?8 Gene3 Telomere

Approach selection will depend on the project: e.g. construct verification, whole genome sequencing, cDNA
sequencing, characterization of transfection library, etc.
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Sanger sequencing Pros:

* High quality

(mean Phred Q-value = 20 => 99% accuracy)
 Reads longer than some NGS reads (500 — 1,000 bp)
e Low cost per sample
 Lower start-up cost compared to NGS
 Cost effective for low number of targets

Cons:

 Low throughput (1 to ~100 reads per run)

* Low sensitivity (e.g. detection of gene expression)
* Low speed (per Mb)

 Short reads (500 — 1,000 bp)

 Expensive (cost per base)

e Less automated

ABI 3730xI DNA Sequencer

LR R LR

i-8- A

CGT Gm—cn:';‘;c—~‘cc GTGCA ce-a;'a.l

M\/ w“' MM\N
Trace file



Sequencing technologies: Sanger

When to use Sanger sequencing?

e X
LLO

 Sequencing single genes/clones

e Sequencing 1-100 PCR amplicon targets at low cost

 Sequencing up to 96 samples at a time without barcoding

Microbial Identification

*  Fragment analysis, high throughput genotyping using, for example, SNaPshot
Microsatellite or Short Tandem Repeat analysis

 Confirmation of Next Generation Sequencing results.
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Sequencing technologies: Next Generation
Sequencing Technologies (NGS)

What is NGS? e TSAGG

TG
SECTTCTARTC Ry,
SHCGTCNTICCe NN

Sequencing data generated with 2"
and 3™ generation sequencing
technologies.

1000000000+ .
Single-molecule l
1000000004 sequencing

10000000
1000000
100000 DNA é

100001 ganger PCR microarrays ./I
1000 method I"Vvented

l/./ Short-read
. f

. next-generation
Capillarygel  sequencing
electrophoresis

Also known as “High-Throughput NGS”

" o 100 l/./
or “Deep Sequencing”. e

10+

1975 1980 1985 1990 1995 2000 2005 2010 2015
Year

They use massively parallel sequencing | First Generation ” E;zﬁg?fﬁon”g’;:gmn
by synthesis of millions of templates ot ; PCLEH
producing millions to billions of
sequencing reads. Game changer!
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No DNA/cDNA cloning required




Sequencing technologies: Next Generation
Sequencing Technologies (NGS)

Some technologies may have higher sequencing error rate compared with
Sanger.

Cumulative number of bases and submissions to GenBank (1982
- Present)

vl 2.50E+08 Cost per Raw Megabase of DNA Sequence
e Bases e Sequences
- 10,000.000 4
8E+11 o
7E+11 . 2.00E+08 « 1,000.000
8 ; S :
v " i
S 6E+11 E /
(] o) 100.000 \
3 1.50E+08 3
S SE+11 x Roche/454 :
- S 3 10.000 \ “ .
O~ € AE+11 c Mumina \ [llumina
e 5 © ‘ i
S : 1.00E+08 " AB}-Solid : / PacBio
- 2 3e+11 5 N N
C e £ : i anopore
- Z € Helicos P
C 5.00E4+07 <
- National Human Genome \
(4 1E+11 Research Institute
C 0 S S 0.00E+00 genome.gov/sequencingcosts
e & & a & S 3 ~ &
- Q o0 c =S & = ) < 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
c e 2 s 2 =& 3 8 3
- Month - Year
L
¢ Source: NCBI
¢




Sequencing technologies: Next Generation
Sequencing Technologies (NGS)

Current NGS Technologies:

Short reads (75bp — 600bp)

an generation Very Large number of reads (millions)
Sequencing of amplified single molecules

Roche 454 / lon Torrent
e [llumina

Very long reads (1x103bp — 1x10°6bp)
rd i
3@ generation Large number of reads

Single molecule sequencing

* PacBio
Oxford Nanopore

| | umina icom torrent

*AOXO+=

@ SA@=] (0N () NANOPORE
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NGS technologies: lon Torrent and Roche 454

I o~ PGM Ox

m Throughput up to 600 Mb -1 Gb DNA Capture
— Read length ~200 — 400 bp on Beads

} Number of reads 4 — 5.5 million

Emulsion

lon GeneStudio S5 Amplification  °
Throughput 15 - 50 Gb

Read length ~200 — 400 bp
Number of reads 2 — 130 million

Substrate
Attachment

454 Roche GS FLX+ (out of production)

=X *‘;“.
A%
vl

oo

oTO1X

O

45

. ,

2

Throughput 400 Mb
oo : Indel ~0.79
=4 Read length (Single end) ~400 bp — 600 bp ndel error rate ~O f
= Read length (mate pair) ~150 bp Subst. error rate ~0.1%
< Read accuracy > 99% 454 lon Torrent
S Nucleotide ATTAGGTTCCCTA%E&&/%& ATTAGGTTCCCTA%S&EA&
{ Sequencing error ~1% Detection a2 v/ A,
C ; ,ATP
: Problems with long homopolymers (~>4) Q;Light
: rd
g Read OUtpUt format: Homopolymer ATTAGG:;?%%%&%%&
B FASTQ (lon Torrent) Repeat
. Detection *H*H*
% SFF (Standard Flowgram Format - 454) = S




NGS technologies: lon Torrent and Roche 454

Qutput from lon Torrent: lonogram.

3-mer 3 T C A G A T CCG T GGGT Template sequence

< _ ‘()(l'-:
111 ‘,‘4‘() Q ?,’:I_.U_ o .
i D30 o X
2 2 .’:: ‘po- - J;\. PR e X Y A 3
RAYQLOL LOOLE

G

2-mer 2
1-mer 1 | |
0 | | = " I I k= | | I | | = . I E3 o

TACGTACGTACGTACGTACGTAC G Repetitive sequential base
flow [TACG][TACG]..

Not all bases are incorporated

Flow




NGS technologies: lon Torrent and Roche 454

Types of sequencing libraries:

Fragment or single end Mate pair
Genomic DN*
T— 1 Template several kbp
CA ca ®
2
DS fragmentation %. break
x 1[ 3
i 0100
ey - [
A e Jemplate ~400 bp T "
- Adapters P/? — _--n -._._-—
C OR l ~150 ~150 bp
a Barcode Adapters X Ligate adapters _
¢ prers o) ~ -« Raw seq. read
C A P1 , 5 Bead s e
- [ I e Nonbarcoded library
q OR
a T —— :coded ibrary 6 — Processed S€q. read
» T
: ' .
d Fragment read Mate pair reads (shorter)
¢
C




|
A
0)
&%
;_M
-
*)

O
e
-
-,C
C
C
C
¢
¢
¢
¢
¢
C

NGS technologies: lllumina

lsolated DNA ~ [#A%G P PAROE
| 1 1 |
7 ! N
Fragment o —
v v |
End Repair _— ——
) ¢ ¢ ¢
apter _— e .
Ligation — T — - e e

Flow Cell n ( Reverse Strand
Hybridization n ﬂ Removal

N
I Y
\

Cycle n e

Bridge . I X
Amplification /

ﬂ\@ . . Cycle ‘ ‘.. —?N_'.'/

Computer

Reads
(X.Y)

Computer
Reads
(X.Y)

Sequencing error (substitutions):
~0.1%; can be lowered by software.
Read length (75 bp — 300 bp)
Throughput up to 6,000 Gb

Read output format: FASTQ




NGS technologies: lllumina

Barcoded sequencing libraries and multiplexing

Index 1 Seq. Primer Seq. Primer Index 2
(barcode)  pingingSite 1 Binding Site 2, (barcode)

/

DNA to be sequenced

Adapter Adapter
; Terminal seq. 2 . . . -
Terminal seq. 1 Paired-end library Mate-pair library
. Order of sequencing: Read 1 -> Index 1 -> Index 2 -> Read 2
o Barcoded library —
A B c D E N
w Library Preparation Pool Sequence Demultiplex Align
T
: .3-, %% o - ’ 0 PS5 Adapter 4
g y T N/ ) y — :
¢ ! 0 0 DNA —
i - // " 'v i 350600 bp
/ ——— L 4 :JEDPH Flow cell

P7 Adapter - ‘ o \ 5 o 2. 1] —+Fnoww|
777777777 777777777 J77777777£ 777717777 [  —

# High-Quality bases Read 1 > # High-Quality bases Read 2
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Sequencing technologies: lllumina

There are different lllumina sequencers available to accommodate distinct applications and budgets:

_
= £ L
iSeq 100 MiniSeq MiSeq Series © NextSeq 550 Series©@  NextSeq 1000 & 2000 NovaSeq 6000
Run time 9.5-19hs 4-24hs 4-55hs 12-30hs 11-48hs 13-44hs
000~ Max. Output 1.2 Gb 7.5 Gb 15 Gb 120 Gb 330Gb 6,000 Gb
: ' Max. Reads/Run 4 million 25 million 25 million 400 million 1,000 million | 20,000 million
oQr
oo Max. Read Length 2 x 150 bp 2 x 150 bp 2 x 300 bp 2 x 150 bp 2 x 150 bp 2 x 250 bp
=
9‘( Applications
S Transcriptomics (total RNAseq, X X X
E mRNAseq)
¢ Single-Cell profiling (scDNA- X X X
¢ seq, sScCRNA-seq)
E Metagenomics sequencing X X X
q
. E 16S rRNA taxonomic profiling X X X X
E Small whole genome seq. X X X X X X




NGS technologies: PacBio

microsatellites microsatellites
2 N |

genomic DNA
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SMRTbell library liorary insert £\ ol £ e S
Excitation Emission £
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Accuracy vs. Subreads

————————————— - 60 -
Low accuracy 5
= c—— > s .
©
. : o
circular consensus — S— High accuracy £ ~
] — s — = . 2 N a o .
Sequencmg — S Q40+ | \‘ 1 W/ \/ Analysis
3 phed | [l pes ¥ . A
— D — :»:3 NV ‘ . S:jw
%30_ oY 3 : $AG,
g '_u" sead. vc'\;“ V‘.’."./’ -'-_. ,/' y .\ “g‘ ..-o.“
. . T Ji N ¢
sequencing read subreads circular consensus £ New CCS
sequence (CCS) 51 4 Algorithm
removes bias
T * y . that restricted

40
Number of Subreads

accuracy.




NGS technologies: PacBio

PacBio Specifications Pros:

00 * No DNA amplification required
* Fast
* Longer reads (11kb — 15kb average)

s . - * Can be used to detect/characterize long structural
] Half of data in reads: >20 kb . . . .
: > e variants (large inversions, translocations, tandem
e amplifications).
] Sequel . .
" * |t detects base modifications
e Top 5% ofreads: 40K Cons:
| I | = | * High error rate ~14% (but can be improved to
B 0 II _ <0.1% at the consensus level)

2500

Reads

oQ—
O-
g 10,000 20,000 Read Lzohogzh 40,000 50,000 60,000
qc
C
C
C R tplessim weieE Supported SMRT Cell SMRT Cell 8M SMRT Cell 8M SMRT Cell 1M
E Total output ~500Mb - 1Gb 5Gb-10Gb Number Of HIFI Reads
- Up to 4,000,000 Up to 4,000,000 Up to 500,000
¢ Sequel Qupity 2o 206b >99%* Accuracy P P P
2] Mean read length 10-15kb 10-15kb H H
E Sequencing Run Time per Up to 30 hrs Up to 30 hrs Up to 20 hrs
q Single pass accuracy ~86% ~86% SMRT Cell
‘ E Consensus (30X) accuracy >99.999% >99.999%
¢

# of reads ~50k ~500k




NGS technologies: MinlON Oxford Nanopore

Cons:

HP motor template 2-direction
read read

O 0

Real time sequencingd

.. . . motor enzyme 19
N.o amplification requn.re.d | T %
Highly portable and minimum hardware requirement

Can sequence both DNA and RNA molecules Q
Longer reads (entire DNA/RNA fragment length)
Can be used to detect/characterize long structural variants (large

inversions, translocations, tandem amplification).
Can detect base modifications. |
C G A C i

current (pA)

High error rate (median ~3 %). It could be improved with error correction time (ms)
algorithms and complementary lllumina sequencing data



NGS technologies: MinlON Oxford Nanopore

Library types and applications:

* Sequencing of DNA or RNA molecules

* Barcoded libraries by PCR or ligation (12/24 barcodes) ‘ / ‘\
 Room-temp library preparation kits (portability) /5.5 \
» PCR-free RNA/cDNA sequencing (portability, less bias) [ Mo ma
* PCR-free targeted sequencing with CRISPER/Cas9 technology < { . j
* Detection of base modifications for both DNA and RNA. ¢ \‘\ PN ~)
\ X
\ %

v :' O
X
\" =
Dy -

Input material:

* PCR-based: 1 —100 ng DNA/RNA
* PCR-free: 100 ng — 10 ug DNA/RNA
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Sequencing technologies: Oxford Nanopore

Flongle MinION PromethlO | PromethlO
Mk1C N 24 N 48

Max. yield / flow cell 2Gb 44 Gb 44 Gb 44 Gb 242 Gb 242 Gb
# Flow Cells / device 1 1 1 5 24 48
Max. yield / device 2Gb 44 Gb 44 Gb 220 Gb 5Tb 10Th
" 5 Best in field yield / flow cell 1-1.8 Gb 42 Gb 42 Gb 42 Gb 245 Gb 245 Gb
: Cost $1,460 $1,000 $4,900 $49,995 $195,455 $265,455

Read length: Longest read so far > 4 Mb.
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Comparative analysis of sequencing vias across
sequencing technologies

A) - PacBio -_— PGM e GAII - HISeq -—— MiIseq
I 50.1
. o | {1 j ¢ 3y 71
,f SequenCing-[lonTI:)ar(r::rlmc; i E : H = E i (1)]
2| errors lllumina I I 1 .
£ o P. falciparum (19% GC) i | | | e
& ) ! 1 : |
2 | | Chr 11 fragment | |} '
g 1 1
B i 1 '
) M - l‘ A i E A e b iy ) ..v.!*;. ) .v"l.?:';.‘. “ A SA I
v Y 9, N R | 1 ;J '\’V‘“ gr‘\\"’wﬂ‘:‘,ﬂq ! A ", '.‘ 3
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Comparative analysis of platform-specific

sequencing errors

. PacBio
Sequencing -[on Torrent
errors Illumina

PacBio

lon Torrent

Hlumina

A)

C)

[T

LI TR

i [T
(LR

0.

>->
<<
—3
|1105800

<< 9

M L K K K K K K

g TGGACAAAAATTAGGAAAGAT

1 TGGACAAAAAATAGGAMNAGN TRARAMAAAAAANAGG =
) TGGACAA—AAATAGGARAGATANMA AR AR AR R NGGCH— =

1107821

TGAACARNNNART
TGGACARRAATTAGGAAAGAT e

1107831 1107841 1107

TGANCAARAAATAGGAAAGATARAAAARAAARAGG
TGGACAAAAAATAGGARAGATAAAAAARAAAR

1107821 1107831
TGGAOAAAAAATAGARAAGAT,

AAARRAMABRAAGC
TGGAGAAAAAATAGGAAAGAT=AAAARAAAARAGG.

1107841 1107

3990 40000

AAAATAGGAAAGAT—AAARRAARRAGG
TGCGACAAAAAATAGGAAAGAT=AAAAAAAAARNGG

1107821 1107831

TGGACARARAATAGGARAGAT
ARAAARAAADAAARAPARAARRRARANA
TGCACAAAAAATAGCAAACATAARAAAARAAARAGCAN
TGGACAAAAAATAGGAAAGATARARAARRAARAAGGAS
TGGACAAARAATAGGARAGATAAAAARRAARRAGGA?

1107841 1107

TGCACAAAAAATAG

C # XK K K XK K K




Comparative analysis of platform-specific
sequencing errors

2.

Percentage of genome (%)

L

Percentage of genome (%)
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Theoretical ”,
HluminaGA ]
lluminaMiSeq -
MiSeqPCR
lluminaHiSeq
PacBio -«
lonTorrent

3 5 7 9 11 13 15
Cumulative read depth
S.aureus

32.7% GC

Theoretical
uminaGA
HiuminaMiSeq
MiSeqPCR
lluminaHiSeq
PacBio
lonTorrent

>y

3 5 7 9 11 13 15
Cumulative read depth
P. falciparum

19% GC

=

Number of bases (M)

F)

Number of bases (M)

Theoretical
0.35 | lluminaGA
IluminaMiSeq
03} . MiSeqPCR
0.25 | o lluminaHiSeq
. 4 \ PacBio
02 | ,‘. o B lonTorrent
H 1
0.15 ¢ ) : “\
0.1 | 7 \x
005+ ~ ¥ ::. .
0 satiat . . . S aas
0 5 10 15 20 25 30
Read depth
S.aureus
32.7% GC
7
Theoretical
6 lluminaGA
IluminaMiSeq
5 MiSeqPCR
lluminaHiSeq
4 PacBio
3 lonTorrent
2 ey
g
1 = o b " -
O;...-'_:’ s Eon . - Ry T T
0 5 10 15 20 25 30
Read depth
P. falciparum
19% GC

16S rRNA sequencing data
A‘ Error frequency (errors/nucleotide)
MiSeq -

B. 0001 002

A. baumannii B. cereus

I I B I
I = = === 1
C. beijerinckii D. radiodurans E. coli
g a0 m m
Ic Sl ) B =
lon “Forward”| IR 1 I I
E. faecalis H. pylori L. gasseri
liSeq| N 1 . ;0
lo Il I [
i B = I
L monocyfogenes N. meningitidis P. aeruginosa
Seq 0 | |
lon “f = | |
lon “Forward”| N | I S — i
S. aureus
|
| .
=3 |
S. pneumoniae
I
I L
Ic LI
( 00
Error frequency (errors/nucleotide)
SNPIN
Homoindo I

Compound



Sequencing data formats: FASTA

The FASTA format is used to represent sequence information. The format is very simple:

* A} symbol on the FASTA header line indicates a fasta record start.

* A string of characters called the sequence id follows the > symbol.

* The header line may contain an arbitrary amount of text (including spaces and tabs) on the same line.
e Subsequent lines contain the sequence (DNA, protein).

Examples

>MY_seq_ID Genomic element description
ATGCTAGGCGCGTCGCTGCTAGTTTTAGTACGT

=

>bar other optional text could go here
CCGTA

>Sequence_1
ACTGCAGT
TTCGNNNNNAT

>repeatmasker
ATGTGTcggggggATTTT

>prot2; my_favourite_prot
MTSRRSVKSGPREVPRDEYEDLYYTPSSGMASP

4
f\(\lﬁl(\l(\lﬁlf\l(\lf\)\éi’




Sequencing data formats: FASTQ

~ 2 S
FLOR
ata N Na N Na S NaN NaW ot WaW | n.J\ :

FASTQ syntax

FASTQ is a standard format by which all sequencing instruments represent sequencing data. It may be thought of as
an enriched FASTA format that includes quality measures for each sequence base: FASTA with QUALITIES.

The FASTQ format consists of 4 sections:

1. A FASTA-like header, but starting with the [@ symbol followed by a read ID and more optional text.
2. The second section contains the nucleotide sequence, typically on a single line, but it may span several lines.
3. The third section is marked by the g sign and, optionally, followed by the same sequence id and header as the first

section.
4. The fourth section encodes the quality values for the sequence in section 2, and must be of the same length as the

sequence in section 2.

@NS500647:141:HFGTMAFXX:1:11101:11683:1016 1:N:0:TGAAGAGA
CCCGCNGCTCTGCCTCGETCTGCTGCGAGGGCAAGCAGCGAAACGAAGGLCGLCCGCAGLCCELTTCTCTEGETGCA
+

AAAAA#EEEEEEEEEEEEEE ! "#5%&" () *+, —. /0123456789 :;<=>7?QRAEEEE/EEEEEEEAEEEEEE



Sequencing data formats: FASTQ

FASTQ quality values
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Each of the ASCII characters in the 4th section represents a Phred score, encoded via a single letter encoding.

Phredd+33 scale
Quality values: !"#S$%&'()*+,-./0123456789:;<=>?Q@ABCDEFGHI

Phred scores: ....5...10...15...20...25...30...35...40
(PS) | |
worst best

Phred scores represent the error probabilities of each base call in the sequence based on the formula:

po—

PS=0=>1error/1bp or 100% error probability

PS=10=>1 error /10 bp or 10% error probability
Error = 10-P5/10 | _J ps=20=>1 error/ 100 bp or 1% error probability

PS=30=>1error/ 1,000 bp or 0.1% error probability
PS =40 =>1 error / 10,000 bp or 0.01% error probability

m——




Sequencing data formats: FASTQ
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 There was a time when instrumentation makers could not decide at what ASCII character to start the
Phred scores. The current standard shown in the previous slide is called Sanger (Phred+33) format where

Phred scores start at ASCIl character number 33 = “1”.

* Previous versions of Illumina/Solexa (< version 1.8) used another set of ASCII characters to represent

quality values starting at or nearby ASCII value 64 (Phred+64).
e PacBio uses Phred+33 scale.

PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
1" #$%8& " ()*+,-./0123456789: ; <=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]1~_"abcdefghijklmnopgrstuvwxyz{|}~

33 59 64 73 104 126
s aina ninrataraia aiwielnin eta n ntninlarn 7 A X A A O 40
by e rtw ) e e e T ok o T A e T Ty 40
Qi A R S SN A 3 EE RO S (ORI 40
052 iaaiee u e n i e e e e e [ 205 3 ssianne 41
Qiiaasaaes wamiasiaaats 205 v s 30iaaiaeis 405iaicaiaa D0t i waraa am e e k) e WA e i e TSR e e e 93
S - Sanger Phred+33, raw reads typically (@, 40)

Raw read quality values will depend on
the sequencing technology and the
base caller program used.

Typically for [llumina they go up to 41.
Larger quality values can be reached

(e.g. PacBio consensus reads or
mapped data)

X - Solexa Solexa+64,
I - Illumina 1.3+ Phred+64,

L = IlTlumina 1.8+ Phred+33,
P - PacBio Phred+33,

raw reads typically (-5, 40)
raw reads typically (0, 40)

raw reads typically (@, 41)
HiFi reads typically (@, 93)




Sequencing data formats: FASTQ

Paired-End reads can be stored in the same fastq file (interleaved) one after the other, or
as two different fastq files, in the same order.

Fastq IDs store useful information about the sequencing run
(e.g. Instrument name, run ID, flowcell coordinate of a read pair,

index sequence, etc).

Instrument name
Read pair number—
Index sequence

Interleaved file File 1: Forward (READ 1)
@N8500647:141:HFGTMAFXX:1:11101:11683:101%62;?:0:TGAAGAGA » @NS500647:141:HFGTMAFXX:1:11101:11683:1016 1:N:0:TGAAGAGA
CCCGCNGCTCTGCCTCGTCTGCTGCGAGGGCAAGCAGCGAARSGAAGGCGCCGCAGCCG CCCGCNGCTCTGCCTCGTCTGCTGCGAGGGCAAGCAGCGAAACGAAGGCGCCGCAGCCG
+ +
AAAAAHEEEEEEEEEEEEEE ! "#5$%&' () *+,-./0123458 ; <=>?@AEEEE/E AAAAAHEEEEEEEEEEEEEE!"#$%6&' () *+,-./0123456789: ; <=>?QAEEEE/E
@NS500647:141:HFGTMAFXX:1:11101:11683:1016 : 0: TGAAGAGA @NS500647:141:HFGTMAFXX:1:11101:8829:1016 1:N:0:TGAAGAGA
NNTCTTGTGATCCCAGCCTTGCCTTCGTGGAGAAGCGAGGCOTER CACTGCGTCGCCSA\ CAGACNCATCGTGACGCCCAACGCGTTCCCTCCATCGATTCGTACGAGACTCGCAGCCG
+ +
ARRAAYEEEEEEEEEEEEEE!"#$3& ' () ¥+, -. /0123456789 ; <=>?G@AEEEE/EE 4 AAAAA#HIOUHWEIUH*%$$#* LNSLKNLOOKNHHHHHSI JWO& ~ "% (*HEEEEEEEEE
@NS500647:141:HFGTMAFXX:1:11101:8829:1016 1:N:0:TGAAGAGA
CAGACNCATCGTGACGCCCAACGCGTTCCCTCCATCGATTCGTACGAGACTCGCAGCCG )
‘ + File 2: Reverse (READ 2)
. AAAAA#HIOUHWEIUH* %8S #* LNS [RNEOOKNHHHHASTIHOS ~ "% (*HEEEEEEEEE
é; @NS500647:141:HFGTMAFXX:1:11101:8829:1016 |2:N:0:TGAAGAGA @NS500647:141:HFGTMAFXX:1:11101:11683:1016 2:N:0:TGAAGAGA
o NNTc®cacac M GCaTCGGCCACGTTTECCARR TCAAGACG‘AGGAGAG‘GGCAAG;EK\ NNTCTTGTGATCCCAGCCTTGCCTTCGTGGAGAAGCGAGGCGTGAGCACTGCGTCGCCCA
> " \\\\\\\\‘ +
¢ ##AAQEEEEGDE%@R " && (* * *EEEEEE/EE/E}EFEEEEEEAEEEEEEEREAEEEEEAG AAAAAYEEEEEEEEEEEEEE!"#8%&" () *+,-./0123456789:; <=>?@AEEEE/EE
c @NS500647:141:HFGTMAFXX:1:11101:8829:1016 2:N:0:TGAAGAGA
> I NNTCGGAGACAGGCGTCGGCGACGTTTGCGAAAGTCAAGACGCAGGAGAGCGGCAAGGAA
C +
c Flowcell coordinate ##AAAEEEEGDGS@E"&& (** *EEEEEE/EE/EEEEEEEEEEAEEEEEEEEEAEEEEEAG
C Run ID
C
L
C
C




Sequencing data formats: SAM/BAM

 The Sequence Alignment Map (SAM) format is usually used to represent the results of aligning a FASTQ file to a
reference FASTA file.
* |tis basically a tab-delimited text file containing sequencing read and mapping information.
« A BAM file is a binary version of a SAM file.
* PacBio processed sequencing data can also be stored as a BAM file.
* |t has 2 sections:
1. Header

2. Alignment

1. Header (optional but necessary for some applications):
Lines start with “@”.

Harbors information about the file itself, the reference and the sample.

@HD VN:1.0 SO:coordinate » Mapped reads sorted by coordinate on the reference
@SQ  SN:chrl LN:249250621

@SQ SN:chrl0  LN:135534747 } Reference sequence IDs and their length in bp.
@SQ SN:chrl1l LN:135006516
@RG ID:My_sample_ID PL:lllumina SM:My_sample_name -+ Read Group

@PG ID:bowtie2 PN:bowtie2 VN:2.2.4 CL:"bowtie2-align”— Information about the program and parameters used to generate
the SAM/BAM file

&0
o
Co.
WC
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C
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C
C
C
9 (4
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C




Sequencing data formats: SAM/BAM

2. Alignment (required):
Aligned read information (1 read and its alignment info per row — cigar format):
Eleven mandatory fields W|th allgnment and sequence mformatlon plus additional optional fields.

NS500647:127:H7KKNAFXX:1:11101:8157:1043 CAGCAGGTGCTCAGTAAATGCCGGTTGGGTGAATGAGCAGACACAGCACACACCCC
GTCATATCAGGAACTCCCAGGGAGCAGGTTCTGTCTTGTTCATATTCACGCTGGCAGCCTGTTGGTGGGCATTCAACAAAGGCAGGGATTTGACG AAAAAEEEEEEEEEEEEEEEAAAAEEEEEAEE/EEEEEEEE<EA/EE/E/E/EEEEGEEEEEEEEEEEEEEE
6EEEEEEEEEE/E<EAAEE/EA<EEEEAEEA<<AA/EEEEEEEEE<EEEAAAE/EEAEAEEE</EEEE/AAEAAEA/<6 YT:Z:UP RG:Z:4TGWTDUS38B_10

NS500647:127 :H7KKNAFXX:1:11101:8157:1043 141 = 0 0 * * 0 0 AGAGCTGCATTCCGTCAAATCCCTGCCTTTGTTGAATGCCCACCAACAGGCTGCCA
GCGTGAATATGAACAAGACAGAACCTGCTCCCTGGGAGTTCCTGATATGACGGGGTGTGTGCTGTGTCTGCTCATTCACCCAACCGGCATTTAC AAAAAEEEEEEEEEEEEEEEEEAEE/AEEEEEEEEEE6EEE<EEE/EEE<EEEA/AEEEEEEAEEEE<EEEE
/A<EE</EEEAEAEAEEEEEEEEEE/EEEEAEEE<<A<EEEEAAAEEAAEEE<EEEE//AA/EEEE/EAAEG6EAAAA6 YT:Z:UP RG:Z:4TGWTDUS38B_10

NS500647:127 :H7KKNAFXX:1:11101:12489:1040 99 TGME49_chrII 1240834 42 150M = 1240867 184 TACACNAAACACTGGAACCGATACAAGCAGGGAGCCTTCACAAAACAT
TGCTGAACTCGACAACTGAAGAGACGGTGTTCTGCAAGACCCACAAAGAGAGACCCCAAACGCTCCTCCGCGAGAAACGAATACGAA
EEEEEEEEEEEEEEEAEE<EEEEEEEAAAEEEEE<E/AA<</E//A<EEEEE<A<AAA<E<<E<EE/<<6AAAAA<AEE<<EEAAE |AS:i:-1 XN:i: 0 XM:i:1 X0:i:0 XG:i:0 NM:i:1 MD:Z:5A144

G:Z:4TGWTDUS38B_10

NS500647:127 :H7KKNAFXX:1:11101:12489:1040 147 TGME49_chrII 1240867 42 151M = 1240834 -184 GCCTTCACAAAACATTGCTGAACTCGACA \CTGAAGAGACGGTGTTCT
GCAAGACCCACAAAGAGAGACCCCAAACGCTCCTCCGCGAGAAACGAATACGAACCTTCAAAACGGAAGACAGGCAAAGGGTGCATGCACGCGTAGATGCCTC A<AEG6EAEA<AEAAAAEEAAEAEEEEEEEEEAEEEAEAA<AAGEE :/EEEE<A/E<EE<EEEEA
EEAEEEEEEEEEEAEEEAEEEEEEEAEEAEEEAEEEEEEEEEEEEEEAEEEEEEEAEEEEEEEEAEEEEEEEEEEEAEEEEEAAAAA AS:1:0 XN:i:0 XM:i:0 X0:1:0 XG:1:0 NM:i:0 MD:Z:151 YS:i:-1 YT:Z:CPR
G:Z:4TGWTDUS38B_10

NS500647:127 :H7TKKNAFXX:1:11101:18455:1042 83 TGME49_chrV 917929 42 151M = 917834 -246 AGGCCGCTGCTCTCGCCACTGCAAAGGGC JAGACTCGAACACCTGCGA
CAAG 'GGCGAGTGCATGCGTTGAGGATCTCCTGACCCTCTGTGAGGCT” CGCGTTG “TGCAGCAAGCCGTC' SAGGAAC SAAGAAGA ACCGGA NCCATC AA<A- -AEA? EAAEEAF E<<EEEA<AA<E<EEEAAEEAEEEEE \<EEEEAAG6AE<EAEAEEE
EEEE (EEEEEEEEEEEEEEEE/EEEEEEEAEEEEEAEEEEEEEEAEEE! EEEEEEEEI EEEEEEEEEEEEEEEI EEEEEEE *AAAAA Af :i:-1 IN:i:@ XM:i:1 X0 i:@0 XG i:0 NM:i:1 MD:Z:145T5 YS:i:-5 YT:Z:CPR
G:Z: TGWTDUS38B_10

£
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Read Name Read quality  Qptional fields
Read Sequence

Inferred fragment length; “*” if SE
5’ coord of mate (mate pair information; “*” if SE)

Name of mate (mate pair information for paired-end sequencing,
often "="; “*” if SE)

CIGAR string (position of insertions/deletions/matches in the alighment)
MAPQ (mapping quality)

5’ coord on reference

usgn

Reference ID (
SAM flag

if unmapped)




Sequencing data formats: SAM/BAM

PacBio BAM files:
BAM files are also used to store PacBio subread information that can be used to build High-Fidelity CCS
consensus reads.

Each row contains information for one subread (position within the whole PacBio read, quality values, etc.).

Subreads are sorted by their position in the PacBio read.

A S &) Accuracy vs. Subreads
g M o0 :
=O-1X
3 P50~
Y o g '
%( SMRTbell &

¢ AN V4 3 ey fypes 8 = N + Old
C e g ¢ | *- New
C < Subread s 30- &
3 i cirore 2
¢ [pronrencsamann: 3
- Fulldength e RS- 5 New CCS
C P PP—— < Subreads £ 20~ ~ =
X (passes) { VPR . / Algorithm
C I— ..... T o J y removes bias
| TR e T > x > that restricted
- Generate consensus read § Number of Subreads accuracy.
l4 g CCS read
5 ACTAG
C
¢




Preprocessing of sequencing reads: Read Quality Check

Rrastac [E=N EoR =X~

Goal: to assess if sequencing reads contain: Eie e d h

Basic Statistics

Quality scores across all bases (Ilumina >v1.3 encoding)

. 34
Per base sequence quality 32%7 ﬁﬁﬁﬁ IIIIIIIIIII

* Unexpected short read size

Per sequence quality scores 30

e Low humber of reads

Per base sequence content 28 1 BiRln -
26 u
° LOW q u a I ity Of ba Ses Per base GC content z: | I L |
20 Ihin
* Presence of adapters or indexes e

Sequence Length Distribution|16
14

12
Overrepresented sequences |1g

Sequence Duplication Levels

* Any sequencing bias (overrepresentation of

CO00OO00LO

m
S
[al
o
-
=3
m
-
=3
3

specific k-mers)

[ N Y

[TTT

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39
Position in read {bp)
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Preprocessing of sequencing reads: Read Quality Check

FastQC (Andrews, 2010) is a quality control tool for high throughput sequence data in Fastg format (Illumina/PacBio/454).
Command line fastgc or graphical interface

It generates complete HTML report to spot problem originating from sequencer, library preparation, contamination.
Report contains summary graphs and tables to quickly assess your data.

@Sequence Duplication Levels

Q .
Per base sequence quality @Adapter Content

nt of seqs remaining if deduplicated 94.81%

(V] Quality scores across all bases (llumina 1.5 encodins gl 100
BrOOO T T TOOOOnOooono oo oo oo e oy 9% Deduplicated sequences % Adapter
© 0 o e e oyt qvencer
(q0) 54
v -
N 30
=)
o —
: 7
234 Sequence Duplication Level 6
nnnnnnnnnnnnnn (bp) Position in read (bp)
_6____________________________________________________
Per base sequence quality o o
Sequence Duplication Levels @Adapter Content
Quality scores across all bases (lllumina 15 encoding}
” Percent of seqs remaining if deduplicated 33.37%
AR TCAR TR AR TR CAE D 100 3
) HEEAAER rrrrrr1rrrr[r7f7 0\ . %Dediplcae d sequences

° o 123456789 1213 18-19 24-25 30-31 36-37 42-43 48-49 54-55 60-61 66-67 72-73 78-79 84-85
3456780910 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 1 2 3 4 5 6 7 8 9 >10 »50 =100 >500 =1k >5k >10k . ®  Positi & in reac d (1
iti o ! ( | ) S SEMT opicatn IE‘e. ti I I Position inn'Read ( b p)

Bad quality reads

4
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http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Preprocessing of sequencing reads: Cleaning of Fastq files

Objective:

Detect and remove sequencing adapters (still) present in the FastQ files
Filter / trim reads according to quality (as plotted in FastQC)

Highly recommended step before performing any analysis with the sequencing data.

There are several tools available:

Sickle: trims sequences based on quality values (https://github.com/najoshi/sickle).

cutadapt: detect and removes adapter sequences, primers, poly-A tails and other types of unwanted sequences
from high-throughput sequencing reads (https://cutadapt.readthedocs.io/en/stable/index.html).

Trimmomatic: a highly configurable tool for trimming adapters and removing low-quality bases
(http://www.usadellab.org/cms/?page=trimmomatic).

fastp: an all-in-one and ultra-fast trimming tool. It supports multithreading
(https://github.com/OpenGene/fastpttexamples-of-report).

~ 2 S
FLOR
ata N Na N Na S NaN NaW ot WaW | n.J\ :




NGS Methods

* Genomics
* Reference-based Whole Genome Sequencing

 Targeted Sequencing: Exome capture PIOAES = 1 cchie €9 2 e
* De Novo Genome Sequencing ‘0_,' quantification 0" -0 o e BE
. . O digtal >~9<_3 b gprofmnq g
* Transcriptomics prepara jon TU 75 X IR
* Total RNA and mRNA sequencing hl h throu h utc %j paek . SRR B
e Targeted RNA Sequencing g g p (] 3% protein

* Small RNA and Noncoding RNA Sequencing
including
* Epigenomics
* Methylation Sequencing
e Chromatin Immunoprecipitation (ChIP) Sequencing

s 9.9 ‘\.:.
B SORC
i 0.0,
3 . 32.09T
i
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NGS Methods — Reference-based Whole
Genome Sequencing
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Reference-based Whole Genome Sequencing (pre- Typical workflow
existent reference genome sequence available): Genomic DNé:rom sample
1. Identification of Single Nucleotide Variants (SNV), Fragmentation
Copy Number Variations (CNV) and Structural e
Variations (SV). Sequencing library preparation and sequencing
2. Genome-wldg association Studies (GWAS). — f—
3. Characterization of mutants.
4. Population studies. Read quality check (e.g. FastQC)
5. Characterization of new strains (pathogenicity . _— et :
. ) . Read cleaning (trimming of adaptors and low quality reads/bases)
islands, plasmids, virulence factors). &
_— Clean Fastq files
= SV v
e "' - e - $ 3 Map reads to reference genome (e.g. BWA, bowtie2)
i by iy
15 . e Raw SAM/BAM alignment file
ﬂi ; Tl T T+ - ‘ :
SNV e sower el Removal of duplicated reads (coming from the same DNA template)
= L
Realign reads around complex genomic regions (e.g. di/trinucleotide tandem repeats)
! L
Al Final alignment BAM file
i <

[ VS A ]

— : Analyses (e.g. SNV/InDels, reference-based assembly, base modifications, etc.)



NGS Methods — Targeted Sequencing
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Targeted Sequencing: Sequencing of specific genome regions/transcripts of interest.

Example: Exome Sequencing
Sequencing of a subset of protein-

| coding sequences of a genome.

| Approach:

* PCR
* DNA/RNA capture

1. gDNA fragmentation
<
2. Enrichment of exon-containing
fragments.
* PCR ampilification
* Hybrid Capture
* In-solution Capture

e Others
<

Hybrid captureP

Exon 1 Exon 2 Exon 3 Exon4 Exon 5
- - = gDNA
Fragment and hybridize to
NimbleGen capture array ___-
Elute - -
— —
\__
2 Analyze
o — HT-Sequencing
]
e Exon
Sequences

3. NGS Sequencing (Usually lllumina sequencing).

In-solution Capture?

BENOMIC SAMPLE

ooooooooooooooo

Capture Process

B+ I +

GENOMIC SAMPLE (PREPPED) HYB BUFFER B|07INVLATED RNA LIBRARY
BAITS”

LYJ
§,

@)
Hybridization
\ /

m m m U STREPTAVIDIN COATED MAGNETIC BEADS
Wocmc@@wé + OAHATQ

W@@&C@Q

W} Bead capture
UNBOUND FRACTION Wash Beads
DISCARDED and
Di¢ gesl ANA l
NN AN, Al
AP ==> | Sequencing



NGS Methods — De-novo Whole Genome Sequencing

. Genome Adapted from Di Genova et al, Nat. Biotech. (2020)
De-novo Whole Genome Sequencing (No reference needed): — S e— A, R, R,

Sequencing and assembly of novel genome without the guidance Shortreads

R e i
e I i i R e e e e

p Synthetic mate-pair libraries
St'e S ?*‘_ ?a“ - _— - -
1. gDNA fragmentation. = | | | | | | -
2. Choose of sequencing technology(ies) (depends on genome {4 —— —_
properties) | | e | | e | e | o
* AT-rich / GC-rich genomes | T
* Repetitive genomes skb | A
* Genome size S O T i -
_o. . . . ] 10 kb ot - . - . ! -
% 3. Sequencing library preparation: |
7 e Different insert sizes (depending on the nature of the Short read-based contigs
- ]
¢ genome). - S
¢ e Paired-end. . Us;orlo:gTe;:ls_anE/cTr n:atz—@ir_seau:nc_ing_d;ca_to_det_erzwin_e the order
¥ 4. Assemble sequencing reads: of contigs (scaffolding) e gaps
C . — —
q * Depends on genome properties. e - e F e, —
] * Sequencing libraries chosen T T, Do
\ h . e
c  Sequencing technology L L L oL L L LIS _
¢ Fill sequencing gaps (Complete genome assembly)

5. Structural and functional annotation of the genome assembly.

———— R, e R, iR; R,




NGS Methods — RNA-seq
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Total RNA and mRNA sequencing

» Differential gene expression analysis

 RNA (gene) discovery.

* |dentification of common, rare and
novel transcripts.

 Detection of isoforms.

* Detection of splice junctions.

* |dentification of transcribed strands.

e Structural (gene) annotation.

* RNA base modifications.

Library Preparation and sequencing
technology will depend upon source of
RNA and project goal (Bacterial or
eukaryotic RNA, blood RNA, etc.).

TouaWng | 040 VWY

201 9w

Strand-specific RNA-seq analysis

REIALLY)

Transcripts (UTRs in White when available)
I - Y .

12-20 hours post-invasion (unique forward) Coverage

;luml... e ok

12-20 hours post-invasion (unique reverse) Coverage

.,l.l N

I

L iiiing g BT Y
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NGS Methods - Transcriptomics

Targeted RNA sequencing

* Measuring expression of specific genes,

. Illumina TruSeq® Targeted RNA Sequencing kits
pathways or diseases.

Total RNA
Small RNA and Noncoding RNA Sequencing ER -«
JS' 3
* Measuring expression of 18-22b RNA Hybridization 2\ ut ;
population. Ragion of Intacest

Extension-Ligation \

Va4

RNA sequencing approaches:
lllumina sequencing: Amplification

75 bp vs 150 bp vs 250 bp reads
Fragment reads vs paired-end reads.

Index 2}

Sequencing Library

Short reads (lllumina) vs long reads (PacBio,
Oxford Nanopore)
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NGS Methods - Epigenomics
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Identification of nucleotide modifications
along the genome

Indirect methods:

* Whole- genome bisulfite sequencing
(WGBS).

* Methylated DNA Immunoprecipitation
sequencing (MeDIP-seq) and lllumina
sequencing.

Direct methods:

* PacBio sequencing
* Nanopore MinIlON

MeDIP-seq

an DNA provided
MW by you

l sonication
i

SR AN

an ain

P/\Y7\N

denaturation
cHl
cn

VAVAN

tm/l\/\

WGBS

6GO0HGOGOH6

l Bisulfite conversion
Me Me
(I IATT AT G LT Il
l Sequencing

CGATTACGT T Bisulfite-treated
sequence

library preparation CGATCACGT C Referencegenome
(untreated)
5-methylcytidine
l antibodies
enriched methylated DNA
l sequencing
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o
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gE2{ 020020 gpeessssSdorcosEEeRs >
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Time (s)




NGS Methods - Epigenomics

Chromatin Immunoprecipitation sequencing (ChiP-seq)

DNA + bound protein Fragment DNA Immunoprecipitate

genomic DNA

1= = /M. %
A - Cross- & P
~ and:hoa w
:'*‘ Sequence Prepare
Release DNA
5 oOmCT Map sequence sequencing

-
-
-

tags to genome library
& identify !— é. e ;% %
peaks %

|C;|\IP!;eq Al Jm 1 -_J ,A...l..“l.l.hLAM
Ea R O 1T Y
“ H3K27me3 i o m
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Thank you!
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