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So, you want to do sequencing...?
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Sanger sequencing
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Sanger sequencing

I Reaction mixture

* Primer and DNA template = DNA polymerase - - -
* ddNTPs with flourochromes = dNTPs (dATP, dCTP, dGTP, and dTTF) B Tl T W T P
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Shotgun sequencing

Hierarchical shotgun sequencing
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. .ACCGTAAATGGGCTGATCATGCTTAAL

TGATCATGCTTAAACCCTGTGCATCCTACTG. ..

. .ACCGTAAATGGGCTGATCATGCTTAAACCCTGTGCATCCTACTG. . .

Nature, 2001



2001: draft of the human genome




“Next-generation” sequencing



“Next-generation” sequencing
or

.. a whole lotta reads..



lllumina sequencing




An lllumina flowcell

Whiteford et al., Bioinformatics, 2009



Sequencing by synthesis
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Seqguencing by synthesis



Seqguencing by synthesis
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Key
applications

Run mode

Flow cells
processed per
run

Output range
Run time

Reads per flow
cellt

Maximum read
length

lllumina sequencing systems

4 w I Jd

MiSeq
Focused power. Speed and
simplicity for targeted and small
genome segquencing.

Small genome, amplicon, and
targeted gene panel sequencing.

NIA,

0.3-15 Gb
5-55 hours

25 Million#

2 = 300 bp

NextSeq 500
Flexible power. Speed
and simplicity for everyday
genomics.

Everyday genome, exome,
transcriptome sequencing,

and maore.
Mid-Output  High-Output
1 1
20-39 Gb 30-120 Gb
15-26 hours 12-30 hours
130 Million 400 Million
2 = 150 bp 2 = 150 bp

HiSeq 2500
Production power. Power and
efficiency for large-scale
genomics.

Production-scale genome,
exome, transcriptome
sequencing, and more.

Rapid Run

Tor2

10-300 Gb

7-60 hours

300 Million

2 x 250 bp

High-Output

1or2

50-1000 Gb

< 1 day - 6 days

2 Billion

2 x 125 bp

HiSeq X*
Population power. $1,000 human
genome and extreme throughput for
population-scale sequencing.

Fopulation-scale human whole-
genome sequencing.

N/A

1or2

16-1.8Th

< 3 days

3 Billion

2 x 150 bp



Multiplexing

Figure 2: Conceptual Overview of Sample Multiplexing \
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A, Twe representative DMNA fragments from two unique samples, each attached to a specific barcode sequence that identifies the sample
from which it originated.

B. Libraries for each sample are pooled and sequenced in parallel. Each new read contains both the fragment sequence and its sample-
identifying barcode.

. Barcode sequences are used to de-multiplex, or differentiate reads from sach sample.

D. Each set of reads is aigned to the reference sequence.

llumina



Other technologies...
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Nanopore seguencing

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.

b
DNA DOUBLE -
HELIX :

© 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. SATATOCTTTON GECS

O A second

protein creates

a pore in the

membrane

and holds

an “adapter”

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

identified electronically.




The MInlION




Pacific Biosciences




What's next?

It's a rapidly evolving field
Existing technologies continually improve

lllumina started out as a small player 10 years
ago (Solexa)

Sequencing as a service?
Benchtop (USB-sized?) sequencers?



The FASTQ format
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FASTQ quality scores

Phred quality score

Qsanger = _10 lﬂglﬂ p

010
020
030
Q40

1in 10
1in 100

1 in 1000
1 in 10000

90%
99%
99.9%
99.99%



FASTQ quality scores

Phred quality score
Q10 1in10 90%
Qanger = —10 log;o P Q20 1in100 99%
Q30 1in 1000 99.9%
Q40 1in10000 99.99%

0.0 0.2 0.4 0.6 0.6



FASTQ quality scores

ASCII Characters Encoding Q-scores (0-40

Symbol | ASCII Q- Symbol | ASCII Q- Symbol | ASCII Q-
Code Score Code Score Code Score
! 33 0 / 47 14 = 61 28
34 1 0 48 15 > 62 29
£ 35 2 1 49 16 ? 63 30
b 36 3 2 50 17 @ 64 31
Yo 37 4 3 51 18 A 65 32
& 38 5 4 52 19 B 66 33
39 6 5 53 20 C 67 34
( 40 7 6 54 21 D 68 35
) 41 8 7 55 22 E 69 36
* 42 9 8 56 23 F 70 37
+ 43 10 9 57 24 G 71 38
, + 11 58 25 H 72 39
45 12 ; 59 26 [ 73 40
46 13 < 60 27



FASTQonfusion!

e [llumina:
e CASAVA<=1.3 Solexa

« CASAVA1.3-1.7 lllumina
« CASAVA>=1.8  Sanger (the “standard”)



Data quality and bias

e Sequencing errors

 Different for different techniques!
 Amplification in sample prep => duplicate reads
« GC bias

 Sample prep

* Bridge amplification



GC bias
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Ross et al, Genome Biology, 2013



Workflow

CTAGTGATTTATCATCTAGGCCAGTGAATACCAGTGGGTGGCAACCCTACC
GAATGCTCGAGCGTTCATGCGAACGATCCGAGCGCATTTTCGGCGCACGAC
. CATGATGTGTAGGTAATGATTCTGAGACAAATTGCAATTGGTTTTCATTTT
E::::j,f ATATTGGGGTTTGGATAAACTGTTAAGCAGATTTGTCTTTCCTGAAACACT
TGTCAGTAACATTTTAAAAACAGTACAAGACATAATAGTGCCCATTGGGC
ATAACTGTCAAATGAAACAATCATCAAGTGAATTGAGTTTTAGTAGGAAT
CAGGGGTCTTGCCTGACAGAAGTGGGATTAACAGGATTCTAAAAAAAGCT
TTACAGATCGCCAAACCACAACAACAATAACAAAGGCATGGATAGGGATCC
TTAAAAAGCTTATCCCAATATGAATTGTTCCATATGGACCACTGTCAGAGG
GATTTTCCCGGGCTTAGGAAGGGGAGGAGCGAGCAAGACAGCCTACCTTTT

Mapping to reference
Identification of duplicates ppIng

Quantification

I
. ‘ I
Peak calling L — —




Workflow

CTAGTGATTTATCATCTAGGCCAGTGAATACCAGTGGGTGGCAACCCTACC
GAATGCTCGAGCGTTCATGCGAACGATCCGAGCGCATTTTCGGCGCACGAC
CATGATGTGTAGGTAATGATTCTGAGACAAATTGCAATTGGTTTTCATTTT
E::::j © ATATTGGGGTTTGGATAAACTGTTAAGCAGATTTGTCTTTCCTGAAACACT
TGTCAGTAACATTTTAAAAACAGTACAAGACATAATAGTGCCCATTGGGC
ATAACTGTCAAATGAAACAATCATCAAGTGAATTGAGTTTTAGTAGGAAT
CAGGGGTCTTGCCTGACAGAAGTGGGATTAACAGGATTCTAAAAAAAGCT
TTACAGATCGCCAAACCACAACAACAATAACAAAGGCATGGATAGGGATCC
TTAAAAAGCTTATCCCAATATGAATTGTTCCATATGGACCACTGTCAGAGG
GATTTTCCCGGGCTTAGGAAGGGGAGGAGCGAGCAAGACAGCCTACCTTTT

BN

Identification of duplicates

Quantification

’

Peak calling

Assembly



Mapping to reference

 Genome or transcriptome
* Any other set of sequences

:-:=:Z



Repetitive sequence

LTR
I I I retrotransposons
DNA transposons e i5INES
Simple sequence I aq ; ‘_' ;
repeats 5 go 8.3% 13.1%
Segmental ] "z"--a_HB‘}‘E"' - :
duplications P Y _ \
Miscellaneous | S .\ 204% \ |INEs
heterochromatin =
I
I NN B 11.6%
I

Miscellansous

unigque sequences ST cali > Protein-coding

genes

Introns

Copyright © 2005 Nature Publishing Group
Mature Reviews | Genetica



Repetitive sequence

 How to deal with repeats
during mapping?

e What can be done
experimentallv?

[ ] [ ] I retrotransposons

DA transposons | SINEs
* Loryger read

Simple sequence
repeats a8 o go;
Segmental i
duplications

B.3% 13, 19,

 Paired-end reads

Miscellaneous | S, N - 20.4% LINEs
heterochromatin | e

Miscelaneous e
unique sequences rolein-coding

genes

Introns

Copyright © 2005 Nature Publishing Group
Mature Reviews | Genetics



Difficulties

Sequencing errors
Errors in reference genome
Polymorphisms

e Insertions
 Deletions
e SNPs

Spliced alignment



Mapping RNA-seq / spliced
alignment

e — —

Mapping to genome



Approaches to mapping

d Spaced seeds b Burrows-Wheeler
Reference genome Short read Reference genome Short read
(> 3 gigabases) (> 3 gigabases)
Chr1 ACTCCCGTACTCTAAT Chr‘ ACTCCOGTACTCTAAT
Chr2 s Chr2 ===
Chr3 === Chr3 ==
Chrd Chr4
Concatenate into
Extract seeds single string
L ~ J
‘ eon N Burrows-Wheeler
Position 2 transform and indexing l
CTGC CGTA AACT AATG
- Bowtie index ]
Position 1 Y (~2 gigabytes) 4
ACTG COGT AAAC TAAT ACTC CCGT ACTC TAAT g !-!:::h‘*-x ACTCOCGTACTCTAAT
ACTG wevs ARAC wwws [ L1l H, _H_“'E-H-;T“x-a. AT
sees CCGT wowe TaaT || SiX seed L2 ] Look up e
AGTG wers  wewe TAAT pairs per — 3 ‘suffixes’ " o S
waes wese AAAC TAAT [ read/ L4 | of read l"f - 1 / .
ACTG COGT ##xs  #wsw fragment L5 | /;/ .
ruen COGT AAAC swew | 6 | .
ACTCCCGTACTCTAAT
llndex seed pairs Hits identify
positions in
Seed index genome where I
of seeds in index
ACTG wewe AAADG swew
: Hits identify positions
& in genome where
. spaced seed pair
u is found
wxxw COGT wwws TMTl:
ACTG ats wass TAAT Confirm hits Convert each
sass CCGT AAAC wev by checking hit back to

“rran” poSsitions

T Report alignment to user €

genome location




Burrows-Wheeler transform

(a) $acaacg (c) "

aacg$ac : g
acaacgs$ a g >
acaacg$—+>acg$aca—+>gc$aaac a a
caacg$a g o™ g
cg$acaa o &
g$acaac —*g &
(b)
g cg acg aacg
$ g $ g $ g $ g
a c a c a c a c
a $ a $ a $ a $
a a a a a a ave—r——"a
c a c a c a c‘\\\\F
c a c a cofacha c a
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Langmead et al, 2009



Next-gen seq applications
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Hypersensitive

Sites
\\ e ol

[ 1

RNA polymerase

\ CH3CO  CH,

\*.
My
o |
LY
Fd
rd
s
# s
# £
P s
ra ra

Al

- =1
- ~ -

|

:

" I
L

- ‘_ o £ = k ] e
4 &-" » Geng -
— | i
Long-range regulatory elements cis-regulatory elements . =
(enhancers, repressors/ silencers, insulators) (promoters, transcription T int
factor binding sites) s 4

The ENCODE Consortium



Big Data
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Big Data
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Challenges

e Storage

* From terabytes to petabytes
* Analysis

« Computational resources

- Memory
- CPU

» Sharing
* Bandwidth



NextGen Sequencing a Game-Changer

Disk storage (Mbytes/$)

1,000,000 T 100,000,000
¥ NGS (bp/$)
Doubling time 5 months 10,000,000
100,000 ¥ \
1,000,000
10,000 ¥
Hard disk storage (MB/$) 100,000
Doubling time 14 months 5
>
4 7)]
1,900 ¥ 10,000 8
o
-]
0.
I 5
100 f 1000 %
Pre-NGS (bp/$) B
Doubling time 19 months 100 =
10
10
13 -
] 1
\7
T e e S S B 0.1
1990 1992 1994 1996 1998 2000 2003 2004 2006 2008 2010 2012

Year

Lincoln Stein (via C. Titus Brown)



Opportunities

A wealth of data in public databases

 Computational analysis:

 Reproducible
* Not dependent on lab / materials

* Cloud-based analysis

e Amazon AWS

 National HPC and e-Science resources
- The Netherlands: SURFsara
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A highly abundant bacteriophage discovered in the
unknown sequences of human faecal metagenomes
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Bioinformatic analysis in a nutshell

“Do something”
—

1 | |

Mostly text: Mostly text:
e Sequences e Sequences
e Genomic coordinates e Genomic coordinates

e EtC. e EtC.



A side note...

Bioinformatician? Computational
Biologist? Data analyst? Data
curator? Database developer?
Statistician? Mathematical
Modeler? Software Developer?
Ontologist? Programmer?

So you want to be a computational biologist? Loman & Watson, 2013






Computational Biology

It's about the biology
It's research

The computer is just the tool used to answer
Interesting questions

lterative, collaborative process between wet-lab
and dry-lab



Bioinformatic analysis in a nutshell

“Do something”
—

1 | |

Mostly text: Mostly text:
e Sequences e Sequences
e Genomic coordinates e Genomic coordinates

e EtC. e EtC.



|85, 750 46,485,800 46,485,850 46,485,300 46,485,950 46,486,000 46,486,050 46,486,100
1 1 1 1 1 1 1
Homo sapiens (Gene)
e T Tl e
Predicted Binding Sites SRF
Binding site annotations (89)
ChiP peak]
49
SRF (Read coverage)
Graph
0 —
0
SRF
1,064,027 reads
36
24
SRF background (Read coverage)
Graph
| ——— o S N - S S e e o S 0 R N S s S ]
0 a— g — —
SRF background
1,407,191 reads
B2 Predicted Bin... X
Chromosome Region MName p-value Score FOR note
chrl 45224888..45224947 ChIP peak 0.00 0.00 4.43E-108 # forward reads : 196, # reverse reads : 222, Region containing reads : 45224467..45225
chrl 45578365..45578433 ChIP peak 3.82E-6 3.82E-6 3.63E-6 # forward reads : 43, # reverse reads : 63, Region containing reads : 45577983..4557871
chrl 46024004..46024099 ChIP peak 9.20E-6 9.20E-6 6.18E-4 # forward reads : 18, # reverse reads : 13, Region containing reads : 46023761.. 4602445
chrl 46485912..46485968 ChIP peak 5.02E-14 5.02E-14 1.54E-34 # forward reads : 85, # reverse reads : B0, Region containing reads : 46485517..4648639
chrl 46855203..46855264 ChIP peak 0.00 0.00 3.36E-86 # forward reads : 162, # reverse reads : 160, Region containing reads : 46854793..46855
chrl 51539515..51539583 ChIP peak 4.56E-5 4.56E-5 4.10E-22 # forward reads : 53, # reverse reads : 44, Region containing reads : 51539124..5153995%

http://www.clcbio.com




<, BLAST®
o5

Home  Recent Results Saved Strategies  Help [Sian In] [Register]

+ NCBV BLAST Home

Your Recent Results New!

BLAST finds regions of similarity between biclogical sequences. more...

[Z All Recent results...

[ DELTA-BLAST, a more sensitive protein-protein search (8o

News
BLAST Assembled RefSeq Genomes
- - R New gap costs available for PAM30
Choose a species genome to search, or list all genomic BLAST databases. and pﬁm
o Human o Dog o Fruit fly o Arabidopsis The. BLAS webpage now offers
o Mouse o Rabbit = . o Bpe additional, more stringent, gap costs for
R : Tioney bee == PAM30 and PAMTO.
o Rat o Chimp o Chicken o Yeast
o Cow o Guinea pig o Zebrafish o Neurospora crassa Tue, 29 Jul 2014 13:00:00 EST
o Pig o Sheep o Clawed frog o Microbes | More BLAST News...
Basic BLAST
Choose a BLAST program to run. Tip of the Day
A : L Integrating web PSI-BLAST with
nucleotide blast | S#arch a nucleotide database using a nucleotide query command line PSLBLAST using the
Algonthms: blastn, megablast, discontiguous megablast PssmWithParameters format
rotein blast | Search protein database using a protein query This format of the PSSM can be directly
Algonthms: blastp, psi-blast, phi-blast, delta-blast used with other stand-alone Blast
software tools, in particular as an input
blastx | Search protein database using a translated nucleotide query checkpoint file for blastpgp.
thlastn | Search translated nucleotide database using a protein query Bl o
thlastx | Search translated nucleotide database using a translated nucleotide query

Specialized BLAST

Choose a type of specialized search (or database name in parentheses )

Make specific primers with Primer-BLAST

Search trace archives

Find conserved domains in your sequence (cds)

Find sequences with similar conserved domain architecture (cdart)
Search sequences that have gene expression profiles (GEO)

Search immunoglobulins and T cell receptor sequences (IgBLAST)
Screen sequence for vector contamination (vecscreen)

Align two (or more) sequences using BLAST (bl2seq)

Search protein or nucleotide targets in PubChem BioAssay

Search SRA by experiment

O OO OO OO OO o0

http://www.ncbi.nlm.nih.gov



Data intensive biology for everyone.

Galaxy is an open, web-based platform for data intensive biomedical
research. Whether on the free public server or your own instance, you can
perform, reproduce, and share complete analyses.

Get Galaxy Learn Galaxy Get Involved

Advanced fastQ

manipulation

Use project's free server Install locally or in the cloud
or other public servers or get Galaxy on SlipStream

Screencasts, Galaxy 101, ... Mailing lists, Tool Shed, wiki

Search all resources

The Galaxy Team is a part of BX at Penn State, and the Biclogy and Mathematics and Computer
Science departments at Emory University. The Galaxy Project is supported in part by NHGRI,
MSE, The Huck Institutes of the Life Sciences, The Institute for CyberScience at Penn State, and

Emory University. http://galaxyproject.org




An alternative



The command line




Viktor M. Vasnetsov - Wikipedia



The command line

Powerful
Great control over what you're doing
Run multiple jobs

e at once
e hundreds of 'em!

Many computational tools don't have a GUI

Reproducible, reusable research
* (Intheory...)



The command line




Scale
chir4:

GM12575

An example

S6 kbl |
183700000/|
RefSeq Genes

1a3650008|

1837500600

NFKE1 »
NFKE1 ¢

f
t

GM12878 (User ordered)
[ Jim e ml 0 B B N |

GM12878 (User ordered)
f——y

MANEA §epheche={]

1_Active_Promoter <}

2_Weak_Fromoter <}

e

e

3_Poised_Promoter <
4_strona_Enhancer <
S5_sStron2_Enhancer <]
E_Weak_Enhancer <
7_Weak_Enhancer <

S_Insulator <

a_Txn_Transition <

18_Txn_Elongat ion <
11_Weak_Txn <{

12_Repressed <}
13_Heterochroms 10
14_Repetitive/CHV {]
1S_RepetitivesCHY <]

ChromHMM, Ernst & Kellis, 2012

frarararararararararararararays



An example

« Studying development in Xenopus tropicalis

» 10 different assays in 5 different stages of
development

* Next-gen sequencing data

* Analysis steps:
e 1) Mapping + “peak-calling”
« 2) Combine data in ChromHMM and learn model
* 3) Run analyses and make figures



New Xenopus
Genome
Assemblies

The Xenopus Genome
Consortium has released the
newest laevis v7.1 and
tropicalis v8.0 assemblies.

Read More.... o
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* Analysis steps:
e 1) Mapping + “peak-calling”
« 2) Combine data in ChromHMM and learn model
* 3) Run analyses and make figures




New Xenopus
Genome
Assemblies

The Xenopus Genome
Consortium has released the
newest laevis v7.1 and
tropicalis v8.0 assemblies.

Read More.... o
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* Analysis steps:
* 1) Mapping + “peak-calling”
« 2) Combine data in ChromHMM and learn model
* 3) Run analyses and make figures




That's one unhappy PhD student..
THE ALLNIGHTER

YOU SEE THE Ui RISE. AN ODD SENGE

OF CALM TAKES OVER You, AS YOU HEAR

THE SOUNDS OF PEOPLE STARTING THER
Ty, You FEEL A& SUDTEN CONMNECTION
TO THE Coamos, TRULY, THESE ARE

THE ZONe/ b N INTERESTING TIMES.
YOUR WOoRK,
Eqﬁméhmgéé / SCROUNGE FOR FOOD.
o THE POST ALLMIGHTER
SRE N / HiGH, LIFE 1S AWESOME!!
e weod YOU WANT TO KIS
TonGiT \’ EVERYONE YOU MEET!

R_ ecrouNGe
FOR FoOD,

rooen <

oPen Eﬁﬁ-ﬁﬁb&ﬂAL %E:ﬁf
1AM L DO OUNG
/m’rr ore  PROCT WM MY LiFER? oo /
STHARTRE 25 - MAYBE YOU SHOULD
oA WAVE STARTED EARLI-

LLLLLL...

WwWwW. PHDCOMICS.COM



Instead...

$ sed -i 's/JGI 7.1/JGI 8.0/' config.txt

$ ./run analysis.sh config.txt

* Change configuration file
e Start script

e Go-home-andwatch-Netflb«Continue with
new, exciting analysis



Other advantages

Load-whole-file versus streaming

Data doesn't always all fit Into memory
A lot of biological data Is just text
Can be processed line by line



General considerations

Understand your goals
Step-by-step, don't try to do it all at once

Try to break your own scripts

Choose appropriate methods and tools






Today

» Familiarize yourself with the Linux command
line

* Next-gen file formats
e FASTQ
* BAM

 Mapping (?)



SSH (Secure Shell)

e Connect to server

 Clients available for
every OS

* Perform analysis
remotely




SSH (Secure Shell)

Connect to server

Clients available for
every OS

Perform analysis
remotely

Server can have
lots of memory
and CPU power



For Windows: Putty

C% PuTTY Configuration x|

Categony:
- Session B asic options for pour PUTTY session

Logging Specify your connection by host name or P address
=I- Terminal Host Mame [or IP address] Port

Kepboard |mbE|1 .azn.nl |22
Bell

Fealures g Fmboe
=1 Windiow g Gi=hafud
Appearance
Behaviour oo 7 7 fromw wnocmbill.azn.nl
Tranzlation
Selection
Colours
=1 Conrnection
Proy
Telnet
Rlogin
—I- 55H
Auth
Tunhels
Bugs

About




For Windows: WINSCP

Win5CP Login
E- Seszion
. Stared seszions(§ =0l =l
= E:nvirqnmen_l Local Mark Files Commands Session Opkions Remote Help
i e Directonies
55|_| & [ E- P e 352 8 = % Default - -
----- Preferences Ii"'l:: Lacal Disk Il,:‘} marec j LR far (2] | l:II:E
Size | Tvpe Mame Exk ~ Size | =
[CEI550T-PLOS PATHOG, File Folder 25- [CPatemp
[ kwF File Folder 4.5 [ public_hkml
[C3)Mog. Linux dients vd SF File: Folder 1-1 R
() Malbio File Folder 7-1 [ChRenni
[C3)MCET_mammal searches File Folder 75 [C3IR%R
[ Messie File Folder 4-5 [Ch5cripts
[T Advanced options | =) psapaper File Folder 11- Cisvn
[ printoffertes File: Folder 1-8 [CTCF
About.. ﬁ [T ProtocolsLabReq File Folder 26~ [CytempTCF
C50lexa File Folder 5-1 [
TcF File Folder 45 I .gimp-2.2
[CUNIRCOURSE File Folder 7-1 I3).adobe
[Chtest.Data File Folder 27- |53 Fontconfig
ME4FUIl_0,0%ul_CpiEver. .. 6.065.955 03UL_CPGYECT... 23 IC3).geonf
[ Thysrnbe AR 7 168 Maka Bace Fils atmd | 7= acanfd x
il [ Ry | ol
0B of 117 MB in 0 of 74 0B of 10.046 KB in O of 72

o F2Rename | ¥ F4Edt B FS Copy (3 F6 Move 3 F7 Create Directory 3% Fa Delete E5F F2 Properties WL F10 Quit
8973 B 97 B M D aes SFTP [v3) 0:00:35 y



Server |IP addresses

23.20.162.10
54.80.42.82
23.20.67.155
54.198.43.176
54.81.15.7/8
54.242.170.57
54.80.155.251
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