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GENOMICS ANALYSIS

Genomics is highly technology driven.
The enormous Impact of genomics
research on medical and agro-
technological sciences has inspired
commercial life-science companies to
develop innovative genomic tools at a
tremendously high speed.



The Past, Present and Future of Genome Sequencing

Gene sequencing has proved its
usefulness as a diagnostic and
prognostic tool.

Its use In the identification of BRCA1
mutations is already a gold standard In
cancer research.

whole genome sequencing (WGS) Is
turning into a common practice faster
than one could have originally expected.



Pricing by popular demand

« last year (2017) it was possible to get your
genome sequenced for around €900 in a few

days.

 The next generation sequencing (NGS)
market, including but not limited to WGS,
was valued at €4.6Bn in 2015 and is
expected to reach €19Bn by 2020.



Pricing by popular demand

* lllumina is one of the biggest players in the
sequencing industry and at the start of 2017
announced a new NovaSeq range of
seguencers that “one day will enable the
$100 genome”.

 While the new range has proved extremely
popular with customers, exact predictions on
when the $100 genome will happen are less
Clear.

* lllumina’s more popular sequencers range
from €800,000 to almost €1M.



Drowning in data

 Everybody talks about the $1,000 genome,
but they don’t talk about the $2,000 mapping
problem behind the $1,000 genome.

 In 2014, The National Cancer Institute said
that it would pay €18M to move copies of the
2.6 petabyte Cancer Genome Atlas into the
cloud.

« Amazon and Google understand this need
and already offer to keep a copy of any
genome for €25 a year, which translates to
roughly €0.02/GB per month, since a file is
commonly between 100 and 400GB.



LINK

http;s://www.genomicsengland.co.uk/taking-part/genomic-medicine-cent
res

http://www.phgfoundation.org/news/plans-for-an-australian-100000-gen
omes-project

https://www.geenivaramu.ee/en/news/estonia-offers-100000-residents-f
ree-genetic-testing-effort-aims-develop-personalized-medicine

http://www.sciencemag.org/news/2016/02/nih-s-1-million-volunteer-prec
Ision-medicine-study-announces-first-pilot-projects

https://www.gouvernement.fr/sites/default/files/document/document/201
6/06/22.06.2016 remise _du_rapport_dyves levy - france medecine
genomique_ 2025.pdf

http://www.genomeasialO0k.com/
https://www.nature.com/articles/hgv201616

https://twitter.com/GenomicsEngland
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Sanger Sequencing
Slab gel electrophoresis
1 read/4 lanes

Sanger Sequencing
Capillary gel electrophoresis
1 read/lane

Massively Parallel Sequencing
Consensus, long read
10% reads/picotiter plate

Massively Parallel Sequencing
Consensus, short read

10° reads/flow cell, slide

105-107 reads/lon chip

Massively Parallel Sequencing
Single molecule, long read

10 reads/ZMW chip

10° reads/GridION node

Stranneheim and Lundeberg 2012




...BUT LET'S START FROM THE
BEGINNIN: SANGER SEQUENCING

TCAGTAATGCCA DNA to be sequenced
AGTCATTACGGT DNA template
+ polymerase,
ddVﬂdGT:/ N‘dmp\m‘#’ dNTPs, primer (*T)
tube 1 tube 2 tube 3 tube 4
*
US el * *TCAGTAAT
*TCA(;TAATGCCA * *Tcac L *
TCA CAGTAATG *. *T
CAGT
Bl TCAGTAATGCC
*TCAGTAATGCCA — A
*TCcAGTAATGCC — c
*TCAGTAATGC — c
¥ TCAGTAATG — G
*TCAGTAAT — T
*TCAGTAA — A
*1CcAGTA — A
*rcAGT — T
*rcaG — G
*TCA — A
*rc — c
*T — T
Y




SANGER SEQUENCING

A . FLUORESCENT MARKERS IMPROVE SEQUENCING
; EFFICIENCYd' dcTp dCTP drrp 1.Do one sequencing reaction
c ddATP dATP ddTTP instead of four. Reaction mix
T ddGTP dGTp \ contains ddATP, ddTTP, ddGTP,
T DNA polymerase ddCTP with distinct fluorescent
[ markers. (With radioactive labels,
G Template DNA four reactions are needed—one
G labeled ddNTP at a time.)
T ‘ «G @ sttt
— : A T "‘TG 2. Fragments that result have
— — a e stianC distinctive labels.
S A !
— K Long
— [ fragments
— A ' E G 3. Separate fragments via electro-
— A ' ¢ Pphoresis in mass-produced, gel-
: A E filled capillary tubes. Automated
= : g C sequencing machine reads output.
— A E T
- T | A
G C AT } | T
Short & | G
fragments Capillary Output -/
tube

Figure 20-1 Biological Science, 2/e © 2005 Pearson Prentice Hall, Inc.



SANGER SEQUENCING

Advantages
Long reads (~900bps)
Suitable for small projects

Disadvantages
Low throughput
Expensive



SANGER SEQUENCING

2007: Global

1994: H. Ocean Sampling
Influenzae Expedition
1.8 Mbp ~3 000 organlsms
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1982: lambda 2001: H.

virus Sapiens, D.

DNA stretches up Melanogaster

to 3 Gbp

30-40Kbp (Venter et al.)

(Sanger et al.)



NEXT GENERATION SEQUENCING: WHY
NOW?

Motivation: HGP and its derivatives,
personalized medicine

Short reads applications: (re-)sequencing,
other methods (e.g. gene expression)

Advancements in technology



HIGH PARALLELISM IS ACHIEVED IN
POLONY SEQUENCING

Sanger Polony

Cyclic array sequencing
(>1 0® reads/array)
Cycle 1 Cycle 2 Cycle 3

@
C C T

What is base 1? What is base 27 What is base 37
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Seguencing costs have
fallen

Moore's Law
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HIGH PARALLELISM IS ACHIEVED IN
POLONY SEQUENCING

Perche Next Generation Sequencing

Si possono generare centinaia di milioni di corte sequenze
(35bp-250bp) in una sola corsa in un tempo breve con un basso
prezzo per base sequenziata.

2000
* |llumina HiSeq 2500, MiSeq, Next seq 500

* Life Technologies lon Proton/lon PGM
* Applied Biosystems SOLID e Roche/454 FLX, Titanium

————,,...
MiSeq Series

Reviews: Michael Metzker (2010) Nature Reviews Genetics 11:31
Quail et al (2012) BMC Genomics Jul 24;13:341.



ILLUMINA MACHINES

Key Methods

Maximum Qutput
Maximum Reads per Run
Maximum Read Length

Run Time

Benchtop Sequencer

System Versions

MiniSeq System

Amplicon, targeted RNA,
small RNA, and targeted

gene panel sequencing

7.5Gb
25 million
2 x 150 bp

4-24 hours

Yes

* MiniSeq System for

low-throughput
targeted DNA and
RNA sequencing

MiSeq Series
Small genome,
amplicon, and

targeted gene panel
sequencing

15 Gb
25 million'
2 x 300 bp

4-55 hours

Yes

* MiSeq System for

targeted and small
genome
sequencing

* MiSeq FGx

System for
forensic genomics

* MiSegDx System

for molecular
diagnostics

NextSeq Series

Everyday exome
transcriptome, and
targeted resequencing

120 Gb
400 million
2 x 150 bp

12-30 hours

Yes

* NextSeq 500
System for everyday
genomics

+ NextSeq 550
System for both
sequencing and
cytogenomic arrays

HiSeq Series

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

1500 Gb
5 billion
2x 150 bp

<1-3.5 days (HiSeq
3000/HiSeq 4000)
7 hours—6 days (HiSeq
2500)

No

» HiSeq 3000/HiSeq
4000 Systems for
production-scale
genomics

» HiSeq 2500 Systems
for large-scale
genomics

http://www.illumina.com/systems/sequencing.html

HiSeq X Series’
Population- and
production-scale whole-
genome sequencing
1800 Gb
6 billien
2 =x 150 bp

<3 days

No

» HiSeq X Five System

for production-scale
whole-genome
sequencing

» HiSeq X Ten System

for population-scale
whole-genome
sequencing




ION TORRENT MACHINES

lon 85 Systems lon PGM System

https://www.thermofisher.com/it/en/home/brands/ion-torrent.html
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Next generation sequencing

Total
Run Time Read Length Quality nucleotides
sequenced
454
Pyrosequencing 24h 700 bp Q20-030 1GB $10
Numina Miseq 27h 2x300bp = 30 15 GB $0.15
”'”’“é”EE'DE“E'Eq 1- 10days 2x250bp -Q30 3000 GB $0.05
lon torrent 2h 400bp =020 a0MB-1GB $1
Pacific =150 consensus | 500 - 1000MB
Biosciences A= 1O 400 =010 single /SMRT cell $0.13-90,60

circa 2015

hitt e e hindaswl.comSjournals ool 2012251 3841
hitt ooy et ol . mih. gevs Spinefa it ickes PAC3431 237




Terminology

Coverage (depth):  the number of times a nucleotide is read
during the sequencing process

Quality Score: Each called base comes with a quality score which
measures the probability of base call error.

Paired-End Sequencing: Both end of the DNA fragment is
sequenced, allowing highly precise alignment.

Multiplex Sequencing: "barcode" sequences are added to each

sample so they can be distinguished in order to sequence large number of
samples on one lane.

Mapping: Align reads to reference to identify their origin.

Assem bly: Merging of fragments of DNA in order to reconstruct the
original sequence.

Duplicate reads: Reads that are identical.

Multi-reads: Reads that can be mapped to multiple locations equally
well.



Applications: genomes, exomes, transcriptomes

e & LY

Earzeidn 2= e
TREISTSN T TRd e
Whole genome Whole-exome (1%)

PCR amplicon

Transcriptome RNA

Predominant applications:
# Structural variants

» Point mutations

* Copy number variation

Predominant applications:
* Point mutations
= Copy number variation

Predominant applications:
* Point mutations
» Deletions

Predominant applications:
» Gene expression

* Gene fusions

# Splice variants

Implementing personalized cancer genomics in clinical trials
Richard Simon & Sameek Roychowdhury

Nature Reviews Drug Discovery 12, 358-369 (2013) | doi:10.1038/nrd3979




NGS PLATFORMS OVERVIEW

Clonal Reaction
Diﬁer in design and : . Amplification Output
. . rosequencing 5
Chemlstrles vRoche/454 —p EPCR ——p Lummescence\
Fu ndamgntallfy Lelated-d SequencBBY LRGN | . epcn o suorescance | S/l
sequencing of thousands . e ]
to millions of clonally o — o o | e
ampliﬁed mOIeCUIeS in a Reversible Dye Terminators r,
H : —p Cluster — Fluorescence
massively parallel llumina )
Manner
_ Pacific Biosciences
Orders of magnitude Helicos Biosciences
I ' A/ NABsys
morg mformatlon will VisiGen Biotechnologies
continue to evolve Complete Genomics
Oxford Nanophore
Technologies




SEQUENZIAMENO DI NUOVA GENERAZIONE

Si basano sul principio del sequenziamento di
‘cluster' clonali

Il processo, che incomincia con una singola molecola
target, prevede la creazione di targets clonali
durante un processo intermedio di amplificazione.
Copie multiple identiche sono infatti necessarie per
avere un alto rapporto segnale-rumore



SEQUENZIAMENTO SANGER AD ALTA
PROCESSIVITA

Frammentazione casuale del DNA genhomico
clonazione e trasformazione in batteri

l assumendo di possedere
na piattaforma robotica
Raccolta delle colonie per alta processivita

|

Purificazione del DNA dalle colojjie ¢
Sequenziamento Sanger dipendentemente

Elettroforesi capillare dalla dimensione del
genoma (e copertura

richiesta), dal numero
di sequenziatori

Whole genome Le novo assembly or mapgaidlari
to a reference (re-sequencing)




NTO DI NUOVA

PREPARAZIONE DELLA LIBRERIA
Frammentazione casuale del DNA genomico
Ligazione degli adattalprii - 3 giorni

Amplificazione clonale dei frammenti

l

Sequenziamento mediante sinteyii o ligazione
l 1 - 6 giorni

Processamento delle iw magini

|

Mappatura delle reads su un genoma di riferimento
(o assemblaggio de novo)



Vantaggi delle piattaforme di nuova generazione

Non sub-clonazione, non utilizzo di cellule batteriche E. coli

- abolizione di bias di clonazione

- rapidita nel preparare le librerie (non c’e’ colony picking!)
Ciascuna sequenza proviene da una molecola di DNA
unica.

- quantificazione attraverso 'conta’ digitale
- aumento del range dinamico
- rilevazione di varianti rare

Fornisce una eccezionale risoluzione per molti tipi di
esperimenti (es. analisi di espressione, sequenziamento di
DNA immunoprecipitato, di RNA piccoli, analisi di
medie/grandi inserzioni-delezioni nei genomi....)

Rivoluzionaria diminuzione del costo e del tempo per
generare dati di sequenza (lavorano in multi-parallelo)

Richiesta meno robotica nelle fasi precedenti al caricamento
sul sequenziatore



Svantaggi delle piattaforme next-gen

* Sono prodotte sequenze piu corte

- relativamente alle sequenze da sequenziatori capillari (metodo Sanger)

- € necessario ri-parametrizzare I'accuratezza della procedura di chiamata
delle basi

- enorme difficolta nell’analisi dei dati; richiesto un grande sforzo di
programmazione per costruire nuovi algoritmi.

 La mole enorme di dati ‘traumatizza’ le infrastrutture
informatiche.

- da 50-100 Gb a diversi centinaia di Tb di dati grezzi prodotti per corsa
(dipende dalla piattaforma)

- il processamento delle read tramite pipeline informatiche richiede molta
capacita di calcolo (CPU)

- € necessario prendere accurate decisioni su cosa salvare e cosa
cancellare



SEQUENZE CORTE

Difficolta di assemblare sequenze corte de novo,
soprattutto per il problema delle sequenze
ripetute complicato ancora di piu rispetto a
Sanger (lunghezza media 700-900bp)

\/



RISEQUENZIAMENTO

* In presenza di un genoma di riferimento di buona
qualita posso effettuare un ri-sequenziamento e
allineare tutte le reads ottenute:

Riferimento

...................
lllllllllllllllllllllllllllllllllllllllllllllll
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

' Non solo del genoma, ma anche del trascrittoma

Exons
R
__-_-_-_-_Genomlc DNA
TR W @



The First of The Rest of Us

naturcnNews

OE R - newves archive | specials

opinion | features | news bhlog events blog nature journal
Top story

- ... === The application of new technology to
- =2 o © o gequence the genome of an individual
= = . = vyields few biological insights.
== == Nonetheless, the feat heralds an era of
11:? . ‘personal genomics’ based on cheap

James Watson's genome sequencing.
sequenced at high speed
16 April 2008

+ Ready ar not Maynard M O/SO”

* Celebrity genomes alarm researchers
e 4l about Craig: the first 'full' genome seguence

454
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Tecnologia 454

Sequencing

e

4.5 hours

Signal image m 4 bases (TACG)

cycled 42 times
® Chemiluminescent
signal generation
B Signal processing
to determine base
sequence and
quality scaore

APS=adenosine 5
‘phosphosulfate

Sulfurylase PPi=pyrophosphate

ATP
DMNA Capture Bead EHERRS
containing millions of
copies of a single
clonal fragment Light + oxy luclferin

Amplified sstDNA library beads > Quality filtered bases /



WORKFLOW

Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide
N
L
N\
O
~
\
N
Semiconductor sequencing \ Reversible terminator sequencing
(lon Torrent) * N N (lllumina)

454)




Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation
CSOCOCOCOCOCOCOOOCOOOCOSOCOCOCOCOOOCOOOOIO00

COCOCOTOCOOOOOOD000OCOCOTOCOTOCOOO0000000000

QOCOCOOOTOOO0OODO00OOOEOTO0O0OTOIO0OONANCOO0

Fragmentation of DNA
(sonication or enzymatic)
2000000
SOTOSOSOU00 WOCOCOOO00000000
OCOCOCOCOOOOOLOC0O0000

QOCOCOOOCOOCO0 000 OOOCOCOCOCD

i T OO Good fragments:
OO0 XI00000 N

primer (or barcode) . g

I I I
| i 1 1 |
20000000 Adapter Sequence Barcode Primer
XOCOCOLOO0Lo00 20COCOCOOOODOO00O00
FOOCOCOCOCOCOOOCOCOSoo0o0
ICOCOOO000000C000 XO0000 HOOCOCOCOCOO0

X0C00

peTavevereve T
X00000000 X0000

XOOCOCO0OCO0N0 X00C0C00

l Size-select the fragments

XOOCO00COCO0N0 | XOD0OCOUOI0000 |
XOO0000000000X | 0000000000000 |

YOTOC000000000  OTOCO0000000K
| XOO00000000000 | XOCOOOO000COCX




Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide
\
N\
N\
N
~\
N
Semiconductor sequencing \ Reversible terminator sequencing
(lon Torrent) * \* (Nlumina)

{454) (SOLID)—



Next Generation Sequencing: Amplified Single Molecule Sequencing Emulsion PCR

|deal microreactor
’ containing one strand of
A library DNA, primers,
ff one bead and PCR mix
7
’J'
Emulsion oil _b L7
. Maks emulsion — Emulsion
PCRmix (g by mixing)
Bead s
Library DNA
3. Extension : polymerase
amplifies the forward 2. Annealing : ONE fragment
strand starting from the (reverse strand) anneals to
bead towards the primersite adaptersite on the bead 1. Denaturation of NCOACOCNCOCOCO00
~ A library fragment
g ~ ry frag
w AN L
g A N ~ @
B
— :
AN
FAVAVAVAVAV AV,
4. Denalturation ; origigal reverse strand denatures
from the bead, the fi rd strand is connected to
the bead by the sugafgphosphate backbone of DNA
= n
AV AV VNN o
&t F Ve
"" \ o~ /'
= e
( AV AV VAV -
AT
B 7. Repeal PCR steps
ANNNNNAN D Amnealing : o
§ m“,;' Zi',:';hrﬂsm 6. Extension : polymerase 4 - 5 - B for 30- 60 cycles.
adaptersite on the amplifies the forward strand starting
bead, primer anneals from the bead towards the primarsite, and -7
to fi rd strand the reverse strand starting from the primer towards the bead - _




Next Generation Sequencing: Amplified Single Molecule Sequencing Emulsion PCR

1. Denaturation of

library fragment VeV 000000000000

"
® »

ANNNNNNL
LNSNI NN NINTND

[ty Viratrits 20010




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

@ o

[Andy Vierstrasie 20715




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 Viersirete 3075




Next Generation Sequencing: Amplified Single Molecule Sequencing Emulsion PCR

SR
@~

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

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

[Andy Vieramiste 3015




Next Generation Sequencing: Amplified Single Molecule Sequencing Emulsion PCR
different micro reactors: only 15 % are good ones

> &




Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide
\
N\
~
~
~\
N
Semiconductor sequencing \ Reversible terminator sequencing
(lon Torrent) + N\ (llumina)
4
P S e b i s
454) {SOLID) -



Next Generation Sequencing: Amplified Single Molecule Sequencing “pPolony” PCR
Bridge amplification: lllumina

il

K RE RN 88 K INDE 28 KJ & JK

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 Vierstraste 2017)




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

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




Cluster Station

Strumento che permette di preparare la flow-cell
(=supporto di vetro su cui i frammenti della libreria
verranno sequenziati in parallelo)






Cluster Generation

Grafted Flow
Cells

Single
pass Paired end

P7 P5
P7 P5

OH OH OH
OH




Cluster Generation

OH OH
1

| (4

—

i
L

P7 P5

Grafted flowcell Template

hybridization

—

Initial extension

L

—_—

i
|

Denaturation

L
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La generazione dei cluster:
amplificazione a ponte |

— — —_—
‘ H " ] i ] " ] | P 1
L1 L1 L1 L1
1st cycle 1st cycle 1st cycle 2 cycle
denaturation annealing extension denaturation

2nd cycIe 2™ cycle
extension annealing

'\ :\ \ n=35
'\ total
i | K0 i L



La generazione dei cluster

lﬂ flﬂ:*ﬁ? 1t ] Di*.*_

Cluster P5 Linearization Block with Denaturation and
Amplification ddNTPS Sequencing Primer
Hybridization




Seguenziamento pair-end

ﬂr | m | ﬂ | m
1 Mk | | o | ] OH  OH | 1
X 1 1 1 9 1 1 1 9 1 1

X
| | OH
1 1 i 1 9 1
Denaturation and Sequencing Denaturation and Resynthesis
Hybridization First Read De-Protection of P5 Strand
X X
¥* e S L e e ® e 3 oH
11 1 1 1 1 11 i . 1 1 9 1
Sequencing Denaturation and Block with P7 Linearization

Second Read Hybridization ddNTPs



Sequencing Chemistry

Sequencing by Synthesis

Cycle 1: Add sequencing reagents
First base incorporated
Remove unincorporated bases
Detect signal

Cycle 2-n: Add sequencing reagents and repeat
Fiy
o
1 e P
-~ = o , - "
T o T . Cleave fluorophore 5° HN ﬂ
J T site N\ /.,L |
.1;_-{,,‘-\1_L F_.f D_, x\_N_d_,
0" N . DNA
- .". ,/’1
LN
PPP~ | O\ T
~|— De-block 3’ terminus 3¢
3#
El block :

OH free 3' end



lllumina: Reversible termination sequencing

Incorporate
all four

nucleatides,
= i i = l ot each label

with a

i different dye

. [ ]
[ ] [ ]
* *
$ i
[ | ] ]

Wash, four-

4 nucleotides with different dye colour imaging
flow simultaneous

Cleave dye
and terminating
groups, wash

cQ 20
Top: CATCGT :
Bottorn: CCCCCC Repeat cycles e

[llumina 2- and 4-channel SBS (sequencing by synthesis) sequencing technology




Fluidics & Flow cell & Laser
electronics detection optics

A A
i & \




ILLUMINA DETECTION CHANGES

4-Channel system (4 dyes) 2-Channel system (2 dyes)

Chemistry 1

All FFNs added with
1-dye incorparation mix

[ A 4
Q Image 1
>‘ il
Q w ﬁ..-@'v
& £ 9 |
7] A C T G
2
D hv4
EL Chemistry 2
) New 1-dye reagent adds dye
4 Filter channels 2 Filter channels 8 to G and removes dye "rUIT‘}'A
= V
® 0 ® © ® 06 © o Sk
*No detected dye -KE* %‘

C A

1500 1
8) B. Image 1 Image 2 Result
© =
g 1000 OFF A
E OFF ON C
500 4 ON ON A
G T OFF OFF G
D P’ .
Figure 5: One-Channel SBS Chemistry —(A) One-channel SBS chemistry

cle using

wo chemistry steps and two imaging steps per sequencing

beled or unlabeled ding on the chemistry step. (B)

0 500 1000 1500 2000
Green Image




NovaSeq 5000 / 6000 HiSeq X




Benchtop Sequencers

Popular Applications & Methods

Large Whole-Genome Sequencing (human, plant,
animal)

Small Whole-Genome Sequencing (microbe, virus)
Exome Sequencing

Targeted Gene Sequencing (amplicon, gene panel)
Whole-Transcriptome Sequencing

Gene Expression Profiling with mRNA-Seq
Targeted Gene Expression Profiling

Long-Range Amplicon Sequencing*

miRNA & Small RNA Analysis

DMA-Protein Interaction Analysis

Methylation Sequencing

16S Metagenomic Sequencing

Run Time
Maximum Qutput
Maximum Reads Per Run

Maximum Read Length

iSeq 100 System

MiniSeq System

Key Application

9-17.5 hours
1.2 Gb
4 million

2 x 150 bp

Key Application

4-24 hours
7.5Gb
25 million

2 x 150 bp

MiSeq Series ©

Key Application

4-55 hours
15 Gb
25 million T

2 x 300 bp

NextSeq Series ©@

Key Application

12-30 hours
120 Gb
400 million

2 x 150 bp



Popular Applications & Methods

Large Whole-Genome Sequencing (human,
plant, animal)

Small Whole-Genome Sequencing (microbe,

virus)
Exome Sequencing

Targeted Gene Sequencing (amplicon, gene
panel)

Whole-Transcriptome Sequencing

Gene Expression Profiling with mRNA-Seq
miRNA & Small RNA Analysis

DNA-Protein Interaction Analysis
Methylation Sequencing

Shotgun Metagenomics

Run Time

Maximum Output
Maximum Reads Per Run

Maximum Read Length

NextSeq Series ©

HiSeq Series ©

Key Application

12-30 hours

120 Gb
400 million

2 x 150 bp

Key Application

< 1-3.5 days (HiSeq 3000/HiSeq
4000)
7 hours—6 days (HiSeq 2500)
1500 Gb
5 billion

2 x 150 bp

Production-Scale Sequencers

HiSeq X Series?

Key Application

< 3 days

1800 Gb
6 billion

2 x 150 bp

NovaSeq 6000
System

Key Application

16—-36 hours (Dual S2 flow
cells)
44 hours (Dual S2 flow cells)

6000 Gb
20 billion

2 x 150 bp




Next Generation Sequencing: Amplified Single Molecule Sequencing

Library preparation

Emulsion PCR “Polony” PCR on a slide
N
N
N\
N
~

N
Semiconductor sequencing ~ Reversible terminator sequencing
(lon Torrent) N\ (llumina)

4
. e Bcilaat
(SOLID)




lon Torrent ' ' . .

PGM
(Personal Genome Machine) S5/85 XL Proton

T ——

PGM S5/85 XL Proton
Chip 314 - 316 - 318 520 - 530 - 540 Pl =PIl
Read length 400 bp 400/600 — 400/600 — 200 200 bp -7
Throughput 01-06-2Gb 2-8-15Gb 10-100 Gb
Reads per run 0,5 -3 — 6 million 5 — 20 — 80 million 80 - 250 million
Accuracy 99 % (raw read) 99 % (raw read) 99 % (raw read)
Run Time 4 -5 -7 hours 8 —-17 - 17 hours 4 hours

(4 times faster for XL)




lon Torrent

Sequencing

1. Denaturation : the bead contains single siranded DMA, 2. Annealing : the sequencingprimer anneals

3. Adding polymerase : polymerase attaches
to the DNA,

to the single strands,

4, Sequencing : the beads with DMA are loaded
in the wells, polymerase amplifies the strand
starting from the primer towards the bead.
MNucleotides flow sequentially over the beads.

ANy Visrirsas F01T)




Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

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

From nucleotide to DNA

Micro-machined wells ————

.

o)

%
.

lon-sensitive layer

Proprietary lon sensor ————=

Sensing Layer
Sensor Plate

Drain Source To column
recenar

Silicon Substrate




Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

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

\

G560 1ZKUS X3 500e fovn HOIP B56I-12KU 10,000/ Fon WD37

Picture of the wells in a
318 chip

BR66 12KV X14,8888 1vm WD3T



Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

4 nucleotides flow sequentially

incorporates Hydrogen ion
into DNA - is released

No camera, just a pH sensor



Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

No hydrogen
ion released




Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

Two bases Two hydrogen ions
are incorporated are released




Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent

Average Corrected lonogram

7 T T T
6F g
5L :
4k o
)
g ....................................................................................
&3 i
Key.sequenc.e ...........................................................................
e B |
0 | { . | I . | A 4l| l.| l..-.|
TACGTACGTCTGAGCATCGATCGAT GT ACAGCTACGTACGTCT GAGCAT CGATCGATGTAGAGCTACGTACGT CTGAGCA |

0 20 40 60 80
Flow

ATCGTGTTTTAGGGTCCCCGGGGTT...




Next Generation Sequencing: Amplified Single Molecule Sequencing
lon Torrent Emulsion PCR: OneTouch Instrument

15 min hands-on; 4-8 hours amplﬁcation; 35 min enrichment




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

I

Immeobilize with magnet and wash

Denature bead containing ssDNA with NaOH

Andy Viarsirate (2013)




*

W1 bottle: 350ul 100 MM NaOH ‘
W2 bottle: 2 liter W2psolution (contains pcr solutior
W3 bottley 50 ml W3 (= buffer with known pH)
4 tubes with 20 pl of the different dNTP's




Reports : | Auto_ionadmin_SN2-129-Chip1-_pollini_e_funghi_ITS_4.10-18_373 (183)

Run Summary: R_2018_10_04_12_57_15_ionadmin_SN2-129-Chip1-
_pollini_e_funghi_ITS 4-10-18

Read Summary: Unaligned

118 G 54 4,498,406 262 bp 308 bp 304 bp
Total Bases Key Signal (=} Total Reads Mean Median Mode
89 % 81 % Read Length
'l' ISP Loading ll' Usable Reads
ISP Summary
89% 5,641,818 11%
Loading Empty Wells
Enrichment No Template
84% |[EREER:EL 16%
Clonal Polyclonal
1% Test Fragments
95% 4,498,406 0% Adapter Dimer i [
Final Library 4% Low Quality @q 0 100 200 300 400 50C

Read Length




Pacific Biosciences: il futuro, il sequenziamento massivo di singole

molecole

Published online before print January 23, 2008, 10.1073/pnas.0710982105
PNAS | January 29, 2008 | vol. 105 | no. 4 | 1176-1181

<« Previous Article | Table of Contents | Next Article »

BIOLOGICAL SCIENCES / BIOPHYSICS
Selective aluminum passivation for targeted immobilization of
single DNA polymerase molecules in zero-mode waveguide
nanostructures

Jonas Korlach, Patrick J. Marks, Ronald L. Cicero, Jeremy J. Gray, Devon L. Murphy,
Daniel B. Roitman, Thang T. Pham, Geoff A. Otto, Mathieu Foquet, and Stephen W. Turner"

Pacific Biosciences, 1505 Adams Drive, Menlo Park, CA 94025

Communicated by Watt W. Webb, Cornell University, Ithaca, NY, November 20, 2007 (received for
review August 6, 2007)

Optical nanostructures have enabled the creation of subdiffraction detection volumes for single-molecule
fluorescence microscopy. Their applicability is extended by the ability to place molecules in the confined
observation volume without interfering with their biological function. Here, we demonstrate that processive
DNA synthesis thousands of bases in length was carried out by individual DNA polymerase molecules
immobilized in the observation volumes of zero-mode waveguides (ZMWSs) in high-density arrays.



Third Generation Sequencing: Single Molecule Sequencing
Pacific Biosciences

Pacbio RS 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




Third Generation Sequencing: Single Molecule Sequencing
Pacific Biosciences

Accuracy Quality scores in sequencing:
Q17, Q20, Q30, ...
L rial i Quality Probability of ~ Base call
SJHEET score incorrect bases accuracy
A 10 1in 10 90 %
5 e 17 1in 50 98 %
- 20 1in 100 99 %
M 30 1in 1000 99,9 %
of - 40 1in10.000 99,99 %
L T 50 1in100.000 99,999 %
Coverage

60 1in 1.000.000 99,9999%
- Circular Consensus Sequencing (CCS reads)
- Consensus by sequencing many reads

TGCAGATCATTACT -AAACAACGC-TCC-AC-TATCAAAT-CCGGGTGCG-CTTGTTGTATAACACAAAC -AGG-CGAAAAAACATA-TCG-AGTT

TGCAGATCATTACT-AAACAA C-TCC-AC-TATCAAAT-CCGGGTG CTTGTTGTATAACACAAAC-AGG-CGAAAAMACATA-TCGRAGTT

TGCAGATCATTACT#AAACAACGC-TCC-AC-TATC&AAT-CCGGGTGCGﬁCTTGTTGTATAACACAACT AuG CGAAAAAACATA-TCG-AG-T

TGCAGATCATTACT-AAACAACGC-TCC-AC-TATCAAAT-CCOGGTGCG-CTTGTTGTATAAC

TGCAGATCATTACT-AAACAACGC-TCC-AC-TATCAAAT-CCGGGTGCG-CTTGTTGTATAACACAAAC -AGG-CGAAAARAACATA-TCG-AGTT

TGCAGATCATTACT -AAACAACGC-TCC-AC-TATCAAAT-CCGGGTGCG-CTTGTTGT

TGCAGATCATTACT -AAACAACGC-TCC-AC-TATCAAAT-CCGGGTGLCG-CTTGTTGTA

TGCAGATCATTACT -AAACAACGC -TCC -ACGTATCAAAT-CCOGGGTGCG-CTTGTTGTATAACACAAAC -AGG-CG-AAAAACATA-TCG-AGTT
ACGCGTCCTAC-TATC-AAT-CCGGGTGCG-C-TGTTGTATAACACAAACTAGG - CGAAAAAACATA-TCG-AGTT




UL - S

SMRTbell Template "‘5 MBI,
L]

<

\

Polymerase Read ==

™~

EBEBEE———
Subreads : !
Circular Consensus Sequence

(Read of Insert)




SMRT SEQUENCING

SMRT=Single Molecule Real-Time

una ZMW e un foro, di diametro di qualche
decina di nanometri, fabbricato in un film di
metallo di 100nm depositato su un
substrato di diossido di silicone

Ciascun ZMW diventa una camera di
visualizzazione nanofotonica che fornisce un
volume di rilevazione di solo 20 zeptolitri
(1021 litni).

In un tale volume, I'attivita di una singola
molecola puo essere rilevata in un
background di migliaia di nucleotidi marcati
in fluorescenza



Pacific Biosciences ZMW

Building ~
_—— Blocks
Ty

4

Mew DMA Etranl.‘li )
a]elc a]a]"]
Bl ’E“Efg:& ] Template /

Glass Substrate

ZMW="Zero Mode Wavequide’




Figure 5. ZMW with DNA polymerase

A single DNA polymerase molecule is
attached to the bottom of the ZMW using a

proprietary biased immobilization process.



Intensity

Time

v'Sequenziamento di singole molecole

v'Incorporazione di molecole fluorescenti
(sequenziamento mediante sintesi)

v Monitoraggio in tempo reale dell’attivita della polimerasi
— (eccitazione/rilevazione)



Figure 11. Synthesis of long DNA.

DNA polymerase processively incorporates
nucleotides producing long, natural DNA.



https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

FastQC

Quality scores across all bases (Tlumina =v1.3 encoding)
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Quuality scores across 3 Il bases {Thumina >v1.3 encoding)

:TT?%%???%% O ' TLAR RN Tk ke
FaStQC 28 H ]“» -H S (L

z L

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 26 29 30 31 32 33 34 35 36 37 38 39 40
Position in read (bp)

The central red line is the median value
The yellow box represents the inter-quartile range (25-75%)
The upper and lower whiskers represent the 10% and 90% points

The blue line represents the mean quality
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Third Generation Sequencing: Single Molecule Sequencing
Oxford Nanopore

SmidglON

MinION

GridlION X5

PromethION

SmidglON MinION GridION X5 PromethlON
Read ? > 200 kb
Length
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




Oxford Nanopore

Current
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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

© A flow of ions through

the pore creates a current.
Each base blocks the
© One protein flow to a different degree,
L b
two strands. GATATIGC 111G GCEQ
O A second
protein creates
a pore in the
membrane
and holds
an *adapter”
MR © The adapter molecule

keeps bases in place long
enough for them to be
identified electronically.

R9.4: 450 nucleotides/second




VoITRAX

Rapid, programmable, portable, disposable sample processor
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Accurate Typing of Human Leukocyte Antigen Yo ——
Class I Genes by Oxford Nanopore Sequencing

Chang Liu,* Fangzhou Xiao, Jessica Hoisington-Lopez,' Kathrin Lang,” Philipp Quenzel,” Brian Duffy,” and Robi D. Mitra
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Oxford Nanopore Technologies” MinION has expanded the current DNA sequencing toolkit by delivering
long read lengths and extreme portability. The MinION has the potential to enable expedited point-of-
care human leukocyte antigen (HLA) typing, an assay routinely used to assess the immunologic
compatibility between organ donors and recipients, but the platform’s high error rate makes it chal-
lenging to type alleles with accuracy. We developed and validated accurate typing of HLA by Oxford
nanopore (Athlon), a bioinformatic pipeline that i) maps nanopore reads to a database of known HLA
alleles, 1) identifies candidate alleles with the highest read coverage at different resolution levels that
are represented as branching nodes and leaves of a free structure, iii) generates consensus sequences
by remapping the reads to the candidate alleles, and iv) calls the final diploid genotype by blasting
consensus sequences against the reference database. Using two independent data sets generated on the
RO9.4 flow cell chemistry, Athlon achieved a 100% accuracy in class I HLA typing at the two-field res-
olution. (J Mol Diagn 2018, 20: 428—435; https://doi.org/10.1016/].jmoldx.2018.02. 006)
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