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Sekvenovani technologii
lllumina



lllumina Sequencing Technology - YouTube
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Kroky sekvenovani
technologii lllumina

Fragmentace genomické DNA, napf.
sonikatorem

Ligovani adaptéru na oba konce fragmentu
PCR amplifikace fragmentu s adaptéry

Rozprostfeni molekul DNA napfi¢ flowcelami.
Cilem je ziskat pfesné jednu molekulu DNA na
kazdy potencialni shluk primeru. To zavisi Cisté
na pravdéepodobnosti, zalozené na koncentraci
DNA.

Pouziti bridge PCR k amplifikaci jedné
molekuly na kazdém shluku, k ziskani
dostateCné silného signalu pro detekci.
Obvykle to vyZaduje nékolik set nebo malo tisic
molekul.

Sekvence syntézou komplementarniho viakna:
chemie reverzibilniho terminatoru.
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D. Alignmeant & Data Anaylsis

ATGGECATTGCAAT TTGACAT
TGGCATTGCAATTTG
- AGATGGTATTG
GATGGECAT TG AM
GCATTGCAATTTGAC
ATGGECATTGCAATT
AGATGECATTGCAATTTG

Peferanca
CEomE AGATGG TATTGCAATTTGACAT

Reads ane alijned to 8 refanance sequance with bloimfometics
software. Aftar aligrment, diferencas betwsaen the meiaEnce
panome and the newly Bequancad reads can b= idantifiad.



Zdroj chyb:
ligovani adaptéru

Sekvenovani ndhodnych fragment( DNA je

mozné pridanim kratkych nukleotidovych
sekvenci, které slouzi k:

« V kroku 2 jsou adaptéry ligovany na konec fragmentd 1) Navazani fragmentd na NGS flow cell
2) PCR pouze fragment( DNA ligovanych s a
_ daptérem
Flow Cell Read primer 1 Index Primer Flow Cell , v, PR ,
binding Region g, =" bindingRegion 3) Indexovani nebo ,,carové kddovani“ vzork
e ] U pro smichani vice knihoven v jednom bé
Read Primer 2 hu (multiplexing)
ey e 4) Znaceni pro zjisténi chyb v sekvenaci (PCR

duplikatd...)

Universal Adapter
B  DNA Fragment to be Sequenced
B ndexed Adapter

Index Region

From:
http://tucf-genomics.tufts.edu/documents/protocols/TUCF_Understanding_lllumina_TruSeq_Adapters.pdf



Co vSe se
liguje

Adaptery
Primery
Tagy
Barkody
UMIs
Spacery
Linkery

Single index

Paired-end dual index

Paired-end dual index
with molecular barcode

Paired-end dual index
with inline UMI

Paired-end dual index,
inline UMI and barcode

e o@D o apaamn

P5 SP1 sP2 i7 P7

eamncs GHEEWTTEEED 424 e>ams

P5 i5 SP1 spP2 i7 P7

- e - -

P5 i5 SP1 SP2 i7 UMI P7

- e et
Mi

P5 i5 SP1 U sP2 i7  P7
- o
P5 i5 SP1 UMIBC sP2 i7  P7

@ P5/P7: Flow cell binding sequences (platform-specific)

SP1/2: Sequencing primer binding sites (common for all libraries)
®® /5/i7: Sample Indexes (specific to a particular library)

UMI: Unigue molecular index (barcode tag for individual molecules)
@ BC: User-defined barcode (unique per sample, single cell, etc.)
@ Insert: Target DNA or cDNA fragment (library-specific)



C O V§ e Seé Musi byt p¥itomny:

P5/P7 — adaptéry pro vazbu na flow cell

I i g uj e SP1/SP2 — vazebné misto sekvenacéniho primeru

Volitelné — ale ¢asto pouzivané:

i5/i7 — Index vzorku — k rozpoznani sekvenovanych knihoven

Spacery - Pokud Volitelne:
kombinujeme rtzné délky Barcode - jedinecna sekvence pro rozpoznani vzorku
k.nlhoven o UMI — Unique Molecular Identifikator — k identifikaci technickych
Linkery - pro lepsi sluCovani duplikatd
sekvenci
Index 2 Index 1
5 PS5 | DNA Insert az Sl |
I m poernere———————————————————————————————————1 L]
I e I

Indexed Sequencing Overview Guide (15057455) (ox.ac.uk)



https://www.ogc.ox.ac.uk/wp-content/uploads/2017/09/indexed-sequencing-overview-guide-15057455-03.pdf

Odstraneni adaptéru z knihovny

* Nutny krok!

e QOdstranéni neligovanych adaptért a adaptérovych dimert (dva adaptéry vzajemné ligované) je zasadni
pro zlepsSeni vystupu a kvality dat

* Prebytecné adaptéry Casto soutézi s fragmenty knihovny ve vazbé na priatokovou bunku, ¢imz se snizuj
e datovy vystup.

* Adaptérové dimery mohou také klonalné amplifikovat a generovat sekvenacni ,,Sum®, ktery musi byt bé
hem analyzy dat odfiltrovan.

* Prebytek neligovanych adaptért Cini knihovny ndchylnéjsimi k indexovému preskakovani béhem sekve
novani



Zdroj chyb:
PCR duplikaty P G i

L

f_.f : ™ DNA fragment
*V kroku 3 zdmérné vytvafime vice kopii kazdé plvodni molekuly genomové |, i E |
DNA, abychom jich méli dostatek. Li z i . +» Dense lawn
b 7 of primers

*K duplikatdm PCR dochazi, kdyz se dvé kopie stejné plvodni molekuly . et --"J_ /
dostanou na rGzné primerové oblasti ve flowcele \

|\ Adapter
*V dlsledku toho ¢teme stejnou sekvenci dvakrat! L7 iy}

I I;'-|- | | | : | |
* VySsi Cetnosti PCR duplikatd, napt. 30 % vznikaji, kdyz mate pfilis malo p 8 ' JI I | |
vychoziho materialu, takze je potreba vétsi amplifikace knihovny v kroku 3, | LR | | ;

nebo kdyz mate pfriliS velky rozptyl ve velikosti fragmentu, takze mensi
fragmenty, které se snadnéji amplifikuji pomoci PCR jsou overreprezentovany

Find beautiful explanation of probabilities and much more at: https://www.cureffi.org/2012/12/11/how-pcr-duplicates-arise-in-next-generation-sequencing/
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Krok O * |dentita kazdé baze ve shluku se odecita ze sekvencnich
obrazkU

a n a Iyzy * Jeden cyklus -> Ctyfi snimky!
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-low-cell
Imaging




Jak to
probiha

A flow cell contains eight lanes gr-istc

/ Lane 2
i'/ .

Lanés

Each lane/channel contains three columns of tiles

000000000000000000000000000000 Jf—cotumn 1
000000000000000000000000000000 |k

Column 3
LOEOO0000000000000000000000000

'I';e ﬁ"“““k-a-%_%__ﬁ Each column contains 100 tiles
Each tile is imaged four times per
£ cycle - one image per base.
20K-30K &
Clusters

345,600 images for a 36-cycle run

350 X 350 ym



Trochu pocitejme

* 100 tiles na lane, 8 lanes na flow cell, 36 cyklU

e 4 obrazky (A,G,C,T) na dlazdici a cyklus = 115 200 obrazku
* Kazdy obrazek tiff ma ~ 7 MB = 806 400 MB dat

* 1,6 TB na 70 nt Cteni, 3,2 TB pro 70 nt parové cteni

 VétsSina technologii pfi sekvenovani vymazava intenzity, a to z divodu
tak velkého mnozstvi dat



Underclustered Overclustered

Optimal clustering

* Koncentrace pripravenych knihoven NGS se mohou Siroce lisit kvili rozdiliim v

Zd - h b . mnozstvi a kvalité vstupu nukleové kyseliny, stejné jako v cilové metodé obohaceni,
rOJ C y - ktera mUze byt poufZita.
* podshlukovani v dlisledku nadhodnocenych koncentraci knihoven mlze mit za

KO n Ce n t ra Ce nasledek snizeny pocet readu proti kapacité

* nadmérné mnozstvi shlukl mize mit za ndsledek nizké skdre kvality a

kn I h Ovn y problematickou naslednou analyzu - shluky se Spatné odliSuji programem pro

analyzu obrazu!



Zdroje chyb:
sekvenovani syntézou
— fluorescence ;

Cycle 1: Add sequencing reagents

First base incorporated

V kroku 5 zesilujeme signal a detekujeme fluorescenci
kazdé baze ® o
® & Emission N
Predpokladem je, Ze v cyklu je kazda molekula na ® © O Detect signal
o 7 v . 7 . '
prutokoveé cele prodlouzena o jednu bazi o o §\ Cleave terminator and dye
@ . : 5 HNO X
o DNA O7™N
. ® 0 0”10
Rea I Ita : @ 8 @ 3YOH free 3' end
® g 3 Excitation
* Neékteré molekuly nejsou prodlouzeny nebo jejich € Cycle 2-n: Add sequencing reagents and repeat
baze nema fluorescencni barvivo o ®

* Predchozi fluorescencni barvivo neni stéepeno —
signal z klastru po nékolika cyklech je smési signalt
z predchozich bazi



Sekvenacni

Pokryti v sekvenovani DNA je pocet jedinecnych cteni, ktera

pOkrytl’ zahrnuji dany nukleotid v referencni sekvenci.
(coverage)
I
I I
I I

Reference genome

WWwWw. metagenomics.wiki



I Hloubka pOkrytl’ Jak silné je genom ,,pokryt” sekvenovanymi fragmenty (kratké
(coverage depth) ¢teni)?

Pokryti na bazi (per-base coverage) je primérny pocet, kolikrat byla sekvenovana dand baze genomu (jinymi
slovy, kolik ¢teni ji pokryva).

[
o 4 V4 V' m

Priimérné pokryti genomu ©
-

(Av) Q
35 5X I

Av = (NxL)/G O 4x I I
'E 3X I I
. o , 2X I I
G - delka puvodniho genomu £
v v B 1X I I 2N DN
N - pocet cteni Py
L - primérna délka cteni 0 Reference genome

www.metagenomics.wiki

Hloubka pokryti genomu se vypocita jako pocet bazi vSech kratkych ¢teni, ktera odpovidaji genomu, podélené
délkou tohoto genomu. Casto se vyjadfuje jako 1X, 2X, 3X,... (1, 2 nebo 3ndsobné pokryti).



Sitka kryti

Jaka cast genomu je ,pokryta“ kratkym ¢tenim? Existuji oblasti,
(breadth Of které nejsou pokryty, a to ani jednim prectenim?

coverage).
A Breadth of coverage
m —-
| .
[0
.‘é 5X [
U 4X I I—
'E 3X [ [
-~ 2X N (e N
"5_ 1X D [ D N —
g Reference genome

www.metagenomics.wiki

Sitka kryti je procento bazi referenéniho genomu, které jsou pokryty uréitou hloubkou. Napfiklad: "90 %
genomu je pokryto v hloubce 1X a stale 70 % je pokryto v hloubce 5X."



Doporuceni pr

pokryti

Urcuje se na zakladé :
 Deélky cCteni
 Velikost genomu
 Aplikace

* Doporuceniv literature

«  Urovné genové exprese
 Slozitosti genomu,

opakujicich se oblasti

Primérné pokryti genomu
(Av)

Av = (NxL)/G
G - délka ptvodniho genomu

N - pocet Cteni
L - primérna délka cteni

* Chybovosti sekvenacniho
nastroje nebo metodologie

e Algoritmu analyzy




Doporuceni pro pokryti - DNA

Application Type Coverage Average coverage of the
genome (Av)
DNA-Seq (Re-Sequencing) 30 - 80X
DNA-Seq (De novo assembly) 100X Av = (NXL)/G
SNP Analysis / Rearrangement Detection 10 - 30X G - |ength of the
original genome
Exome 100 - 200X
N - number of reads
ChiP-Seq 10 - 40X L - average read length

Coverage and Read Depth Recommendations for Next-Generation Sequencing Applications (genohub.com)
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Doporuceni pro pokryti - RNA

Reads Needed for Differential Reads Needed for Rare Transcript or
Sample Type Expression (millions) De Novo Assembly (millions) Read Length
Small Genomes (i.e. Bacteria / 5 30-65 50 SR or PE for
Fungi) positional info
Intermediate Genomes (i.e. 10 70-130 50 - 100 SR or PE for
Drosophila / C. Elegans) positional info
Large Genomes (i.e. Human / 15-25 100 - 200 >100 SR or PE for
Mouse) positional info

RlUzné transkripty jsou exprimovany na raznych urovnich => vice Cteni bude zachyceno z vysoce
exprimovanych genu

Slozitost transkriptomu, alternativni exprese, 3' souvisejici zkresleni a distribuce Urovni exprese ztézuiji
stanoveni pokryti.

PRI VYPOCTU POZOR ! Potfebujeme poéitat s namapovanymi ¢tenimi, ne s celkovym poctem &teni.

Coverage and Read Depth Recommendations for Next-Generation Sequencing Applications (genohub.com)
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LOpPpLUIULCTH PIVU PURNTYU = UIC
aplikace

Category

Whole genome sequencing

Whole exome sequencing

Transcriptome Sequencing

Detection or Application

Homozygous SNVs
Heterozygous SNVs
INDELs

Genotype calls

CNV

Homozygous SNVs
Heterozygous SNVs
INDELs

Differential expression profiling
Alternative splicing
Allele specific expression

De novo assembly

Recommended Coverage (x) or Reads References

(millions)

15% Bentley et al., 2008

33x Bentley et al., 2008

60x Fengetal., 2014

35x% Ajay et al., 2011

1-8x Xie et al., 2009; Medvedev at al., 2010
100x (3x local depth) Clark et al., 2011; Meynert et al., 2013
100x (13x local depth) Clark et al.,, 2011; Meynert et al., 2013
not recommended Feng etal., 2014

10-25M LiuY. et al,, 2014; ENCODE 2011 RNA-Seq
50-100M LiuY. et al., 2013; ENCODE 2011 RNA-Seq
50-100M Liu Y. et al.,, 2013; ENCODE 2011 RNA-Seq
>100M LiuY. et al., 2013; ENCODE 2011 RNA-Seq

Coverage and Read Depth Recommendations for Next-Generation Sequencing Applications (genohub.com)
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LOpPpLUIULCTH PIVU PURNTYU = UIC
aplikace

DNA Target-Based ChIP-Seq 10-14M (sharp peaks); 20-40M (broad Rozowsky et al., 2009; ENCODE 2011 Genome;
Sequencing marks) Landt et al., 2012

Hi-C 100M Belton, .M et al., 2012

4C (Circularized Chromosome Confirmation Capture) 1-5M van de Weken, H.J.G. et al., 2012

5C (Chromosome Carbon Capture Carbon Copy) 15-25M Sanyal A. et al., 2012

ChIA-PET (Chromatin Interaction Analysis by Paired-End 15-20M Zhang, |. et al., 2012

Tag Sequencing)

FAIRE-Seq 25-55M ENCODE 2011 Genome; Landt et al., 2012
DNAse 1-Seq 25-55M Landt et al., 2012
DNA Methylation CAP-Seq >20M Long, H.K. et al., 2013
Sequencing
MeDIP-Seq 60M Taiwo, O. et al., 2012
RRBS (Reduced Representation Bisulfite Sequencing) 10X ENCODE 2011 Genome
Bisulfite-Seq 5-15X; 30X Ziller, MJ et al., 2015; Epigenomics Road Map

Coverage and Read Depth Recommendations for Next-Generation Sequencing Applications (genohub.com)
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RNA-Target-Based CLIP-Seq 10-40M Cho ). etal,, 2012; Eom T. et al., 2013; Sugimoto
Sequencing Y.etal, 2012
iCLIP 5-15M Sugimoto Y. et al., 2012; Rogelj B. et al., 2012
PAR-CLIP 5-15M Rogelj B. et al., 2012
RIP-Seq 5-20M LuZ. etal, 2014
Small RNA (microRNA) Differential Expression ~1-2M Metpally RPR et al., 2013; Campbell et al., 2015
Sequencing
Discovery ~5-8M Metpally RPR et al., 2013; Campbell et al., 2015

Coverage and Read Depth Recommendations for Next-Generation Sequencing Applications (genohub.com)
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Numbers of Single Reads by Instrument Manufacturer

Platform Instrument Unit Reads / Unit Reference
Hlumina HiSeq X Ten Lane 375,000,000 1
llumina HiSeq 3000/4000 Lane 312,500,000 1
|
KO I I k lllumina HiSeq NextSeq 500 High-Output Run 400,000,000 2
llumina HiSeq NextSeq 500 Mid-Output Run 130,000,000 2
O lllumina HiSeq High-Output v4 Lane 250,000,000 3
VZ O I u llumina HiSeq High-Output v3 Lane 186,048,000 3
Hlumina HiSeq Rapid Run Lane 150,696,000 3
\V4 e
I l a e llumina HiScanSQ Lane 93,024,000 3
|
llumina GAllx Lane 42,075,000 3
llumina MiSeq v3 Lane 25,000,000 4
7 . ’ Ve /7
Zavisi od pouzité platfo rmya iumina e lore 16,000,000 3
. o/ .
JeJ I ho Maxima lllumina MiSeq Lane 5,000,000 3
v 7 v v 7
a pozadovaného poctu cteni
. Hlumina MiSeq v2 Micro Lane 4,000,000 5
na vzorek (v milionech)
llumina MiSeq v2 Nano Lane 1,000,000 5

Designing Next-Generation Sequencing Runs (genohub.com)
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Single nebo paired- end?

Single-end sekvencovani

* V'yvhody: rychlé, levné il e E
Cteni
* Nevyhody: omezené pouziti \ \
* PouZiti: obvykle postacuje pro T T
studie, jejichz cilem je Cteni Cteni
zjistit spise pocet molekul, nez Genom

jejich typ, jako je RNA-Seq nebo
ChlP-Seq



Single nebo paired- end?
Paired-end sekvencovani
* \\vhody:

* vetsi presnost, v jednom béhu dvounasobny
pocet Cteni na vzorek (vétsi kapacita) za
méné nez cena dvou sekvenacnich béhu

* Nevyhody: pomalejsi, drazsi (relativné)

* Pouziti:
* de novo sestaveni genomu

* Analyza strukturalnich zmén (delece, inzerce,
inverze) a SNP

e Studium sestrihovych variant
* Epigenetické modifikace (metylace)

—

Cteni R1

Fragmer‘i\t\DNA

7 ¢enirl —IBETY

Cteni R1 ——P o= 11: ¥
Genom

Cteni R1 —— (&= 1:¥)



Delka cteni

* Delsi délky cteni poskytuji presnéjsi informace o

relativnich pozicich bazi v genomu, jsou drazsi nez .

kratsi. Fragment DNA

e 50-75 cyklu je typicky dostacujicich pro jednoduché Readd
mapovani cteni do referencniho genomu a
experimenty s kvantifikujici treba genovou expresi
(RNA-Sea)
e Délky Cteni vetsi nebo rovné 100 se typicky voli pro Fragment Dl:\lA
studie genomu nebo transkriptomu, které vyzaduji ~ Read R1

vetsi presnost
* Pfesna délka zalezi na délce insertu!!!



Délka Cteni a cilove fragmenty!

e Délka fragmentu by
meéla zhruba odpovidat délce Cteni (v
pFipadé paired_end reada jEjICh “ Leit-side{Iower}seectonIight—side{upper} selection

Lower bead:DNA (e.g., 0.5x) Higher bead:DNA (e.g., 0.9x)
Larger fragments = Bound to beads, discarded

4
SO U Ct U ) Smaller fragments - In supernatant, saved

Larger fragments = bound to beads, saved
Smaller fragments - In supernatant, discarded

* Uniformita velikosti fragmentu je
zasadni, protoze délka Cteni je

omezena 1 "
* Podstatné delsi inzerty DNA => o) Coneg - cleanup Size select
nékteré ¢asti inzertd zlstanou ol frdllie
nesekvenované.
“m»,:._
* Kratsi nez doporucené => neoptimalni
vyuziti sekvenacnich Cinidel a zdroja.
Kombinace kratkych a dlouhych insertd \ _ J h

> snizuje efektivitu sekvenovani a
redstavuje problémy pfri analyze dat. |

Preparation of DNA Sequencing Libraries for lllumina Systems—6 Key Steps in the Workflow | Thermo Fisher Scientific - CZ



https://www.thermofisher.com/cz/en/home/life-science/cloning/cloning-learning-center/invitrogen-school-of-molecular-biology/next-generation-sequencing/dna-sequencing-preparation-illumina.html
https://www.thermofisher.com/cz/en/home/life-science/cloning/cloning-learning-center/invitrogen-school-of-molecular-biology/next-generation-sequencing/dna-sequencing-preparation-illumina.html
https://www.thermofisher.com/cz/en/home/life-science/cloning/cloning-learning-center/invitrogen-school-of-molecular-biology/next-generation-sequencing/dna-sequencing-preparation-illumina.html
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Délka cteni a cilove fragmenty!

Délka Cteni je omezena sekvenacni platformou a reagencnim kitem

Sequencing Platform

SBS Kit Version

Maximum Read Length

Reagent Kit Maximum Number of Additional Cycles Needed for Dual
Reagent Type )
Size Cycles Index?
iSeq™ 100 i1 (v1orv2) 300 322 No
Rapid Kit 100 128 Yes - 7 cycles
. 75 92
MiniSeq™ High Output or
: 150 168 No
Mid Output
300 318
v2 50 79
(including Micro and Nano 300 329
MiSeq™ kits) 500 529 Yes - 7 cycles
150 179
v3
600 629
75 92
NextSeq™ 500/550 High Output or Mid Output 150 168 No
300 318
50 79
Rapid SBS v2 200 229
500 529 ‘
HiSeq™ =0 58 7 cycles required for paired-end flow
1000/1500/2000/2500 TruSeq SBS v3 cells
200 209
) 50 79
HiSeq SBS v4

250 279

vl 2 x 151bp

iSeq 100
v2 2 x 151bp
MO* 2 X 151bp

MiniSeq
HO* 2 x 151bp
v2 2 x 251bp

MiSeq
v3 2 x 301bp
MO* 2 x 151bp

NextSeq 500/550

HO* 2 x 151bp
NextSeq 1000/2000 P1, P2, P3 2 x151bp
HO* v3 2 x101bp
HiSeq 1000/1500/2000/2500 HO* v4 2 x 126bp
RR** v4 2 X 251bp
HiSeq 3000/4000 N/A 2 x 151bp

Maximum read length for

How many cycles of SBS chemistry are in my kit? (illumina.com)

lllumina sequencing platforms



https://support.illumina.com/bulletins/2016/10/how-many-cycles-of-sbs-chemistry-are-in-my-kit.html
https://support.illumina.com/bulletins/2020/04/maximum-read-length-for-illumina-sequencing-platforms.html
https://support.illumina.com/bulletins/2020/04/maximum-read-length-for-illumina-sequencing-platforms.html

UziteCne zdroje

Praktické laboratorni tipy pro knihovny:

* Preparation of DNA Seguencing Libraries for lllumina Systems—6 Key Steps in the Workflow |
Thermo Fisher Scientific - CZ

Praktické tipy pro nastaveni sekvenacniho béhu:
* Designing Next-Generation Sequencing Runs (genohub.com)
e Optimizing Cluster Density on Illumina Sequencing Systems

Indexed sequencing lllumina guide:
* Indexed Sequencing Overview Guide (15057455) (ox.ac.uk)
Dalsi zdroje

* Sequencing depth and coverage: key considerations in genomic analyses | Nature Reviews
Genetics
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