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Epigenomics Core Facility:	

“I have samples for sequencing”, what does it mean?	
	

Core	Laboratories	Center	
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Genomics	and	Epigenomics	Core	Facility	
Assistant	Research	Professor,	Department		of	

Hematology	and	Oncology	
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Evolution	of	Sequencing	Technologies	

•  Custom	sequencing	(targeted)	
•  Sequencing	length:	300-1000bp	
•  Output:	384	independent	samples	at	a	time	
•  ABI	Prism	375	(Applied	Biosystems)	
	



•  Generation	of	many	millions	of	short	reads	to	be	sequenced	in	parallel	(150-600bp)	
•  Speed	of	sequencing	(compared	to	1st	generation)	
•  Cost	of	sequencing	(lower	per	base)	
•  Output	is	detected	directly	(ie	no	electrophoresis)		
•  Output	varies	from	15M	–	400B	“reads”	
•  Short	reads	are	aligned	to	a	previously	sequenced	genome	
•  Examples	of	2nd	generation	competing	technologies	

•  Roche/454	(pyrosequencing	–	extinct-	up	1000bp,	1Gb	
•  Ion	torrent	(detects	the	Hydrogen	ion	released,	change	of	pH-Life	Technologies,	2010)	200-600bp,	10Gb	(2-8	hours)	
•  ABI/SOLiD		35-75	bp	30Gb/run	(each	base	is	read	2x,	high	accuracy)	
•  Illumina/Solexa	sequencing:	Sequencing	by	Synthesis	SBS	(50-250bp)	

Making	a	”library”	

Evolution	of	Sequencing	Technologies	



Shortcoming	of	2nd	generation	
•  “Library”	preparations	require	PCR	amplification	
•  Repetitive	regions	of	the	genome	(centromeres)	
	

SMRT	:	single	molecule	real	time	
sequencing	
•  Pacific	Biosciences:	Sequel	
•  Oxford	Nanopore:	MinION,	

PromethION	
•  Sequencing	length:	up	to	100kb	
•  Allows	“de	novo”	mapping	
•  Sequencing	of	modifications	of	the	

bases	(methylation	for	example)	

Evolution	of	Sequencing	Technologies	
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#	Clusters:	varies	with	the	sequencer	used	and	the	chemistry	used	
	 	A	HiSeq	2500	(our	most	common	sequencing	run)	gives	~	800k/mm2	

#	reads:	total	number	of	clusters	X	read	length		
								for	SR50,	our	most	common	length	~280M	reads,	7GB	per	lane,	8	lanes	

Processing:	base	calls	are	made	directly	from	the	signal	intensity	using	Illumina’s	
RTA	software,	using	Casava	2.1.7	raw	reads	and	quality	scores	are	generated.		

Illumina Technology for 2nd Generation Sequencing Rules the Field! 

Clusters	



Illumina Technology continues improving! 

Efficient	clustering	



Illumina Technology continues improving! 

Faster	“sequencing”	

Increasing	throughput	

Chemistry 1-color 4-color 4-color 2-color 4-color 4-color 2-color 

Clustering patterned random random random random & 
patterned 

random patterned 



Illumina Technology continues improving! 



Illumina Technology continues improving, the need to MULTIPLEX! 

•  Coverage	(or	depth):		
	 	number	of	reads	that	are	likely	to	be	aligned	at	a	given	reference	position	

Coverage	=	read	length	x	number	of	reads	
	 	 	genome	length	(haploid)	

•  How	many	reads	would	one	need	to	sequence	ONE	human	genome	at	30x	coverage	in	a	PE100	run?	

number	of	reads	=	30	x	3x109		
	 	 	 	 	200	

450M	reads	

On	a	HiSeq	2500:	two	sequencing	lanes			 	 	 		~$5,000		
On	a	HiSeq	4000:	one	sequencing	lane 		 	 	 		~$2,500	
On	a	Novaseq	S4:	1/6	of	a	sequencing	lane 	 	 		~$1,000	

		

•  Multiplexing:	being	able	to	physically	pool	libraries	from	different	origins,	sequence	and	then	
	bioinformatically	re-assign	each	library	to	its	origin	

For	ChIPseq,	40M	reads	
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http://epicore.med.cornell.edu/	

Wet Lab   
Scientific Director    Alicia Alonso, PhD 
Lab Manager      Yushan Li 
Research Specialists    Marisa Mariani, PhD 
                            Caroline Sheridan 
Research Technician    Yuan Xin 
 
 
Dry Lab  
Bioinformatics Director:    Doron Betel, PhD 
Computational Biologist:    Piali Mukherjee 
Software Developers:     Thadeous Kacmarczyk, PhD 

     Simon Johnson 



A	project	with	the	Epigenomics	core	includes	

Consultation		

Sample	
submission		

Library	prep	

Data	release	

Bioinformatics	
support	

Sequencing	
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Sample	Submission	Tracking	

Internal LIMS 
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Monitoring	of	Sequencing	and	Analysis	

•  Methylation sequencing 
•  DNAseq 
•  RNAseq 
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Epicore	metrics	FY18	
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Epicore	metrics	FY18	
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Epicore	metrics	FY18	
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Processing	time	FY18	

19 days 

2 days 4 days 



Illumina NGS workflow 

•  Library preparation: (from DNA) 
•  random fragmentation of DNA, addition of 5’ and 3’ adapters  

      (which will allow binding to the Illumina flowcell) and then undergo PCR amplification if needed.    
*Sequencing indexing strategy must be thought out before the libraries are made* 

•  Good quality starting material: DNA and RNA, in the past 2 years .. Add single cell! 
•  DNA eukaryotic or prokaryotic, DNA methylation, from immunoprecipitations, from ATACseq, from Hi-C 
•  Total RNA, immunoprecipitated RNA, RNA from FFPE (degraded) 
•  Single cell suspensions 

•  Cluster Generation:  
•  library is loaded into an Illumina flowcell, DNA fragments are captured on a  lawn of surface bound oligos  
complementary to the library adapters. Fragments are amplified into clonal clusters through bridge amplification.  

•  Sequencing:  
•  proprietary reversible terminator-based method that detects single bases as they are incorporated into  
DNA template strands.     



Quality Control of DNA 

1. Genomic DNA sample QC:  ~40kb, no RNA contamination 

(whole	genome	sequencing,	targeted	sequencing,	methylation	sequencing)	
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Quality Control for RNA 

Total stranded RNA prep 
Requires 500ng RNA, RIN >- 2   

250ng RNA, RIN >- 8   

RIN=3 

small RNA gDNA	

Transcriptome	analysis	

5’ 3’

Co
ve
ra
ge
	

RIN number (RNA integrity number)  
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RIN 

Gene body coverage heat map  

Piali Mukherjee 

Effect of RIN on  gene body counts 

Gene	body	coverage	(5’	to	3’)	
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Quality Control for RNA (low input) 

UltraLowInput RNAseq (SMART technology) 

Requires 1-10ng RNA, RIN >- 8; or 10-500 cells   

Quality control is done after cDNA preparation 

cDNA	1-3kb)	



Genome	vs	Epigenome	
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….ACGTTGCA.....	

Genetic	information-	DNA					(constant)	

Epi-genetic		
information	

The	Epigenetic	code,	which	modifies	gene	expression,	has	plasticity	and	can	be	reprogrammed	
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Epigenetic	code	affects	gene	expression	

Methylation		
Sequencing;		
Cytosine	on	CpG	

DNA-protein	interactions	
ChIPseq;	ATACseq	

RNAseq	
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A	modified	C	cannot	be	identified	by	sequencing	by	synthesis	methods	

5mC Cytosine 5hmC 

Sequencing	by	synthesis	depends	on	a	DNA	polymerase,	C	methylated	C	and	all	
oxidative	products	will	be	amplified	as	a	G	



Deamination	
	by	bisulfite		
treatment	

Uracil	

Methylated	cytosine	

Methylation sequencing refers to a chemical step prior to library preparation     
(Bisulfite conversion -  BS) 

Step	2:	PCR	amplification		

Uracil	

PCR	amplification	results	in		
every	C	converted	to	a	T	

Thymine	

Step	1:	conversion	of	Cytosine	to	Uracyl	

This	chemical	step	preserves	both	5mC	and	5hmC,	which	are	about	1%	of	the	total	Cs	
It	reduces	the	complexity	of	the	genome	(mostly)	to	a	3-letter	code	

26	
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2. Genome wide mapping of DNA binding proteins 
•  Chromatin Immunoprecipitation.  

Quality Control of DNA 

Researcher	

Input	requirements	
•  a	minimum	of	11ng	of	sonicated	ChIP	DNA	at	≤	1ng/ul,	determined	by	Qubit	
	
•  10%	of	total	material	must	be	in	the	size	range	of	the	DNA	fraction	required	for	library	preparation	

(130-230bp)	

Core:	
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Samples submitted most often look like this 

Agilent	Bioanalyser	trace	
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Quality control of cells 

Technique	was	published	by	Greenleaf’s	lab	in	2013	

1.	90%	live	cells	in	suspension	

2.	Prepare	nuclei	(50,000	cells)	

3.	Add	Tagmentase		

4.	Short	barcoded	fragments	
	are	released	by	tagmentation	

5.	PCR	amplify	and	Sequence	

Functional	state	of	chromatin:		
Assay	for	transposase-accessible	chromatin:	

ATACseq	



30	

   
Quality control of ATACseq libraries is at the sequencing stage!

                   Bio	

Bioanalyzer	QC	

QC	using	Epinomics	website	(www.epinomics.co/	)Greenleaf	initiative)	

Digitonin	

Omni	

Collaboration	Elemento,	Ashley	Doane	



Illumina NGS workflow 

•  Library preparation: (from DNA) 
•  random fragmentation of DNA, addition of 5’ and 3’ adapters  

      (which will allow binding to the Illumina flowcell) and then undergo PCR amplification if needed.    
*Sequencing indexing strategy must be thought out before the libraries are made* 

•  Good quality nucleic acid: DNA and RNA 
•  DNA eukaryotic or prokaryotic, DNA methylation, from immunoprecipitations, from ATACseq, from Hi-C 
•  Total RNA, immunoprecipitated RNA, RNA from FFPE (degraded) 

•  Cluster Generation:  
•  library is loaded into an Illumina flowcell, DNA fragments are captured on a  lawn of surface bound oligos  
complementary to the library adapters. Fragments are amplified into clonal clusters through bridge amplification.  

•  Sequencing:  
•  proprietary reversible terminator-based method that detects single bases as they are incorporated into  
DNA template strands.     
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2. End repair, A-tailing 

A	A
3. Adapter ligation 

T	 T	
A	

A	

5. PCR amplification 

4. Size selection of DNA from 250-350bp 
      (original DNA ~130-230bp) 

Library preparation 

1. Shear substrate to ~200bp 

P5	 P7	



•  Library preparation:  
•  fragmentation of DNA 
•  addition of 5’ and 3’ adapters (will tether the DNA to the Illumina flowcell) 
•  PCR amplification if needed. 
•  5’ end has a UNIVERSAL primer   

Library preparation 

Flow	cell	
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Quality Control of Library preparation 

Before	sequencing,	libraries	are	analyzed	for	quantity	and	quality		

36	gDNA	for	methylation	sequencing	(RRBS)	
,	all	passed	DNA	QC	…	

?	

RNAseq	libraries	

ATACseq	libraries	



Illumina NGS workflow 

•  Library preparation: (from DNA) 
•  random fragmentation of DNA, addition of 5’ and 3’ adapters  

      (which will allow binding to the Illumina flowcell) and then undergo PCR amplification if needed.    
*Sequencing indexing strategy must be thought out before the libraries are made* 

•  Good quality nucleic acid: DNA and RNA 
•  DNA eukaryotic or prokaryotic, DNA methylation, from immunoprecipitations, from ATACseq, from Hi-C 
•  Total RNA, immunoprecipitated RNA, RNA from FFPE (degraded) 

•  Cluster Generation:  
•  library is loaded into an Illumina flowcell, DNA fragments are captured on a  lawn of surface bound oligos  
complementary to the library adapters. Fragments are amplified into clonal clusters through bridge amplification.  

•  Sequencing:  
•  proprietary reversible terminator-based method that detects single bases as they are incorporated into  
DNA template strands.     



DNA	
(0.1-1.0	ug)	

		

Sample	
preparation	

Image	acquisition		

1 2 3 7 8 9 4 5 6 

Base	calling		
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Sequencing		

Single	molecule	array	Cluster	growth	

4/2/19	 36	
©	Illumina,	Inc.	http://www.illumina.com/technology/sequencing_technology.ilmn	

http://seqanswers.com/forums/showthread.php?t=21	

Illumina Clustering and Sequencing 



Sequencing run quality control 

This	is	a	good	run:		



Sequencing run quality control 
Some	lanes	on	this	run	need	to	be	repeated	



Bulk	vs	Single	Cell	Genomics	
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Ye	et	al.,	J.	Hematology	Onc.	2017	



Single	cells	methylation	sequencing	(RRBS)	
Manual,	96	cells	at	a	time	



Single Cell Quality Control of Library preparation 

But,	for	single	cell	…	



Single Cell Quality Control of Sequencing Run 

But,	for	single	cell	…	

Sequencing	QC	

Base	Composition	
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Single	cell	transcriptomics	

10	X	Chromium	Platform:		
Single	Cell	3’	Digital	Expression	500-10,000	cells	

3	Components:	
1.	Gel	beads	with	750,000	unique	barcodes	

2.	Cell	suspension	with	RT	reagents	
	
3.	Partitioning	oil	
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Single	Cell	transcriptomics	

3	Components:	
1.  Gel	beads	with	750,000	unique	

barcodes	
	
2.	Cell	suspension	with	RT	reagents	
	
3.	Partitioning	oil	
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Chromium	platform,	Bioinformatics	Support	
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10	X	Chromium	Platform:		
Single	Cell	3’	Digital	Expression	

Cell	Ranger	analysis	pipeline	



10	X	Chromium	Platform:		
Single	Cell	3’	Digital	Expression	

Sometimes,	it	fails	…	



10	X	Chromium	Platform:		
Single	Cell	ATACseq	



Genomic	analysis	keep	expanding,	we	keep	expanding!	

In	development	(collaboration	with	Landau’s	lab)	
•  Single	cell	methylation	(RRBS)/RNAseq	–	single	cell	plate	
•  Single	cell	ATACseq/Rnaseq	–single	cell	plate	
•  With	10x	platform	

•  Single	cell	expression	with	associated	genotyping	(paper	re-submitted)	

Testing	commercial	platforms	
•  Tapestri,	Mission	Bio	–high	throughput	single	cell	DNA	tumor	variant	phenotypes	
•  GeoMx	DPS,	Nanostring	–	spatial	genomics	–allows	to	detect	both	protein	and	RNA	expression	at		

	a	10µM/100µM	resolution	

With	Genomics	Core	
•  Transition	from	HiSeq2500/4000	to	NovaSeq	



In	spite	of	daily	challenges,	our	core	thrives!	



THE	END	



Sequencing by Synthesis (SBS) 

Michael	Metzker,	2010	



Now three kinds of chemistry 



Cluster		
amplification	

FLOWCELL	

Linearize	DNA	

	
Read	1	

FLOWCELL	

Sequence	1st	strand		

	
Read	2	

FLOWCELL	

Sequence	2nd	strand		

FLOWCELL	

Linearize	DNA	

FLOWCELL	

Strand	re-synthesis		

1st	
cut	

2nd	
cut	

Paired-End Sequencing allows for two 
looks at a sequence 
 

©	Illumina,	Inc.	



Indexed sequencing method is now 
standard for single and paired reads 

©	Illumina,	Inc.	



THE TOPIC: SPATIAL GENOMICS  

KEEPING	SPATIAL	INFORMATION	–	SPATIAL	GENOMICS	



Spatial genomics – Network analysis 
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Single	cell	transcriptomics:		
full	gene	body	coverage	vs	3’	gene	body	coverage	

SMARTseq/SMARTseq	v2	
C1	Fluidigm	
NO	UMI	

Cell-seq,	MARS-seq,	
Dropseq,	InDrop,	ddSeq,	
Chromium	
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Genomic Diversity and Index Diversity Matter!!! 

•  Algorithm	that	calls	the	base	on	a	cluster	is	set	up	using	the	1st	25	bases	of	the	run.	
These	bases	are	expected	to	be	color-balanced	for	A,G,C,T;	if	not	the	base	call	is	incorrect	

Index	run	also	needs	to	be	balanced	



61	

Sequencing Coverage 

•  Coverage	(or	depth):		
	 	number	of	reads	that	are	likely	to	be	aligned	at	a	given	reference	position	

http://support.illumina.com/downloadssequencing_coverage_calculator.html	

Coverage	=	read	length	x	number	of	reads	
	 	 	genome	length	(haploid)	

•  Coverage	for	Methylation	sequencing	of	the	human	genome	
	Using	one	lane	of	a	HiSeq	2500	v4	chemistry	

(100bp)	x	(280x106)	
=		9.3X	coverage		

3x109	

•  Illumina’s	website	has	a	coverage	calculator	app	



62	

Genomic DNA sample QC:  ~40kb, no RNA contamination 

Using an agarose gel 
Good Bad 

Using the  Perkin Elmer Labchip GX 

Good 
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Enhanced Reduced Representation of Bisulfate Conversion (ERRBS) 

2. End Repair, generates a  
    de novo C, unmethylated and 
    must be removed for data analysis  

4. Adapter ligation (methylated version) 
 

1. MspI digestion M	 MspI	
CCGG	
GGCC	

		CGG	
			GCC	

CCG	
GGC	

3. A-tail (for complementing the Illumina Adapter) 				CGG	
		AGCC	

CCGA	
GGC	

P5	 P7	

T	 T	

Index		
Read	

Read	2		
PE	

Read	1		
	

		TCGG	
		AGCC	

CCGA	
GGCT	
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Enhanced Reduced Representation of Bisulfate Conversion (ERRBS) 

5. Size selection (150-250bp and 250-400bp) 
  (DNA size 30-280bp) 
   

 Two fractions are carried over for the rest 
 of the preparation 

400bp	

150bp	

250bp	

6. Bisulfite conversion, all C are modified to U 
    DNA is no longer complementary ie single stranded 

7. PCR amplification  

AGUC	 GGUT	

		TCGG	 CUGA	
P5	 P7	
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Library QC 
Library made from  
2 independent  
PCR amplified products 

Library made from size  
selection 150-400bp, 
 one PCR amplification 

Sequencing QC 

•  Garrett-Bakelman, F.E., Sheridan, C.K., Kacmarczyk, T.J., Ishii, J., Betel, D., Alonso, A., Mason, C.E., Figueroa, M.E., Melnick, A.M. Enhanced Reduced 
Representation Bisulfite Sequencing for Assessment of DNA Methylation at Base Pair Resolution. J. Vis. Exp.  (96), e52246, doi:10.3791/52246 (2015). 

Enhanced Reduced Representation of Bisulfate Conversion (ERRBS) 

•  Akalin A1, Garrett-Bakelman FE, Kormaksson M, Busuttil J, Zhang L, Khrebtukova I, Milne TA, Huang Y, Biswas D, Hess JL, Allis CD, Roeder 
RG, Valk PJ, Löwenberg B, Delwel R, Fernandez HF, Paietta E, Tallman MS, Schroth GP, Mason CE, Melnick A, Figueroa ME. Base-pair 
resolution DNA methylation sequencing reveals profoundly divergent epigenetic landscapes in acute myeloid leukemia. PLoS Genet. 
2012;8(6):e1002781. doi: 10.1371/journal.pgen.1002781. Epub 2012 Jun 21. 
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How does multiplexing affect ERRBS data? 

Sequencing depth 
Sequencing recipe Number of CpG 

covered (>10X) 
Mean CpG 
coverage (>10X) 

SR50 2,979,084 96.62 

PE50 5,930,668 88.53 

SR100 4,889,616 93.15 

PE100 6,607,470 85.48 

Enhanced Reduced Representation of Bisulfate Conversion(ERRBS) 
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ChIPseq 

Chromatin	Immunoprecipitation	

1. End repair, A-tailing A	A

2. Adapter ligation T	 T	
A	

A	

4. PCR amplification 

3. Size selection of DNA from 250-350bp 
      (original DNA ~130-230bp) 
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Sample QC 

M				0					2				4				6					8				10			12			M	

500bp	

1.5% agarose gel BioAnalyzer High Sensitivity 

QC1: quantitation 
   a minimum of 11ng of ChIP DNA at ≤ 1ng/ul, determined by Qubit 

QC2: qualitative measurement  
          10% of total material must be in the size range of the DNA fraction required for  

   library preparation (130-230bp) 

ChIPseq 
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QC2 

Library QC 

BioA all samples >-10% within range  
not enough material for some samples 

Core: will send an email informing libraries are ready to be tested by qPCR 
Fast QC report will give % duplication, which is one parameter to follow 

11				9.5			11					9.	5			8.4			7.5				8.3				10					11					11				14				11					9					9.6				8.5			9.6	 % duplication 

Typical ChIPseq project 

QC1 
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Sequencing depth:  
depends on the antibody, number of binding sites, cell type, quality of the IP 

Multiplexing of ChIP-Seq Samples in an Optimized Experimental Condition Has Minimal Impact on Peak Detection Thadeous J. Kacmarczyk, Caitlin Bourque, Xihui 
Zhang,Yanwen Jiang, Yariv Houvras,Alicia Alonso, and Doron Betel  PLoS One. 2015 Jun 11;10(6):e0129350. doi: 10.1371/journal.pone.0129350. eCollection 2015. 

QC2  
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Validation	of	sequencing	libraries	using	qRT-PCR	

active	
promoter	
repressed	
promoter	

Multiple libraries were made and sequenced on SR50 at different depths, from 181M to 27M 

ChIPseq 



TruSeq mRNA prep 

1.  rRNA depletion: oligo dT hybridization, and 
      purification 

AAAA	

TTTT-beads	

2. mRNA fragmentation: chemical cleavage 
               (~150bp) 

3. Random priming to obtain cDNA strand  
    and dscDNA  

4. End repair, A-tailing A	A

5. Adapter ligation T	 T	
A	

A	

6. PCR amplification 

rRNA 

AAAA	

AAAA 
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TruSeq stranded mRNA prep 

1. rRNA depletion: oligo dT hybridization, and 
      purification 

2. mRNA fragmentation: chemical cleavage 
               (~150bp) 

3. Random priming to obtain cDNA strand 

5. A-tailing 

6. Adapter ligation 
T	 T	

7. PCR amplification,  
    removal of dUTP containing strand 

4. dUTP incorporation on the dscDNA U	 U	

U	 U	A	
A	

U	 U	A	
A	

rRNA 

AAAA	
AAAA	

AAAA	AAAA	

TTTT-beads	
AAAA 
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TruSeq Total stranded RNA prep 

73	

1.  rRNA depletion: rRNA hybridization,  
      and purification 

2. mRNA fragmentation: chemical cleavage 
               (~150bp) 

3. Random priming to obtain cDNA strand 

5. A-tailing 

6. Adapter ligation 
T	 T	

7. PCR amplification,  
    removal of dUTP containing strand 

4. dUTP incorporation on the dscDNA U	 U	

U	 U	A	
A	

U	 U	A	
A	

rRNA 

AAAA	

AAAA	

AAAA	
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UltraLowInput RNAseq (SMART technology) 
(Switching Mechanism At 5’ End of RNA Transcript) 

 

rRNA 

AAAA	AAAA	

AAAA	
SMART	CDS	primer	

SMARTerIIA	oligo	5’	

1. SMARTer Reverse transcriptase 

1st	strand	synthesis,	tailing	by	RT	

XXX	

2. PCR amplification from  
    SMARTer primers 
    (Full length dscDNA) 
 

XXX	

3. Sonication to ~200bp 

4. End repair, A-tailing, ligation of TruSeq adapters 

5. PCR amplification 

TTTT 



75	

468VTF_V5-2 
(RNAseq) 

468VTF-5 
(ultralow) 

474IDH_V3-2 
(RNAseq) 

474IDH_V3 
(ultralow) 

RIN 8.3 8.3 8.3 8.3 

% duplication 48.22 45.95 47.99 44.53 

% mapped reads 98.90 97.85 98.80 98.02 

RefSeq IDs with 
> 10 counts 

18602 17997 17868 17168 

% rRNA in 
bam(RSeQC) 

2.71 7.42 3.3 7.69 

Comparison between data generated by RNAseq and Ultra Low Input RNAseq 

Xihui, Yushan, Piali 



Quality Control of ChIP DNA 

Chromatin	Immunoprecipitation	

M				0					2				4				6					8				10			12			M	

500bp	

1.5% agarose gel BioAnalyzer High Sensitivity 

QC1: quantitation 
   a minimum of 11ng of ChIP DNA at ≤ 1ng/ul, determined by Qubit 

QC2: qualitative measurement  
          10% of total material must be in the size range of the DNA fraction required for  

   library preparation (130-230bp) 
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DNA	
(0.1-1.0	ug)	

		

Single	molecule	array	
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preparation	 Cluster	growth	
5’	

5’	3’	

G	

T	

C	

A	

G	

T	

C	

A	

G	

T	

C	

A	

C	

A	

G	

T	
C	

A	

T	

C	

A	

C	

C	

T	
A	
G	

C	
G	

T	
A	

G	
T	

1 2 3 7 8 9 4 5 6 

Image	acquisition		 Base	calling		

T G C T A C G A T … 

Sequencing		

Illumina SBS Technology 
Reversible Terminator Chemistry Foundation 
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