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Historical Timeline (in brief)
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Typical Genome Center in the Year 2006yp ca Ge o e Ce te t e ea 006

Large Sequencing Factories 

100 to 150 Capillary Sequencers

5 to 10 Colony Picking Robotsy g

Dozens of PCR Machines

Several Liquid Handling RobotsSeveral Liquid Handling Robots

Thousands of 384 well plates

D f l b l

Broad, WashU, Sanger, 
Baylor, BGI, Venter, JGI, etc.

Dozens of lab personnel

Multi-million dollar budgets Output of 
3 to 5 Gb per month3 to 5 Gb per month



Key Developments Over the Last 12 Months

Substantial enhancements on the Genome Analyzer
• >4x increase in output
• 2x increase in read length

O t bM

• >2x the tags per run
• Further streamlined workflow

October
V4 reagents

SCS 2.5
RTA/Pipeline 1.5

May
GAIIx

Pipeline 1.4
SCS 2.4

December
SCS 2.6/RTA 1.6

January
HiSeq 2000

GAIIe

April
HiScanSQ

23G
2x75 bp

RT base calling

33G
2x100 bp

Higher Q-values
>30% faster

50G
>500M reads

200G
>2B reads

Arrays + Seq
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g >30% faster



An Illumina Sequencer for Everyone

Two provenNext Generation Redefining theTwo proven 
technologies. One 
powerful platform.

50GB/run

e t Ge e at o
Sequencing made 

accessible.
40GB/run

Most widely adopted 
NGS platform.

95GB/run

Redefining the 
trajectory of 
sequencing.
200GB/run

GAIIe GAIIxHiScanSQ HiSeq2000
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Output Increase Per Run

HiS 2000HiSeq 2000

Genome Analyzer
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Genome Analyzer



Driving down the cost of human genome sequencing

Reagents price per 30x human genome
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Publications 

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

2007 2008 2009
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Publications on Genome Analyzer

Data Analysis
23%

Sequencing Technology
2%

Genomics
20%

ChIP-Seq
20%

DNA Methylation
4%

31%
Transcriptomics
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Simplest Sequencing Workflow

SIMPLIFIED 
SAMPLE PREP

cBot CLUSTER 
GENERATION

HiSeq 2000 
SEQUENCING

DATA PROCESSING 
& ANALYSIS

P ll l l A t t d l t A t t d Si l ffi i t d tParallel sample 
processing

Automated cluster
generation

Automated 
sequencing

Simple, efficient data 
analysis
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HiSeq 2000
Redefining the trajectory of sequencing

HIGHEST OUTPUT

Initially capable of up to 200 Gb per run

FASTEST DATA RATEFASTEST DATA RATE

~25 Gb/day 

7-8 days for 2 x 100 bp

HIGHEST NUMBER OF READS

One billion single-end reads*

Two billion paired-end reads*

13

*Based on one billion clusters passing filter



Dual Surface Imaging
Cutting-edge imaging technology

TDI line-scanning technology four CCDsTDI line-scanning technology, four CCDs

Fastest scanning and imaging method

Eliminates Mode Scrambler

Automated real-time auto-focus

Images clusters grown on both surfaces of flow cell

Huge gain in number of reads and sequence outputg g q p
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The Power of Line Scanning
Maximizing data rate

Point Imaging Area Imaging Line Imaging

Line Scan 
Camera

Object

Scan
Area

Scan
Area

Scan
Area

BeadArray GAIIx iScan, HiSeq 2000, 
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Four CCD Image Capture 
Maximizes Throughput

Cameras capture data almost 100% of time

Dual flow cells - alternation of imaging and chemistry

Si lt ti l i iSimultaneous vs. sequential imaging

A

T

C

G
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HiSeq 2000 Dual Flow Cell Design
Instrument scalability and experimental flexibility

TWO INDEPENDENT FLOW CELLS

Simultaneously run applications that require different read lengthsSimultaneously run applications that require different read lengths

Run in single or dual flow cell mode

SIMPLE FLOW CELL LOADING
Flow cells held by vacuumFlow cells held by vacuum

No oil needed

LED switch ensures correct connection

17



HiSeq 2000 
Plug-and-play reagents

PRE-CONFIGURED SEQUENCING REAGENTS
Only two minutes hands-on time

Up to 200 cycles per flow cell

Color & bar-coded for tracking

Temperature-controlled compartment

Integrated paired-end fluidics
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HiSeq Control Software
Touch screen user interface

SIMPLE OPERATION

Step-by-step run set up

Enter read length, single, paired-read, indexing

Real time run monitoring

Reagents usage tracking

Remote monitoring from web browser

Multimedia help menuMultimedia help menu
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Genome AnalyzerIIx Roadmap
World’s most adopted and proven next-gen sequencer

COMMITTED ON PATH TO 95GB

Internal runs have generated >95Gb

RTA 1.8 - detects more clusters

Version 5 reagents - 2 x 150 bp reads

20



95G Data Examples

Run Ave error rate Yield

Internal runs
A 2.02% 109Gb
B 1.74% 93.7Gb
C 1 21% 94 5GbC 1.21% 94.5Gb

Customer data

Run Ave error rate Yield

D* 1.63% 94.8Gb
E** 1.4% 97.8 Gb

*Part of early Access programme; extrapolated from 4 lanes
**B d I tit t t f Sh il Fi h

%
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**Broad Institute, courtesy of Sheila Fisher



HiSeq 2000 
Comparison with the Genome Analyzer

HiSeq 2000
(at launch)

GAIIx
(at 50G)

Gb per run
Gb per day

150-200
20-25

50
5

GAIIx
(at 95G)

95
7Gb per day

Cluster density in KClusters/mm²**
Read length
Available surface area (mm²)*

20 25 
260-350
2 x100
2880

5
490

2 x100
510

7
620

2 x150
510

22

*GAIIx with single surface, single FC, HiSeq 2000 with dual surface, dual FC
**Clusters passing filter



In one sequencing run you can…

Sequence one cancer &
one normal genomeSIMULTANEOUSLY g

At 30x coverage
Run multiple applications requiring 
different read lengths

Unravel
20 whole
transcriptomes

Analyze
two human

methylomes
One

Sequencing

Whole genome sequencing
Targeted resequencing

Gene expression
In four days In one week

RunGene expression

M t i
De novo

Methylation

Profile 200 gene 
expression samples

Whole transcriptome
ChIP-seq

Metagenomics

23

In less than two days



New Sequencing Sample Prep Automation*

FOR GENOMIC DNA & mRNA-SEQQ

Increases scalability

Reduces pipetting errors and variability

PRE CONFIGURED PROTOCOLSPRE-CONFIGURED PROTOCOLS

Accelerates adoption and transition times

No extensive development and verification needed

Serviced and supported by Illumina

24

*Expected availability End 2010



cBot
New automated cluster generation system

EASE OF USE

Pre config red pl g and pla reagentsPre-configured, plug-and-play reagents

Simple touch screen operation

Barcode scanner for reagent and sample tracking

Real-time run monitoring and self-diagnostics 

AUTOMATION

Intervention-free clonal amplification in 4 hours

QUALITYQUALITY
10-20% increase in cluster density

Less variability vs. cluster station
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Sequencing By 
Synthesis

(SBS)(SBS)
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Sample preparationSample preparation

library 
preparation

cluster
generation sequencing data 

analysis
biological
meaning

27



1. Fragment template

Nebulization Covaris Hydro Shear

T h l M h i l h i Adaptive Focused H d d i Sh iTechnology Mechanical shearing Adaptive Focused 
Acoustics Hydrodynamic Shearing

Advantages
Low Cost

Ease of Use

Low Sample Loss

Tight Size Distrib. @ >1Kb
Enables Mate Pair  
analysis

Limitations
Large  sample Loss

Broad Size Distribution

Expensive, $40,000 (S2)

Broad Size Distrib. @ <1Kb

PreClearing of samples 
required. 

Assembly calibration 
required; assemblies can 
clogg

Low Throughput

Minimum Length of 
Starting Material 2 Kb 600bp 3 Kb

Maximum Product 
Fragment Length 5 Kb 4 Kb 20 Kb

Automatable NO YES (E210) NO

28

Applications ReSeq, PE
ReSeq, PE, 

Targeted ReSeq
Mate Pair



2. Repair Ends
Converts overhangs into blunt ends and phosphorylates 5’ endConverts overhangs into blunt ends and phosphorylates 5’ end

Reagents:
– dNTP, T4 DNA pol, Klenow
– Kinase/ATP (T4 PNK)– Kinase/ATP (T4 PNK)

Simple enzymatic reaction

30 minutes incubation

3. Adenylate Ends
Adds ‘A’ base to the 3' end of the blunt, phosphorylated DNA 
fragments

Prevents formation of adapters dimers and concatemersPrevents formation of adapters dimers and concatemers

Reagents:
– 1 mM dATP, Klenow exo (3' to 5' exo minus)

29



4. Link adapters

Same general template architecture regardless of application (gDNA, RNA, miRNA, 
ChIP-seq, exon pull-down, etc.)

Single Read
P5

P7

5’
5’

Seq.
primer Insert

P5’

P7’

Paired Read
P5

P7

5’
5’

S.P. # 1 Insert

P5’

P7’

S.P. # 2

Indexed Paired 
Read

P5

P7

5’
5’

S.P. # 1 Insert

P5’

P7’

S.P. # 2

TAG

30



5. Gel purify
Si l tiSize selection

remove excess adapter and adapter dimers

tighten the range of fragment sizestighten the range of fragment sizes

cut out a ~2 mm wide gel slice

Excision range

200 bp insert size target (+/- 10%) for 2×75 bp or shorterp g ( ) p

in practice, this translates to a 2 mm gel slice at ~300 bp to account for 
the length of the adapter sequences flanking the inserts

300 bp or greater insert size target for 2×100 bp or longer (unless you 
intentionally want to sequence overlapping read pairs)
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6. Template enrichment /Final Adapter ligation

Recommended number of cyclesy
Starting DNA 

(μg)
Volume of ligation product to 

PCR (μl)
Number of 

Cycle

5 1 10

1 5 10

0 5 10 10/120.5 10 10/12

0.1 10 12

0.05 all* 12
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7. QC library

Quantify your completed library using

NanoDrop (ng/µl)

Agilent Bioanalyzer (size confirmation)

Bi l t lane 1: 300bp library lane 2: 600bp libraryBioanalyzer traces:

33



5' 3'
5'3'

5' 3' 5' 3' 5' 3'
f t DNA

5' 3' 5' 3' 5' 3'

5'3' 5'3' 5'3'fragment DNA

QIAquick

5'3' 5'3' 5'3'end repair

5' A
5'A

5' A
5'A

5' A
5'Aadd 3'-dA overhang

QIAquick

5A 5A 5A

QIAquick

ligate adaptors

QIAquick

size select on gel

QIAquick

QIAquick
enrich w/ PCR

QIAquick

34

validate library

concentration size



Cluster generationCluster generation

library 
preparation

cluster
generation sequencing data 

analysis
biological
meaning
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The flow cell
Everything except sample preparation is completed on the flow 
cell-Self Contained

Cluster GenerationCluster Generation

Sequencing by Synthesis Reaction

U t 96 lUp to 96 samples 

Closed system
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Cluster generation – hybridization and amplification

OHOH

diol diol diol diol diol diol diol

Grafted flowcell
P7 P5 

Template 
Hybridization

Initial extension
(Fusion Polymerase – v4)

Denaturation
(Formamide)

37



Cluster generation – hybridization and amplification

diol diol diol diol diol diol diol diol

1st cycle 
Denaturation
(Formamide)

1st cycle 
Annealing

1st cycle
Extension

(Bst Polymerase)

2nd cycle
Denaturation
(Formamide)( )

n=35
total

dioldiol dioldiol dioldiol
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2nd cycle 
annealing

2nd cycle 
extension



Cluster generation for single read runs

Linearization & Blocking

OH

Denaturation & Primer Hybridization

OH OH OH

Cluster 
Amplification

OH

diol diol

OH

Periodate 
Linearization

OH

Blocking with 
ddNTP ()

Denature and 
HybridizationAmplification Linearization ddNTP () Hybridization

SBS3

39



Summary of cluster generation for single reads 

OH OH

OH OHOH

2. Hybridization & 3  Linearization

P7 P5 

1. Grafting

OH OH
diol

diol diol

OH

y
Amplification

3. Linearizationg

OOH

4  Bl ki  ith 

Sequencing on 
Genome Analyzer

40

4. Blocking with 
ddNTP ()

5. Denature and Hyb
SBS



How does this differ for paired end sequencing?

The answer is in the flow cell oligos

OHOH OH

SINGLE READ PAIRED END

OHOH

P7 P5 P7 P5

OH
OH

P7 P5 P7 P5

Periodate Linearization Linearization 1 Enzyme
Linearization 2 Enzyme y
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Paired end cluster generation

OHOH

Grafted flowcell
P7 P5

Template 
hybridization

Initial extension Denaturation

42



Paired end cluster generation

1st cycle 
denaturation

2nd cycle
denaturation

1st cycle 
annealing

1st cycle
extension

n=35
total

43

2nd cycle 
annealing

2nd cycle 
extension



Paired end linearization

l l k h dCluster
Amplification

P5 Linearization Block with 
ddNTPS

Denaturation and
Sequencing Primer

Hybridization

So far, it’s all the same as Single Read except we use an ENZYME 
(Linearization Enzyme 1)  to perform the linearization instead of a 
CHEMICAL (periodate)

44



Paired end sequencing – read 1 and read 2

Denaturation and
Hybridization

Sequencing 
First Read

Denaturation and
De-Protection

OH OH

Resynthesis 
of P5 Strand

OH

Hybridization First Read De Protection of P5 Strand

P7 Linearization

OH

Block with 
ddNTPs

Denaturation and
Hybridization

Sequencing
Second Read

45
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SequencingSequencing

library cluster data biologicallibrary 
preparation

cluster
generation sequencing data 

analysis
biological
meaning
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NexGen Sequencing  vs Sanger

Sanger sequencing Illumina sequencing

.......

1 cycle = 1 bp
36 cycles = 36 bp

one region or PCR product 
(read length 350 - 850 bp)

whole genome 
(read length 18 - 100 bp)

reference genome

l 1sample 1
sample 2
sample 3
sample 4
sample 5
sample 6
sample 7

47

sample 7
sample 8
sample 9
sample 10



Genome Analyzer IIx

reagents optics
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Genome Analyzer IIx - Imaging compartment

49



Imaging Compartment
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GA IIx - Imaging Compartment
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Imaging Compartment
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GA IIx - Imaging Set Up

camera

.

.
.
.

Tile

Obj

camera . .

OIL

FLOWCELL

PRISM

Obj.
lens

60 tiles/column
XX

2 columns/channel
X

8 channels/flow cell
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Genome Analyzer IIx
SCS - the data collection softwareSCS - the data collection software

recipes = a series of commands 
that control the intrument 
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GAIIx - Paired end sequencing

SBS reagents
1 2 3 4 5 6 7

Genome Analyzer

VICI Flowcell 8-way 
pump

8

waste

VICI PE module

Priming 
pump

waste

Connected 

9 21

PE module
to GA
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SBS reagents



Sequencing by synthesis

1 Incorporation1. Incorporation

G
C

A T
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Sequencing by synthesis

1 Incorporation1. Incorporation
2. Scan

G
C

A T
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Sequencing by synthesis

1 Incorporation

3. Cleavage

1. Incorporation
2. Scan

G
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Genome AnalyzerIIx Performance Specifications

Performance Parameters

27.5 – 33 Gb of high quality data / rung q y

2.7 – 3.3 Gb / day

276-338M reads per paired-end run

2 x 100 bp supported read length

Raw Accuracy: 

≥ 98% (2 x 100)( )

≥ 99% (2 x 50)

Run Time:

2 100 b i 9 5 d2 x 100 bp in 9.5 days 

2 x 50 bp in 5 days

1 x 35 bp in 2 days
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The ENCODE Project
- a project with a vision to identify functional genomic elementsa project with a vision to identify functional genomic elements

Nucleosome Mapping

DNAse1-Seq

SEQ

M th l S

BIS-Seq
DNAse1 Seq

Methyl-Seq

ChIP-SeqChIP Seq

Small RNA Discovery

mRNA-Seq

Ribo-Seq

60
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AnalysisAnalysis
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Data Analysis Overview

Align

Instrument Control (SCS)
Image

Analysis
Base
Caller

QC and
Stats

Real Time Analysis (RTA)
Allele call

Indelsy

Transcripts

CASAVA

Raw Images Processed data

CASAVA

62

Raw Images Processed data



Software

SCS 2.6 (Sequencing Control Studio) → GA PC

RTA 1.6 (Integrated Real Time Analysis) → GA PC

OLB 1.6 (Off-Line Basecaller) → Server

CASAVA 1.6 (Consensus Assessment of Sequence And Variation) → Server

GERALD (G ti f R i A l Li k d b D d )– GERALD (Generation of Recursive Analyses Linked by Dependency)

 ELAND v2 (Efficient Large-Scale Alignment of Nucleotide 

Databases)

Ph Ali

63

 PhageAlign



Sequencing Control Software v2.6
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Real Time Analysis-RTA
About RTA

– State Machine
– Output of every process is a file that acts as the trigger for the next step
– Multi-threaded 
– Works in the background

Input:Input:
– Image files (.tiff)

Output:Output:
– qSeq.txt files

Provides Real-Time metrics through graphsg g

Transfers data from GA computer to server
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Real-Time Analysis Input

Tile
.
.
.

.

.

.

60 tiles/column
X

2 columns/channel
XX

8 channels/flow cell

66

How many images?



Real Time Analysis (RTA)
FirecrestFirecrest:

– Image Analysis/Template generation or cluster positioning
– Registration 

 Aligning template cluster positions with image
– Intensity Extraction
– Color Matrix (Cross Talk adjustment)

Ph i /P h i– Phasing/Prephasing

Bustard:
– Basecalling– Basecalling
– qSeq file generation
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Real Time Analysis-RTA
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Real Time Analysis-RTA Output

Qseq.txt

Tab-delimited: easy to parse, easy to import into databasesTab delimited: easy to parse, easy to import into databases

Split files per read on a read pair / multiple read run

I

ASCII Character Q-score

P
F (0,1)Sequence

Instrum
ent

R
un ID

Lane

Tile

X
-coord

Y
-coord

Index #

R
ead #
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OLB 1.6

 “Offline Basecaller” (OLB)

 OLB is simply the old “Pipeline” software but without the OLB is simply the old Pipeline  software, but without the 
Gerald module 

 OLB contains image analysis (i.e., “Firecrest”) and basecalling
(“Bustard”)

 OLB is Linux-based

 All OLB algorithms identical to RTA 1.6 algorithms 
(equivalence directly tested vs. RTA)

OLB ill b l d “t b ll” ( Li t fil ) OLB will be released as a “tarball” (compress Linux .tar file)

 OLB Users Guide a separate downloadable .pdf file via iCom

DVD’ l id d ( t f PL OLB SCS)

70

 DVD’s no longer provided (not for PL, OLB or SCS)



CASAVA 1.6 High Level Features Summary

GERALD and ELANDv2 Aligner 
– Supports gapped and multiseed alignment. 
– Use of Custom quality calibration tables is supported– Use of Custom quality calibration tables is supported
– Workflow simplification with the introduction of static make files

Demultiplexing
– Support for indexed runs (RTA via Demultiplex.pl and 

multiplexedGERALD.pl
– Sample Sheet - simple .csv file implementation

Updated Allele Caller
– Significantly faster (approximately 20-fold)
– Correctly handles reads with gapped alignments and 100bp readsy g pp g p

Updated SNP Caller
– SNP caller updated to increase heterozygous SNP sensitivity.
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CASAVA 1.6 High Level Features Summary 

GROUPER – Indel Detector
Uses singleton/shadow read pairs to detect indels– Uses singleton/shadow read pairs to detect indels. 

RNA SEQ improvements 
– ReadBases (counting by number of bases) is now the default counting 

method
– Normalization of RNA counts for exons and genes now based on RPKM 

(reads per kb per million aligned reads)

Performance Improvements
– Lower memory footprint and bandwidth
– Removed chromosome name parsing
– Chromosomes will be designated by the fasta reference filename
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Overall Analysis Workflow

SCS 2.6

CASAVA v1.6 and OLB (50G Release)

RTA 1.6

Firecrest Bustard

Images

CIF/CNF files

Qseq

OLB
Qseq 
files

Gerald
(Eland v2)

script for multiplexed run

Samplesheet.csv

Casava 1.6

Genome Studio or third party apps

Multiple 
*_export.txt 
+ other files

CASAVA build

(Eland v2)
SNP and

Indels calls
Counting

For mRNA

Genome Studio or third party apps.

• Primary analysis and Sequence analysis split out

• Primary analysis by RTA or Off Line Base (OLB)

73

y y y ( )

• Sequence analysis by CASAVA



Genome Studio
DNA Sequencing Module (DS)

S ft t l b l d t diSoftware tools can be analyzed to discover 
and confirm SNPs and chromosomal 
breakpoint regions. Visualization tools 
display consensus reads in the 
reassembled genome and indicate SNPsreassembled genome and indicate SNPs 
with colored letters

ChIP Sequencing Module (CS)
Create global binding site maps of DNA-
associated proteins. Differential binding 
levels between experimental groups can 
be identified by comparing sequences, 
regions, and peaks in table or 
chromosome viewschromosome views.

RNA Sequencing Module (RS)
This module performs digital gene 
expression profiling by aggregating data p p g y gg g g
from the Genome Analyzer Pipeline 
Software to count the abundance of reads 
falling within specific exons, genes, and 
splice junctions. The data are then 
graphically displayed as tables or plots

74

graphically displayed as tables or plots 
with GenomeStudio Software



Genome Studio Viewer

• An integrated genome 
browser

• Fast and easy data import• Fast and easy data import
• Standard stacked alignment 

plots
• A common platform forA common platform for 

sequencing and microarray 
applications
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Genome Studio Module

76



Genome Studio Module

77



Illumina evaluated and third Party Tools
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How much can you do with just one lane of GA data?

1150X E coli

2x Human Genome

50X Arabidopsis

1150X E. coli

2x Human Genome

3000X BRCA1+BRCA2, 12 samples per lane

50X Drosophila

79

500X Yeast Genome



Illumina Next-Gen Sequencing 
Sequence on a scale never before possibleq p

ENABLES DEEP SEQUENCING OF MANY LARGE, 
COMPLEX GENOMES AND TRANSCRIPTOMES

FUEL MAJOR STUDIES INTO CANCER AND OTHER 
COMPLEX GENETIC DISEASES

DRIVE TRANSLATIONAL MEDICINE

MAKE ROUTINE WHOLE GENOME SEQUENCING POSSIBLE 
Human

DRIVE TRANSLATIONAL MEDICINE

Crop
Livestock
Consumer Genomics
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