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DNA sequencing with chain-terminating inhibitors
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Sanger, F. et al. Nature 24, 687-695 (1977).
Sanger, F., Nicklen, S. & Coulson, A.R. Proc. Natl. Acad. Sci. USA 74, 5463-5467 (1977).



February 2001: Completion of the Draft Human Genome (55 3 uiion

USD 3 billion

THE

HUMAN
GENOME .3
AN American Asrosianio : o
Science, 16 February 2001 Nature, 15 February 2001
Vol. 291, Pages 1145-1434 Vol. 409, Pages 813-960

April 2003: High-Resolution Human Genome
A vision for the future of
genomics research

A blueprint for the genomic era.

e
#

Years of DNA: From Double Helix to Health
5 O A Celebration of the Genome

Nature, 23 April 2003
Vol. 422, Pages 1-13

Francis S. Collins, Eric D. Green,
Alan E. Guttmacher and Mark S.
Guyer on behalf of the US National
Human Genome Research Institute*
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ABI 3730 XL DNA Sequencer
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96/384 DNA sequencing in 2 hrs, approximately 600-1000 readable bps per run.

1-4 MB bps/day

A human genome of 3GB need 750 days to finish 1X coverage
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Sequencing and analysis of an Irish human
genome

Pin Tong'', James GD Prendergast®’, Amanda J Lohan', Susan M Farrington®”, Simon Cronin®, Nial Friel®,
Dan G Bradley®, Orla Hardiman’, Alex Evans®, James F Wilson®, Brendan Loftus'

Abstract

Background: Recent studies generating complete human sequences from Asian, African and European subgroups
have revealed population-specific variation and disease susceptibility loci. Here, choosing a DNA sample from a
population of interest due to its relative geographical isolation and genetic impact on further populations, we
extend the above studies through the generation of 11-fold coverage of the first Irish human genome sequence.

Results: Using sequence data from a branch of the European ancestral tree as yet unsequenced, we identify
variants that may be specific to this population. Through comparisons with HapMap and previous genetic
association studies, we identified novel disease-associated variants, including a novel nonsense variant putatively
associated with inflammatory bowel disease. We describe a novel method for improving SNP calling accuracy at
low genome coverage using haplotype information. This analysis has implications for future re-sequencing studies
and validates the imputation of Irish haplotypes using data from the current Human Genome Diversity Cell Line
Panel (HGDP-CEPH). Finally, we identify gene duplication events as constituting significant targets of recent positive
selection in the human lineage.

Conclusions: Cur findings show that there remains utility in generating whole genome sequences to illustrate

both general principles and reveal specific instances of human biology. With increasing access to low cost

sequencing we would predict that even armed with the resources of a small research group a number of similar
initiatives geared towards answering specific biological questions will emerge.
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Whole-genome sequencing and comprehensive variant
analysis of a Japanese individual using massively
parallel sequencing

Akihiro Fujimoto, Hidewaki Nakagawa, Naoya Hosono, Kaoru Nakano, Tetsuo Abe, Keith A
Boroevich, Masao Nagasaki, Rui Yamaguchi, Tetsuo Shibuya, Michiaki Kubo, Satoru Miyano, Yusuke
Nakamura & Tatsuhiko Tsunoda
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Mature Genefics 42, 931-936 (2010) | doi:10.1038/ng 691
Received 18 February 2010 | Accepted 10 September 2010 | Published online 24 October 2010

Abstract

Sbztract « Author information = Supplementary information

We report the analysis of a Japanese male using high-throughput sequencing
to =40 coverage. More than 99% of the sequence reads were mapped to the
reference human genome. Using a Bayesian decision method. we identified
3,132,605 single nucleatide variations (SMV's). Comparison with six previously
reported genomes revealed an excess of singleton nonsense and
nonsynonymous SMWs, as well as singleton SNVYs in conserved non-coding
regions. We also identified 5,319 deletions smaller than 10 kb with high
accuracy, in addition to copy number variations and rearrangements. De novo
assembly of the unmapped sequence reads generated around 3 Mb of novel
sequence, which showed high similanty to non-reference human genomes and
the human herpesvirus 4 genome. Our analysis suggests that considerable
variation remains undiscovered in the human genome and that whole-genome
sequencing is an invaluable tool for obtaining a complete understanding of human genetic vanation.



Next Generation Sequencing Technology

Massively Parallel Signature Sequencing (MPSS)

NATURE METHODS | VOL.5 NO.1 | JANUARY 2008

Method of the year,2007. Tﬁ‘w‘_

Nature Methods' Method of the Year 2007 goes to next-
generation sequencing. This series of articles showcase
how these novel sequencing methods came into their own
in 2007 and the incredible impact they promise to have in a
variety of research applications. The Methods to Watch
feature provide a glimpse and a wish list for future Methods

== | of the Year.
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454 GS FLX  illuminas SOLEXA

http://www.454.com/ http://www.illumina.com/pages.ilmn?ID=250

'A% applied
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Throughput of NGS machines (2007-2009)

Throughput = total number of reads x read length

+$$&

Vendor: | Roche Illumina ABI |
Technology: ||454 Solexa SOLiD |
Platform: [GS20 |FLX |Ti GA 2 |
Reads: [500k [500k |[1M |28 M
Fragment
Read length: 100 200 (350 )33
Run time: |6br  |7hr Ok |[3d
Yield:  [[50Mb |100 Mb][|400 Mb {1 Gb
Images: [11GB [13GB [27GB [500GB |11TB |1.7TB |1.8TB [25TB |
PADisk: [3GB [3GB |[15GB |175GB |300GB | 350 GB | 300 GB | 750 GB |
PACPU: |10hr |140br |[220nr [100br [[70nr | 1001 NA |
sRA: [sooMB [16B [[4+GB [30GB |s0G6B |[75GB |100GB [140GB |
Paired-end ]
Read length: 200 235|250 (2475 Y225 (2%35 )
Insert: 35 kb 2000|2000 [2006 [3k0 |3
Run time: 7hr 6d 6d 8d 12d ||10d I
Yield: 100 Mb 2Gb  |8Gv  |11Gb [pGo [[sGb
Images: 13 GB 1TB |[22TB |34TB [36TB |5TB
PA Disk: 3GB 350 GB | 500 GB | 600GB |600GB [15TB |
PA CPU: 140 hr 160hr |120hr |170hr |NA  |NA |
SRA: 1GB 60GB | 100GB | 150 GB | 200 GB | 280 GB |




Throughput of NGS machines (2012-2013)
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Throughput of NGS machines (2012)

o) et
SEQUENCING

GS FLX+ System Performance

Read Length Up to 1,000 bp

Mode Read Length ?DD@

Throughput Profile 85% of total bases from reads >500 bp
45% of total bases from reads >700 bp

Typical Throughput 700 Mb

Reads per Run 1,000,000

Consensus Accuracy* 99.997%

Run Time 23 hours

GS Junior System

Read Length ~400 bp
Throughput - 85% of total base=s from reads =400 bp in length
Profile - 45% of total bases from reads =500 bp in length®

Throughput ~35 Mb



Throughput of NGS machines (2012)

Hlumina

HiSeq 2500/1500

Two run modes. High output or rapid run.

Flexibility to batch process multiple samples with high output in a single
run, or get rapid results with fewer samples for time-critical studies.

Run Mode

Output
(2 x 100 bp)

Run Time
(2 x 100 bp)

Cluster
Generation

Paired-end
Reads

Single Reads

Maximum
Read Length**

Quality
Scores* * *

High Output

600 Gb

~11 days

cBot

& Bilion

3 Bilion

2 x 100 bp

> 85% (2 x 50 bp)

Rapid Run*

120 Gb

~27 hours

On board

1.2 Billion

600 Million

> 80% (2 x 100 bp)

High Output

300 Gb

~8.5 days

cBot

3 Billion

1.5 Billion

2 x 100 bp

Rapid Run*

60 Gb

~27 hours

On board

600 Million

300 Million

2 x 150 bp

HiSeq 2000/1000

One run mode. High output

Generate the highest output and number of reads for batch processing

multiple samples in a single run.

Output (2 x 100 bp)

Run Time
(2 x 100 bp)

Cluster Generation
Paired-end Reads
Single Reads

Maximum
Read Length**

Quality Scores* **

600 Gb

~11 days

cBot
6 Billion

3 Billion

2% 100 bp

> 85% (2 x 50 bp)
>80% (2 x 100 bp)

300 Gb

~8.0 days

cBot
3 Billion

1.5 Billion

2 % 100 bp



Throughput of NGS machines (2012)

applied
D biosystems

System accuracy’

Typical
throughput/day?

Samples/run?

Independent lanes

Typical run time

Typical
throughput/run*

Read length

Multiplexing

5500 SOLID™ Sequencer
with microbeads

up to 99.99%

10-15 Gb/day

* | genome
* 12 exomes

* & transcriptomes
1-6

* | day for 35 bp
[1 lane]

s 7 days for 80 bp = &0 bp

[ lanes)

* 7 days for 75 bp x 35 bp
[ lanes)

90 Gb
« MP: 60 bp x 60 bp

* PE: 75 bpx 35 bp
* Fragment: 75 bp

26 for RNA and DMA

5500x1 SOLID™ Sequencer

with microbeads
up to 99.99%

20-30 Gh/day

* 2 genomes
* 24 exomes

* 12 transcriptormes

1-12

* 1 day for 35 bp
[1 lare)

s 7 days for &0 bp x 60 bp
[12 lanes)

* 7 days for 75 bp x 35 bp
[12 lanes)

180 Gb

* MP: &0 bp x 60 bp

* PE: 75 bp x 35 bp
* Fragment: 75 bp

94 for RMNA and DMA

with nanobeads

up to 99.99%

30-45 Gh/day

* 3 genomes
* 400 exornes

* 20 transcriptomes
1-12

+ 1 day for 35 bp
[1 lane]

* 7 days for &0 bp x &0 bp
[12 lanes)

* 7 days for 75 bp x 35 bp
[12 lanes)

300 Gb

* MP: 60 bp x 60 bp
* PE: 75 bpx30bp
* Fragment: 75 bp

26 for RMA and DMNA



NEXT GENERATION SEQUENCING

Basis Princip

Feature generation Sequencing by synthesis

454 Emulsion PCR Polymerase (pyrosequencing)
Solexa Bridge PCR Polymerase (reversible terminators)

SOLiD Emulsion PCR Ligase (octamers with two-base encoding)



June 2000

October
2005

October
2005

December
2005

Mowvember
2006

January
2007

March 2007

May 2007

MNovember
2007

June 2008

September
2008

October
2008

454

SEQUENCING

454 Life Sciences is founded

Releaze of the Genome Sequencer 20, the first next-generation
cequencing system an the market

Collaboration agreement signed with Roche Diagnostics

454 Life Sciences Awarded the Wall Street Journal's Gold Medal
for Innowvation

454 Life Sciences, in collaboration with Svante Paabo, describes
in Maturs the first million base pairs of the Neanderthal genome

and initiates the Neanderthal Genome Project.

Feleaze of the Genome Sequencer FLX System

Foche Diagnostics completes integration with 454 Life Sciences

Complete sequence of Jim Watson published in Mature. First
genocme to be sequenced for less than 51 muillicn.

Announcement of the 100th peer-reviewed publication enabled
by 454 Seguencing

454 Joins the 1000 Genome Praject, an international effort to
build the most detailed map to date of human genetic variation
as a tool for medical research

Announcement of the 250th peer-reviewed publication enabled
by 454 Seguencing

Releaze of Genome Sequencer FLX Titanium Series reagents,
featuring 1 million reads at 400 base pairs in length




DMNA Library Preparation Sequencing
and Titration

—

4.5 HOURS 10.5 HOURS

Ligation Genome fragmented
by nebulization

Selection
{isolate AB —
fragments

oniyl sstDMA library created

with adapto

AJB fragments
selected using avidin-
bisting puri tion

sstDNA Library

DMA Library Preparation Sequencing

—

& HOURS

and Titration

Anneal sstDMNA to an Emulsify beac Clenal amplification Break microreactars

axe of DNA PCR reagents ocecurs inside enrich for DNA-

Capture Beads water-in-oil microreactors positive beads
microreactors

gDNA sstDNA Library
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Step 1. DNA Library Preparation

DNA Library Preparation Sequencing
and Titration
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4.3 HOURS 10.3 HOURS
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Step 2. Emulsion PCR (emPCR)

DNA Library Preparation Sequencing

and Titration
—-

£ HOURS

Anneal sstDNA to an Emulsify beads and Clonal amplification Break microreactors

excess of DNA FCR reagents in oceurs inside enrich for DNA-

Capture Beads water-in-oll microreactors positive beads
miecroreactors

gDNA sstDMNA Library




Step 3. Pyrosequencing

DNA Library Preparation
and Titration

Sequencing

—

4.3 HOURS

Well diameter: average of d4um
200,000 reads obtained in parallal

A single cloned amplified ssthN&
bead is deposited par well

Amplified sstDNA library beads Quality filtered bases

dNTP—.—.dNDP + dNMP + phasphate
ATP —.—p ADF + AMF + phosphate




result->read the signal of light

ATP converting
to light

.
Converting to ATP 2. ! y

|

*

ATP sulfurylase—> convert
pyrophosphate to ATP luciferase—>react the ATP with

luciferin to generate light

DNA polymerase—> add the AT.C.G

apyrase—> degrade unincorporated
dNTPs and excess ATP
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CATCACATTACTCTCATCACTCGAATTTATCAATTTCTTCAATAATACTTCCAMLMTCS

il O (R T AT

ETEARCEG



454 technology (Pyrosequencing)

Sample preparation.

Fragments of DNA are ligated to adapters that facilitate their capture on beads (one fragment
per bead). A water-in-oil emulsion containing PCR reagents and one bead per droplet is
created to amplify each fragment individually in its droplet. After amplification, the emulsion is
broken, DNA is denatured and the beads, containing one amplified DNA fragment each, are

distributed into the wells of a fiber-optic slide.

Pyrosequencing.

The wells are loaded with sequencing enzymes and primer (complementary to the adapter on
the fragment ends), then exposed to a flow of one unlabeled nucleotide at a time, allowing
synthesis of the complementary strand of DNA to proceed. When a nucleotide is incorporated,
pyrophosphate is released and converted to ATP, which fuels the luciferase-driven conversion
of luciferin to oxyluciferin and light. As a result, the well lights up. The read length is between
100 and 150 nucleotides.

Enzymes “ 7 DNA on
on beads e “{ . beads
rimer
P Y Op o P>
Same with
— | © then(©)
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First look

Raising the standards in sequencing.
What’s coming next from 454.

Sea the Futurs of 454 Sequancing

Roche Shutting Down 454 Sequencing Business
October 15, 2013

By a GenomeWeb staff reporter
d g aA Typesize: & =

. Email
NEW YORK (GenomeWeb News) — Roche is shuttering its 454 o _
Life Sciences sequencing operations and laying off about 100 Eé'r';tg]‘f”e“d'?

employees, the company confirmed today.
Py pany y RSS Feed

The 454 sequencers will be phased out in mid-2016, and the
454 facility in Branford, Conn., will be closed "accordingly,”" Roche said in a statement
e-mailed to GenomeWeb Daily News.
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illumina

1. PREPARE GENOMIC DNA SAMPLE

Solexa Genome Analyzer

7. DETERMINE FIRST BASE

2. ATTACH DNA TO SURFACE

3. BRIDGE AMPLIFICATION

Rmndomly fragment genomic DMNA
and figate adapters to both ends of the
fragments.

4. FRAGMENTS BECOME DOUBLE
STRANDED

Bind sinale- #n 4

the inside surface of the flow cell channels.

5. DENATURE THE DOUBLE-STRANDED
MOLECULES

ly to

Add inisbeled nuceotides and eyme 10
Iitlste solid-phass bridge amplification.

6. COMPLETE AMPLIFICATION

The snzyme incorporstes nudeotides to
build double-stranded bridges on the solid-
phase substrate.

Several milion dense dusters of double-
ded DNA ame d in each channel

of the flow cell.

8. IMAGE FIRST BASE

9. DETERMINE SECOND BASE

[First chemistry cyde: toinitiste the first

Second chemistry cyde: to initists the

sequending cydle, addall four labeled
terminators, primens and DNA palymemss
enzyme 1o the flow cell.

10. IMAGE SECOND CHEMISTRY CYCLE

After lnser excitation, collect the image data
= before. Record the identity of the second
base for each duster.

Flow eall. Racord the idantity of the first bass
for each duster.

11. SEQUENCE READS OVER MULTIPLE
CHEMISTRY CYCLES

®
‘o e
l.
®e s
1.
®e o
l@
‘e e
10
o,

Repesat cycles of sequendng to determine
the sequence of bases in a given fragment
& single base at time.

et cing cycle, add all four labeled
meeralhls terminitors and ensyme to the
flow cell

12. ALIGN DATA

. B 1
..GCTGATG‘I’GCCQCCTCACTCC_GGTGG

CACTCLTCIGS
CTC ACYCC!:G'IGG
—» GCTGATGTGCCACCTCA
GATGTGCCACCTCACTC
GIGCCGCCICHUCC?S
| CICCIGTGG

Align data, compare to a reference, and
identify sequence differences.
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Sequencing-By-Synthesis So|e><a
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Solexa
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TH
a lllumina/Solexa — Reversible terminators S O I e xa

®
9 Bg, O,
®0A
Incorporate c ®
all four ® -
nucleotides,
each label
with a
different dye
C
(F)
Wash, four-
colour imaging
Top: CATCGT
Bottom: ccccce

Cleave dye
and terminating
groups, wash

.
-

Repeat cycles ey

From Debbie Nickerson, Department of Genome Sciences, University of
Washington, http://tinyurl.com/6zbzh4



| SoleXxa
Base calling from raw data

TA AT ...

) ..470 " 376 °
-: - |p' i-@:
TTTTTTTGT ...

The identity of each base of a cluster is read off
from sequential images

From Debbie Nickerson, Department of Genome Sciences, University of
Washington, http://tinyurl.com/6zbzh4



Solexa technology (sequencing-by-synthesis)

Sample preparation.

Fragments of DNA are ligated to end adapters, denatured and bound at one end to a solid
surface already coated with a dense layer of the adapters. Each single stranded fragment is
immobilized at one end, while its free end ‘bends over’ and hybridizes to a complementary
adapter on the surface, which initiates the synthesis of the complementary strand in the
presence of amplification reagents. Multiple cycles of this solid-phase amplification followed
by denaturation create clusters of ~1,000 copies of single-stranded DNA molecules distributed

randomly on the surface.

Sequencing with reversible terminators.

Synthesis reagents, added to the flow cell, consist of primers, DNA polymerase and four
differently labeled, reversible terminator nucleotides. After incorporation of a nucleotide, which
is identified by its color, the 3’ terminator on the base and the fluorophore are removed, and
the cycle is repeated for a read length of 30-35 nucleotides.

Primer
polymerase

W Tl T T

Iuorophore

ﬁm Ly —r > Mi m Romove ““I‘m

/ termination !
Reversible S
terminator - -

ACTG |




applied

blosystems
by ,&,fe technologies”™

. ~2 Exome samples' (50 bpx5 bp] All calculations assurne optimal running
efficiencies and the following coverage:

.~ 100X coverage of human exome

I 1 mRNA profiles®
(50 bp x 35 bp]

.:100 M tags [reads] per sample

. 2-5 M tags [reads) per sample

. 2-5 M tags [reads] per sample

. 4-5X coverage of hurman genome
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I 20-50 ChIP-Seq samples®
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.60 M tags [reads] per sample

. 20-50 microRNA samples”
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. 1 Structural variation/
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Step 1. Library preparation




Step 2. Emulsion PCR




Step 3.

Sequencing-by-Ligation

1. Prime and Ligate

" PORN
PRIMER ROUND 1 |f|1'im; N

*
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.
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4. Cleave off Fluor

Cleavage Agent *
. HOrry”
AT _ﬁ
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TA

5. Repeat steps 1-4 to Extend Sequence

Ligation cycle 1 2 3 4 5 6 7 ...(n cycles)

I ey T ey
ATHRETT GTV AT
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6. Primer Reset
S
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3’%““ 2. Prirmer reset 1. Melt off extended

X sequence
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7. Repeat steps 1-5 with new primer

i 1.;;39 shifti
PRIMER ROUND2 | |

/_—1\______
Universal seq primer (n-1) k\A CcCA CG AA TA CC
3 T ITTTT
15Jr.'1 . UL ' '
e T GT GC TT AT GG

8. Repeat Reset with , n-2, n-3, n-4 primers
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1 Unwegsal seq primer (n)
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2 Umversal seq primer (n-1)
3 yrrrrrTITYTIITTIT

Un wers?z’arl seq primer (n-2)
TETTTITTITIITITIT

Universaql seq primer (n-3)
TITTITTTTITIITY

Umversal seq primer (n-4)
3 TrrrTTTTITTYITIY

LI%)

Primer Round

=9

® |ndicates positions of interogation Ligation Cycle 10 = « [B

>1_88_1830_R3

Its format is G32113123201300232320
>TAG_ID >1 89 1562 R3

Color_space ¢23133131233333101320



Mike Brudno, U of Toronto http://bioinformatics.ca/files/CBW - presentations/HTSeq_ 2009 Module 2/HTSeq_2009 Module 2.ppt
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SOLID technology (sequencing-by-ligation)

Sample preparation.
Fragments of DNA are ligated to adapters and amplified on beads by emulsion PCR. The
DNA is denatured and the beads deposited onto a glass slide.

Sequencing by ligation.

A sequencing primer is hybridized to the adapter and its 5' end is available for ligation to an
oligonucleotide hybridizing to the adjacent sequence. A mixture of octamer oligonucleotides
compete for ligation to the primer (the bases in fourth and fifth position on these oligos are
encoded by one of four color labels). After its color has been recorded, the ligated
oligonucleotide is cleaved between position 5 and 6, which removes the label, and the cycle
of ligation-cleavage is repeated. In the first round, the process determines possible identities
of bases in positions 4, 5,9, 10, 14, 15, etc. The entire process is repeated, offset by one
base by using a shorter sequencing primer, to determine positions 3, 4, 8, 9, 13, 14, etc.,
until the first base in the sequencing primer (position 0) is reached. Since the identity of this
base is known, the color is used to decode its neighboring base at position 1, which in turn
decodes the base at position 2, etc., until all sequence pairs are identified. The current read

length is between 30 and 35 nucleotides — S
Primer 1 Primer 2
@ a-D
Bez}’)_'
-2=-101 23 45867 8B010MNn =2-1 01234 587 8010MNM
Sl —CA——
Hybridization | e Gem—
and ligation |=—CT——=*
—GC
l ),Read l
> G G COlOT > —G G—
£ 01 2a@@e 76 st0m 2501 2@@5 67 601
Cleavage
hybridization
ligation - .
| = GC —CF+ ) —> —GG —GC—

} ':'161'&3@@)533-@(@11 / 2\012%56?%1{”‘\
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.I ‘ | u m I n a MiSeq Benchtop Sequencer

Prep Sequence Analyze
# 5 PTG O PO o[ 20 s G Py BRI
1.0 4.5 <2
E L |

HERIAIS HOLIRS HOWRAS
MISEQ REAGENT KIT V2 MISEQ REAGENT KIT V3
READ LENGTH TOTAL TIME* OUTPUT READ LENGTH TOTAL TIME* OUTPUT
1 x 36 bp ~4 hrs 540-610 Mb 2 x 75bp ~24 hrs 3.3-3.8 Gb
2 x 25bp ~5.5 hrs 750-850 Mb 2 % 300 bp ~B65 hrs 13.2-15 Gb

2 x 150 bp ~24 hrs 4.5-5.1 Gb

2 x 250 bp ~39 hrs 7.5-8.5Gb
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Rapid 100-base sequencing on the lon 314 Chip.

35-400" bp reads

Ifyour application requires short-read or
long-read sequencing, or single-end, paired-
end, or mate-paired sequencing, the lon PGM™

Sequencer delivers the greatest flexibility
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Table 1 Insertion/deletion and substitution errors on read level for benchtop NGS platforms
Indels per Indels per Substitutions Substitutions

Platform Sequencing kit Library Strain Date of sequencing 100 bp read per 100 bp per read
GSJ GSJ Titanium Nebulization / AMPure XP Sakai June 2012 0.4011 1.8351 0.0543 0.2484
MiSeq 2 x 150-bp PE Nextera Sakai June 2012 0.0009 0.0013 0.0921 0.1318
MiSeq 2 x 250-bp PE Nextera Sakai September 2012 0.0009 0.0018 0.0940 0.2033
PGM 100 bp Bioruptor / lon Fragment Library  Sakai July 2011 0.3520 0.3878 0.0929 0.1024
PGM 200 bp lon Xpress Plus Fragment Sakai July 2012 0.3955 0.6811 0.0303 0.0521
PGM 300 bp lon Xpress Plus Fragment Sakai August 2012 0.7054 1.4457 0.0861 0.1765
PGM 400 bp® lon Xpress Plus Fragment Sakai MNovember 2012 0.6722 1.8726 0.0790 0.2202

Error rates were calculated by counting indels and substitutions in the mapping against the EHEC Sakai reference sequence for each uniquely mapped read.
8Kit was not officially available during time of study.
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lon Proton™ Sequencer

The Only Benchtop Genome Center

ROUND 2

ION PROTON™ SEQUENCER

HUMAN GEMOMES
HUMAN EXOMES
'WHOLE TRAWSCRIPTOMES

lon Proton™ System performance specifications* with lon Proton™ | Chip at commercial launch

Upto 10 Gb
Throughput [Mote: The lon Proton™ | Chip will be available about six months after the lon Proton™ | Chip. The lon Proten™ Il Chip
will enable sarnple-to-variant analysis of a hurnan genome in a single day, at up to 20x coverage.)

Read length Up to 200-base fragment reads

Sequencing run time As little as 2 hours for 100-base reads



Evolution of Sequencing Technology

Sanger dideoxy-sequencing ' )
ABI 3730XL nanopore technology?

i — Oxford Nanopore Technologies, Qiagen,
Massive parallel sequencing Electron Optica, Electronic BioSciences,

Roche454-FLX, lllumina Genome Analyzer, G_enapSys, Genia, _GnuBIO, IBM, LaserGen,
Life Technologies SOLID Ll_ghts_peed Genomics, NABsys, NobleGen
o Biosciences, QuantuMDx, Reveo, Stratos

Bead-based em-PCR and Genomics, Two Pore Guys, ZS
sequencing by ligation Genetics......ccooeiieinil.

Massive parallel sequencing and

single molecule sequencing

Pacific Biosciences (single-molecule real-time DNA sequencing (SMRT) technology)

Helicos (true single-molecule-sequencing (tSMS) technology)
VisiGen Biotechnelogies {reaktime. single-molect 4

fluorescence resonance energy transfer (FRET) technology)



Third-Generation Sequencers

NEW GENERATION SEQUENCING




Single Molecule Real-Time Sequencing

M/ ke

I'(Edl ume IIIUIIILUIIIIQ UI FCURK dLLIVIly
Read-out by fluorescence resonance energy transfer between

polymerase and nucleotides or
Waveguides allow direct observation of polymerase and fluorescently

labeled nucleotides

encing d Helicos BioS
Single molec P et e

Helicos BioSciences: one-pass sequ
Single molecule: primer immobilized

Il Il Y i 2 i Z
7 g P P) e
Y 7 7
]ﬂi] ﬂ ﬂﬂ ﬂﬂﬂﬂ { Billions of primed, single-molecule templates Thousands of primed, single-molecule templates

Billio cfpnmed, ngle-molecule empl

VisGen Biotechnologies Pacific Biosciences
Helicos Biosciences

Helicos Sells Certain MDx IP to Sequenom for $1.3M,

Warns of Potential Bankruptcy

April 11, 2012

Helicos BioSciences said in a regulatory filing that it has sold certain patent
applications covering molecular diagnostic applications of its technology to
Sequenom for $1.3 million. The patent applications cover methods for
detecting fetal nucleic acids and diagnosing fetal abnormalities. Helicos also
warned that if it is "unable to successfully raise additional capital, we may have

to cease operations and/or seek bankruptcy protection."




Single Molecule Real-Time (SMRT) Sequencing

www.sciencemag.org SCIENCE VOL 323 2 JANUARY 2009 133
Real-Time DNA Sequencing from
Si“gle Polvmerase Molecules Pacific Biosciences — Real-time sequencing

John Eid,* Adrian Fehr,* Jeremy Gray,* Khai Luong,* John Lyle,* Geoff Otto,* Paul Peluso,*
David Rank,* Primo Baybayan, Brad Bettman, Arkadiusz Bibillo, Keith Bjornson,

Bidhan Chaudhuri, Frederick Christians, Ronald Cicero, Sonya Clark, Ravindra Dalal,

Alex deWinter, John Dixon, Mathieu Foguet, Alfred Gaertner, Paul Hardenbol, Cheryl Heiner,
Kevin Hester, David Holden, Gregory Kearns, Xiangxu Kong, Ronald Kuse, Yves Lacroix,
Steven Lin, Paul Lundquist, Congcong Ma, Patrick Marks, Mark Maxham, Devon Murphy,
Insil Park, Thang Pham, Michael Phillips, Joy Roy, Robert Sebra, Gene Shen, Jon Sorenson,
Austin Tomaney, Kevin Travers, Mark Trulson, John Vieceli, Jeffrey Wegener, Dawn Wu,
Alicia Yang, Denis Zaccarin, Peter Zhao, Frank Zhong, Jonas Korlach, t Stephen Turnert

Phospholinked hexaphosphate nucleotides

Limit of detection zone

Fluorescence pulse

Epiflucrescence detection

INtEns ity m—
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Step 4

Figure 10. Processive Synthesis with Phospholinked Nucleofides.

Step 1: Fluorescent phospholinked labeled nucleotides are introduced into the ZMW.
Step 2: The base being incorporated is held in the detection volume for tens of milliseconds, producing a bright flash of light.
Step 3: The phosphate chain is cleaved, releasing the attached dye molecule.
Step 4-5: The process repeats.
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Nanopore Sequencing

Nucleic acids driven through a nanopore.

DNA molecule
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This diagram shows a protein nanopore set in an electrically resistant membrane bilayer. An ionic current is passed through the nanopore

by setting a voltage across this membrane.

If an analyte passes through the pore or near its aperture, this event creates a characteristic disruption in current. By measuring that
current it is possible to identify the molecule in question. For example, this system can be used to distinguish the four standard DNA bases
and G, A, Tand C, and also modified bases. It can be used to identify target proteins, small molecules, or to gain rich molecular

information for example to distinguish the enantiomers of ibuprofen or molecular binding dynamics.



BiolIT World

Indispensable Technologies Driving Discovery, Development, and Clinical Trials

Oxford Strikes Firstin DNA Sequencing Nanopore Wars

By Kevin Davies

February 17,2012 |Breaking a near total vow of
silence afterthree years in stealth mode, Oxford
Manopore has offered stunning details of its
nanopore next-generation sequencing (NGS)
technology to a packed house atthe premier
genome sequencing conferenceinMarco
Island, Florida.

In atalk atthe Advancesin Genome Biology
and Technology conference this morning, chief
technology officer Clive Brown presented
details ofwhatthe Britishcompany calls its
“new generation” of single-strand sequencing

technology, featuring accuratelong reads of
single-stranded DNA molecules, includingthe
completion of two viral genomes.

T
T

In the second half of this year the company will

commercially release its previously announced GridlON instrument, or node, as well as the world's
smallest DMA sequencing instrument—a portable cartridge called the MinlON that doubles (and works
as)aUSB drive.

Oxford Nanopores disruptive MinlON USB device



Single use cartridge

GridlOM nodes are designed to work with a sinale-use, self-contained cartridge that
includes all the reagents required to run an experiment. The Company is developing
a single port and a 96-well plate version of this cartridge.

All reagents are contained within the carridae, and there are no reagents inside the
instrurnent (nodes). The sample to be analysed is introduced into the carridge and
the carridge inserted into the node. Carridges are self-priming and no further user
action is required once loaded.

A number of nanopores are recorded at any one time by using an arrayed sensor
chip to create multiple individual recording channels. Signals from these channels
are acquired by a specially-designed ASIC.

Adapting to automation and improved workflows
Multiple samples can be loaded into a cartridge via a multi-well plate manifold. This adaptation allows the node to analyse each
sample in series.

Coupled with the “Eun unfil_ " functionality, each sample can be analysed until
sufficient data has been gathered to satisfy the pre-determined experimental
endpoint, and the node can then expel the sample, flush and move to the
subsequent sample. 96-well plate-based sample preparation can streamline and
scale workflows for individual nodes or for clusters.

Adaptation of cartridges for different applications.

Cartridges may contain different types of nanopores for the analysis of different
types of anlyte, e.q. DMA, proteins or small molecules. A different type of nanopore
may he supplied for sub-types of these experiments, for example epigenetic
analyses.




The GridlION system

Cwford Manopore’s proprietary nanopore-based sensing chemistries are operated on an electronics-based platform, the GridlOM
systemn. This enables the scaled-up measurements of multiple nanopores and the sensing, processing and analysis of data in real
time.

A single instrument, a GridlOM node, operates with a single-use
carridge that contains the necessary reagents to perform an
experiment.

Scalability
A node can be employed as a single desktop instrument, ar
scaled up in a similar way to computing installations.

As a desktop instrument for the individual researcher, it can write
data to the network or a locally attached disc (directly through a
LJSE arthrough a network) and work in a small 1ab.

Each node is a netwark device and multiple nodes can he
aggregated together into larger co-operating units or clusters,
communicating with each other in a peerto-peer fashion over the users network. The system is designed to interface, or even co-
locate, with standard or high-performance T infrastructure. Workflow overheads, and total costs, including IT, scale linearly with the
GridlOM system.

graphic. a single node (leff) may be used as a deskiop device, or installed in conjunction with other nodes that communicate with each
ottrer through a network (centre, right).

A single node as a desktop installation Modes may be clustered through a Each GridlOM node operates with a single
network for larger throughput installations dispoable cartridge.
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Droplet-based Sequencing

Microfluidics, the science that deals with the behavior, precise control and
manipulation of fluids that are geometrically constrained to a small, typically
sub-millimeter scale, emerged in the beginning of the 1980s and is used
widely in technologies such as inkjet print heads, DNA chips, lab-on-a-chip
technology, micro-propulsion and micro-thermal technologies. GnuBIO has
adapted technology developed in Dr. David Weitz laboratory at Harvard. This
technology is combined with proprietary molecular biology assays to create a
unigue next-generation DNA sequencing technology. The science behind this
GnuBIO sequencing technology utilizes droplet microfluidics to perform the
biochemical reactions for sequencing inside of tiny picoliter -sized aqueous
drops. Each droplet acts as a discrete reaction vessel, like a miniature test
tube, where the sequencing assay is performed.

The following results are the raw and unfiltered data from the GnuBIO
prototype system:

99.993% per base accuracy: This is the true per base accuracy, and is not
based on consensus accuracy

100% sequence coverage

100% of the reads were used

Read lengths of 126 base pairs (read lengths of 1Kb can routinely be
achieved today)
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