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'F i r The Eagle, Cambridge: the place where Francis Crick interrupted patrons' lunchtime on 28
= February 1953 to announce that he and James Watson had "discovered the secret of life"
after they had come up with their proposal for the structure of DNA




The Nobel Prize in Chemistry 1980
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Sanger Dideoxy Sequencing
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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).



Basics of the “Old” Technology

Clone the DNA.

Generate a ladder of labeled (colored) molecules that
are different by 1 nucleotide.

Separate mixture on some matrix.

Detect fluorochrome by laser.

Interpret peaks as string of DNA.

Strings are 500 to 1,000 letters long

1 machine generates 57,000 nucleotides/run
Assemble aII strlngs mto a whole”
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3 billion basepairs
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>10 years to finish

February 2001: Completion of the Draft Human Genome * p 3 itiion

=T

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.

Francis S. Collins, Eric D. Green,
Alan E. Guttmacher and Mark S.
Guyer on behalf of the US National

Human Genome Research Institute* Years of DNA: From Double Helix to Health

5 O A Celebration of the Genome

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




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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The Sequence of the Human Genome
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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

Affiliations | Contributions | Corresponding authors

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
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Throughput of NGS machines (2007 2009)

Vendor: Foche [ununa
Technologyv: | 434 Solexa SOLiD
Platform: |[G520 |FLX T1 GA GATI 1 2
Reads: 500k 500k 1M 28M 80 M 40 M 115 M
Fragment
Read lengih: || 100 200 350 35 50 75 25 33
: Run time: ==45]:|1' 7hr O hr 3d 3d 4d 6d 5d
Yield: 500b | 100 Mb ||| 400 Mb |1 Gb 4 Gb | 6 Gh 1 Gb 4 Gb
Images: 11GB |13GB ||27GB ||300GE ||1.1TB |17T1B ||[1ETB |25T1B
PADisk: (3GB 3GB I15GB |(|175GB ||300GB [ 350GB || 300 GB || 750 GB
PA CPU: 10 hr 140hr |[220hr | 100hr || 70hr 100 hr [[NA NA
SRA: 500MB | 1GB 4GB 30GB |[30GB |75GEB  ||100GB || 140 GB
Paired-end
Read length: 200 2x35 2x30 2xT75 2x25 2x35
Insert: 35kb 2000 2006 2000 3kb 3 kb
Run time: 7hr 6d 6d 8d 12d 10d
‘ield: 100 Mb 2Gh 8 Gb 11Gb  |[EGb 8 Gb
Images: 13 GB 1TB 22TB "3.4 IB ||36TB |[5T1B
PA Disk: 3GB 350GE |[500GB | o00GB ||[e00GB ||1.5TB
PA CPU: 140 hr 160hr |[120br |[170hr ||NA NA
SRA: 1GB 60GB |[100GB | 150GB ||200 GB | 280 GB




Throughput of NGS machines (2010)

Vendor: Roche Tllumina ABI
Technology: (454 Solexa SOLiD
Platform: [Gs20 [FLx [ GA |cam 1 2
Reads: |500k [so0k [im  [28M [s0m [soM [[115M
Fragment
Read length: | 100 00 [0 |35 50 75 25 33
Run time: | 6 br 7o Jlonr |34 3d 44d 6d 5d
Vield: [50Mo [100nm [400Mp 160 4o [ecw [1eo [acb
Images: |11GB [13GB |[276B [so0GB |[111B [1718 18718 |251B
PADisk: |3GB |3GB |I15GB ||175GB ||300 GB | 350 GB || 300 GB || 750 GB
PACPU: [10nr [140nr [[220nr [100m [[70nr [roome |na [va
sRA:  |sooMB [16B 4GB [30GB [s06B [756B |100GB |140GB
Paired-end
Read length: 200 235|250 275 [2x2s [2x3s
Insert: 35kb 2000 [2000 [2000 [3x0 |30
Run time: 7hr 6d 6d 8d 124 104
Yield: 100 Mb 2Gb  |sGb  [11Gb [260  |[scb
Images: 13 GB 1TB |[2271B [341B [[36TB [5TB
PA Disk: 3GB 350GB |500GB [ 600 GB [[600 GB [[1.5TB
PA CPU: 140 br 1600 |[1200r 1700 |[Na [Na
SRA: 1GB 60GB | 100GB [ 150 GB | 200 GB |[280 GB

illumina’
HiSeq2000 (launched in 2010)

Read Length RunTime Output

1x 35 bp ~1.5days 26-35Gb

2 x50 bp ~4 days 75-100 Gb
2 x 100 bp ~8 days 150-200 Gp

Up to 25GB per day for a 2 x100 bp run

applied
P biosystems-

SOLiD 4 (launched in 2009)



NEXT GENERATION SEQUENCING

Technologie
Applications
Analysis

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)
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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

DMNA Library Preparation Sequencing

and Titration
—

4.5 HOURS

Well diameter: average of 44pum
200,000 reads obtaimed in parallal

A single cloned amplified sstDMNA
bead is deposited per well

Amplified sstDNA library beads Quality filtered bases




Step 1. DNA Library Preparation

DNA Library Preparation Sequencing
and Titration

—-—

4.3 HOURS 10.3 HOURS

Ligation Genome fragmentad
by nebulization

Selection Mo cloning; no colony
{isclate AB — pickKing
fragments

only] sstDMNA library created

with adaptors

ASB fragments
selacted using avidin-
bioting purification

sStDMNA Library




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

TCACGTTTTTTAACAATCAACTTTTTCCATTAAARAMCTCTACATALCTCCATAMANTTANTAR
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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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.



Cluster Generation So|e><a

Clusters Array

Template Bridging
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Arch formation - DNA replication



SoleXxa

Denaturation
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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 |
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Applied Biosystems SOLID™ System 2.0




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

*

Universal seq primer (n) E&T
.
. %3’

. P1 Adapter TA Termnplate Sequence

2. Image _
Excite Fluorescence

i T
TA

3. Cap Unextended Strands

Phosphatasd

PO

Pt
./.

m I
[UUTTULILVL STV, e



4. Cleave off Fluor

Cleavage Agent *
. HOrry”
AT _ﬁ
LLLARRRRRRRRRRRRRRRRRRRRINE
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

Ta CA GT, 3;
6. Primer Reset
S
Universal seq primer (n-1) i
3’%““ 2. Prirmer reset 1. Melt off extended

X sequence
I v '

L LLLLLINNRRRRRRRRRNRRNRNRRRRRRRNRENE
R e 3



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

P
]
P2
Cad

2

=

)
®
o
o
.
(=]
®
E"
=}
=
)
—
(%]
[ ]
=
@n
(=]
S
X
o

14| 15|1s|1?\13|19|20\21 25|2s|2?\23|29|30 31|32|33|34/35

1 Unwegsal seq primer (n)
TITTTITITITITITIT

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

AR CNOIliD: NikhA Canirinnrina
AD DOULIUV. VIDdSe JC\{UCIILIIIE

AB SOLID reads look like this:

T012233102 T012033102
TGAGCGTTC ~ TGAATAGGA

A|C|GTEAGCGT
AlO 21[}4
cl1]/o|3!¥
G| 23|01
T(13|2|110




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{”‘\



Evolution of Sequencing Technology

116 26 236 3G 46

Sanger dideoxy-sequencing
ABI 3730XL nanopore technology?

. —— Oxford Nanopore Technologies (label-free,

Massive parallel sequencing single-molecule sequencing (BASE) technology),
Roche 454 FLX, lllumina Genome Analyzer, Affymetrix, Reveo, Base4|nn.ovat|on, Genome
Life Technologies SOLID Corp, and Complete Genomics.

Bead-based em-PCR and
sequencing by ligation

Dover Systems' Polonator

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 Biotechnologies (real-time, single-molecule sequencing

fluorescence resonance energy transfer (FRET) technology)



Nanopore Sequencing

Nucleic acids driven through a nanopore.

Y

o i
6

Differences in conductance of pore provide readout.

(e} Time in seconds (d)

e MM S

] L -70 pA

picoAmperes
R
=
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(e) Hypothetical readout

lon Torrent

Oxford Nanopore




Single Molecule Real-Time Sequencing

Hedl ume lIlUlIiLUIIIIg UI I"L,I'( dLLIVIly

Read-out by fluorescence resonance energy transfer between
polymerase and nucleotides or

Waveguides allow direct observation of polymerase and fluorescently
labeled nucleotides

¢ Helicos BioSciences: one-pass 8 d Helicos BioSciences: two-pass sequencing e Pacific Biosciences, Life/ Visigen, LI-COR Biosciences
Single molecule: plmerlmmubl ed Single molecul l mpl ate immobilized Single molecule: poly bilized 5

- [ I I i I ‘ | f ) ‘ > ) !
i R .'
ez X ) )
I ‘ i l % I J Billions of primed, single-molecule templates Thousands of primed, single-molecule templates

Billion: cfpﬂmed, ngle-molecule templates

Helicos Biosciences | VisGen Biotechnologies
Pacific Biosciences




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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Fluorescence

intensity (a.u.)

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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What makes the differences?

easier library preparation, shorter run time, longer read length, higher throughput, lower cost

Summary of second-generation sequencers
Length of library

Sequencing Sample Method of feature Sequencing
] prepl/feature . .
platform requirements r generation chemistry
generation (days)
Roche 454 (FLX- 1 pg for shotgun 34 Bead-based/emulsion Pyrosequencing
Titanium) library, 5 g for paired PCR
end
[lumina Genome =1 pg for single or 2 Isothermal ‘bridge Reversible
Analyzer (GAIl) paired-end libraries amplification’ on terminator SBS
flowcell surface
ABI SOLID <2 pg for shotgun 2-45 Bead-based/emulsion Ligation
library, 5-20 pg for PCR
paired end
® ®
Pacific Biosciences
1 day
[

zero-mode waveguides array

Epifluorescence detection

Intensity —p
\

Read
length Run time Throughput/run Throughput/day
(Gb) (Gb)
(bases)
400-500 10h 04-05 ~1
35-75 2 days for 36-cycle 3-6 15
single-end run, 4 days
for 36-cycle paired-end
run
25-T5 6-7 days for fragment 10-20 1.7-2
libraries, 8 days for
2 x 25 base paired-end
libraries
1000-2000 0.8 Gb
30 min 38.4 GB

Cost: US$100

Single-molecule real-time DNA sequencing (SMRT)



SMRT™ sequencing sample preparation workflow

Fragment DNA

! —— i —

Repair Ends

Wi,

Ligate Adapters PrLLN

1

Purify DNA
o

1

7N\

»,

ALl

Topas® raue®

Figure 17. Sample Prep Workflow.
The input sample is first fragmented to the desired size. The ends are repaired and the hairpin structures are ligated to the ends of each

fragment. A size selection and purification step selects those fragments with the adaptors attached to both ends. The SMRTbell templates
then can go through the sequencing reaction. A strand displacing polymerase enzyme opens the SMRTbell into a circular template and can
generate independent reads, both forward and reverse of the same DNA molecule. The quality score increases linearly with the number of

times the molecule is sequenced.



Standard sequencing protocol.
Enzyme processivity enables long readlengths while the speed of synthesis drives fast time to results.
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Strobe sequencing protocol.
Strobe sequencing offers greater flexibility and eliminates the need to create multiple libraries of
different sizes.

Mate-pair reads:

Strobed reads:
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ABI 37 30XL

up to 1100 bases/read

96 reads/run
approx. | MB/day and machine

First choice Tor finishing projects; full length cDNA sequencing;
single sample sequencing

Roche GS FLX

in average 250 bases/ read
up to 400 000 reads/ run
up to 100MB/ run/7.5 hours

Optimal for de novo sequen:ing {pm(arynf:s & Elll:ﬂl'll‘nts:l
metagenomes, transcriptomes,/cDNA, BACfosmid pools

lllumina Genome Analyzer

up to 50 bases/ read

up to 60 000 000 reads/run (paired-end)
up to 2000MB/ run/6.5 days
Sequencing by synthesis

ABI S50LiD

up to 35 bases/ read

up to 85 000 000 reads, run { paired-end)
up to 3000MB/ run/6 days

Sequencing by ligation

Highly atiractive for resequencing projects of e.g. production strains;

small RNAs, SAGE/CAGE and ChlP-5eq; ulira dee p mutation/5NPs




VIDEOS

4 54 http://www.454.com/products-
SEQUENCING solutions/multimedia-presentations.asp

Genome Sequencer FLX Multimedia Presentation
Genome Sequencer FLX Standard Series Workflow Presentation

Genome Sequencer FLX Amplicon Sequencing Presentation

Solexam http://www.illumina.com/technology/sequencing_technology.ilmn

— e

i http://marketing.appliedbiosystems.com/images/Pro

- M‘*w,:’oa;r[) iy duct/Solid_Knowledge/flash/102207/solid.html

equencing/tSMStradeHowItWorks/tabid/162/Default.aspx

a Corporation

h HE|.|COS http://www.helicosbio.com/Technology/TrueSingleMoleculeS

1SI1(
N http://visigenbio.com/technology _movie_streaming.html

BIOTECHHOLOGIES, Inc

Y BIOSCIENCES http://www.pacificbiosciences.com/video_lg.html



John McPherson, OICR, Director of the Cancer Genomics platform
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ARCHON
GENOMICS

Archon ¥ PRIZE for Genomics Teams

N\ PRILZE

Media Center Take Action Discover About

“The scaffold has been handed down to us from our ancestors,
and through it we are connected to all other life on earth.”

- Svante bo

Revolution Through Competition.

ARCHON X PRIZE FOR GENOMICS

Introduction

Why Genomics?
PRIZE Qverview
Why Whole Genome
Seguencing?

b The Promise of Personalized
Medicine

b Freguently Asked Questions
b Competition Guidelines [POF
b Registerto Compete [POF

v v w w

ARCHON
sENOMICS

A $10 MILLION PRIZE
FOR THE FIRST TEAM TO SUCCESSFULLY SEQUENCE
100 HUMAN GENOMES IN 10 DAYS

ARCHON X PRIZE FOR GENOMICS

Scientists know that a map of our genome holds boundless
potential, ranging from identifying our susceptibility to disease
to discovering cures for cancer. But since 1953, when James
Watson and Francis Crick concluded that DMA contained the
"stuff of life,” only a handful of human genomes have been
mapped. In fact, it still takes many months and millions of
dollars to sequence a single genome.

Understanding our genomes may help delay or even prevent
disease. Forthose suffering from genetic illnesses, personal
genetic information can determine which medicines will drive
their disease into remission without negative side-effects.

The Archon X PRIZE for Genomics challenges scientists and
engineers to create better, cheaper and faster ways to
sequence genomes. The knowledge gained by compiling and
comparing a library of human genomes will create a new era of
preventive and personalized medicine — and transform
medical care from reactive to proactive.

The X PRIZE Foundation and scientists the world over dream of
the day when we fully understand the human genetic blueprint
— enahbling us to make informed decisions about our own
health and create a brighter future for generations to come.

FPlease join the X PRIZE Foundation in our challenge to create
a breakthrough in genomics that will benefit all of humanity.

Join the Revolution

» TAKE ACTION

Many thought that the unbelievable
feat in 2001 of deciphering the human
genome was the end of the story.
Not 20! We now firmby believe that it
was only the beginning. The true
challenge now appears to be in
deciphering individual variations
within the human genome. t is there
that the true importance of genomics
resides. Only by unearthing the
blueprint detailz of each and every
individual, will we be able to fully
fathom health and dizeaze, mental
and bodily faculties, and the true
zecrets of human biclegy. The
Archon X PRIZE for Genemics wil
greatly enhance =cientiztz’ ambition
to develop methodologies for
individual genomic "blue-printing™. |
believe the PRIZE will bring about
bona-fide successes within 5 yvears,
much earlier than otherwize feasible.
It will thereby create the real genomic
revolution.

Prof. Doren Lancet
Head, Crown Human Geneme

Center




How much does it cost for a Human Genome?

Human
Genome
Project

| Human Reference Genome
8 April, 2003

et >10 years to finish
% & USD 3 billion
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Craig Venter’s Personal Genome
September, 2007

James Watson’s Personal Genome
June, 2007

f | 1vyear
USD 2 million

§  lyear
=% USD 1 million

Personal Genome

When will it available?
How long will it take?
How much?

nau 1re YH Genome
. &= November, 2008
X

1 year

%“""‘; ~USD 0.5 million



Personal
Genome

J.Craig
Venter

James D.
Watson

Yoruban
male
(NA18507)

Han
Chinese
male

Korean
male (AK1)

Korean
male (S)K)

Yoruban
male
(NA18507)

Stephen R.
Quake

AML

female
AML male
James R.

Lupski
CMT male

Sequenced Human Genomes

Platform

Automated
Sanger

Roche/454

llumina/
Solexa

llumina/
Solexa

lumina/
Solexa

llumina/
Solexa

Life/APG

Helicos
BioSciences

llumina/
Solexa

lumina/
Solexa

Life/APG

Genomic
template
libraries

MP from
BACs, fosmids
& plasmids

Frag: 500 bp

93% MP: 200 bp
7% MP: 1.8 kb
66% Frag:
150-250 bp

34% MP: 135 bp
&440bp

21%Frag: 130bp &
440 bp

79% MP: 130 bp,
390bp & 2.7 kb

MP: 100 bp,
200 bp & 300 bp

9% Frag:
100-500 bp

91% MP:
600-3,500 bp

Frag: 100-500 bp

Frag: 150-200 bp**
Frag: 150-200 bp*
MP: 200-250 bp™*
MP: 200-250 bp#

16% Frag:
100-500 bp

84% MP:
600-3,500 bp

No. of
reads
(millions)

319

93.2%

3,410°
271

1,921%

1,029

393%

1,156

1,647*

2117

2,075%

2,725%

2,730%#
1,081+
1,620+
1,351+
2387

1,211%

Read
length
(bases)

800

250°

35
35

35

35

36

36, 88,
106
35,74
50
25,50

32°

32
35
35
50
35

25,50

Base
coverage
(fold)

7.5

74

40.6

36

27.8

29.0

17.9

28

327
13.9
23.3
213
29.6

Assembly Genome

De novo

Aligned*

Aligned*

Aligned*

Aligned*

Aligned*

Aligned*

Aligned*

Aligned*

Aligned*

Aligned*

SNVsin

coverage millions

(%)*

N/A

g5l

99.9

99.9

99.5

99.9

98.6

a0

91
83
98.5
97.4
99.5

(alignment
tool)

3.21

3.32 (BLAT)

3.83 (MAQ)
4.14 (ELAND)

3.07 (SOAP)

3.45 (GSNAF)

3.44 (MAQ)

3.87
(Corona-lite)

2.81
(IndexDP)

3.81% (MAQ)
2.92% (MAQ)
3.46% (MAQ)
3.45% (MAQ)

3.42
({Corona-lite)

USD 10000 per Genome in 20157

No. of Estimated
runs cost

(US$)

>340,000 70,000,000

234 1,000,000"
40 250,000°
35 500,000°
30 200,0007
15 250,000%
9.5 60,0001**

4 48,000"

98 1,600,000
34

16.5 500,000
13.1

3 75,000
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Investor Relations

Complete Genomics, Inc.

is pleased to announce its

Initial Public Offering

NASDAQ: GNOM
November 11, 2010
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mplete

Human Genome Sequencing &
Analysis Service

Dedicated to complete human genome sequencing
and analysis provided as an innovative, end-to-end,
outsourced service model. Complete Genomics
enables researchers to conduct large-scale
complete human genome studies.

By optimizing our sequencing platform for human
DN A, we are able to achieve accuracy levels of
94.9949%. at 3 tntal cnst that is significantly less than
the total costof purchasing and using commercially
available DM A seguencing instruments.
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Receive Research-
Ready Genomic Data

We offer our customers an end-to-end,
outsourced solution that delivers
research-ready genomic data.

QOur CGA™ Service provides reliable
access to assembled and annotated sy
sequence data and our analytical tools
enable our customers o rapidly analyze
andcompare genomic data
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» read more
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1000 Genomes

A Deep Catalog of Human Genetic Variation

The 1000 Genomes Project is an international research consortium formed to create the most detailed
and medically useful picture to date of human genetic variation. The project involves sequencing the genomes of
approximately 1200 people from around the world and receives major support from the Wellcome Trust Sanger
Institute in Hinxton, England, the Beijing Genomics Institute Shenzhen in China and the National Human Genome
Research Institute (NHGRI), part of the National Institutes of Health (NIH).

Drawing on the expertise of multidisciplinary research teams, the 1000 Genomes Project will develop a
new map of the human genome that will provide a view of biomedically relevant DNA variations at a resolution
unmatched by current resources. As with other major human genome reference projects, data from the 1000
Genomes Project will be made swiftly available to the worldwide scientific community through freely accessible
public databases.

On 4 September 2008, the co-chairs of the analysis group and overall project co-chairs drafted a letter
to the NIH Council about 1000 Genomes Project. This letter, available here, reviews the goals, describes the current
status, and provide an update on the critical tasks the Analysis Group must accomplish in order to deliver a valuable
community resource and achieve the Project's goals.



The Scientific Goals of the 1000 Genomes Project

To produce a catalog of variants that are present at 1
AI H percent or greater frequency in the human population

| across most of the genome, and down to 0.5 percent or
I H lower within genes.




< previous article next article »

A map of human genome variation from population-
scale sequencing

The 1000 Genomes Project Consortium
Affiliations | Contributions | Cerresponding author

Nature 467, 1061-1073 (28 October 2010} | doi:10.1038/nature09534
Received 20 July 2010 | Accepted 30 September 2010 | Published online 27 October 2010

Abstract

fbztract « Introduction - Data generation, alignment and variant discovery » Power to detect variants »
Genotype accuracy - Putative functional variants - Application to association studies -
Mutation, recombination and natural selection » Discussion » Methods - References » Acknowledgements »

Author information - Supplementary information - Comments

The 1000 Genomes Project aims to provide a deep characterization of human

. . . o . . AFEEEH
genome sequence variation as a foundation for investigating the relationship
between genotype and phenotype. Here we present results of the pilot phase print
of the project, designed to develop and compare different strategies for email

genome-wide sequencing with high-throughput platforms. We undertook three
projects: low-coverage whole-genome sequencing of 179 individuals from four
populations; high-coverage sequencing of two mather—father—child trios; and
exon-targeted sequencing of 697 individuals from seven populations. We
describe the location, allele frequency and local haplotype structure of
approximately 15 million single nucleotide polymorphisms, 1 million short
insertions and deletions, and 20,000 structural variants, most of which were
previously undescribed. We show that, because we have catalogued the vast
majority of comman variation, over 95% of the currently accessible variants found in any individual are
present in this data set. On average, each person is found to carry approximately 250 to 300 loss-of-function
variants in annotated genes and 50 to 100 variants previously implicated in inherited disorders. We
demonstrate how these results can be used to inform association and functional studies. From the two trios,

download pdf
download citation

order reprints

De2HH& 0 -

rights and permissions

'.i = share/bookmark

we directly estimate the rate of de novo germline base substitution mutations to be approximately 1072 per
base pair per generation. We explore the data with regard to signatures of natural selection, and identify a
marked reduction of genetic vaniation in the neighbourhood of genes, due to selection at linked sites. These
methods and public data will support the next phase of human genetic research.
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Applications on Biomedical Sciences

Category

Examples of applications

Complete genome resequencing

Reduced representation sequencing
Targeted genomic resequencing
Paired end sequencing
Metagenomic sequencing

Transcriptome sequencing

Small RNA sequencing
Sequencing of bisulfite-treated DNA

Chromatin immunoprecipitation—
sequencing (ChIP-Seq)

Nuclease fragmentation and
sequencing

Molecular barcoding

Comprehensive polymorphism and mutation discovery
in individual human genomes

Large-scale polymorphism discovery

Targeted polymorphism and mutation discovery
Discovery of inherited and acquired structural variation
Discovery of infectious and commensal flora

Quantification of gene expression and alternative
splicing; transcript annotation; discovery of transcribed
SNPs or somatic mutations

microRNA profiling

Determining patterns of cytosine methylation in
genomic DNA

Genome-wide mapping of protein-DNA interactions

Nucleosome positioning

Multiplex sequencing of samples from multiple
individuals




Transcriptome Sequencing

Isolate Transcript RNA

Reverse Transcription

Fragment cDNA

Size Selection

lllumina Sequencing of each end

o LT 20,000,000 reads

*based on lllumina approach
**strand-specific RNA-seq protocols exist for both Illumina and SOLiD
Slide complements of Andrew McPherson



Transcriptome Sequencing

pre-mRNA

Short read is split by
intron when aligning
to reference Genome



Analysis Strategies: Reference Sequence
Alignment vs De novo Assembly
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Align reads to Assemble transcripts
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| Genome
Asz=aemble transcripts Align transcripts
from spliced alignments o genocme
v
[T e | | More abundant [ e ] | ]
Ee——_E_ 1 O ]

== - ] ] Less abundant

Image from Haas & Zody, 2010

*Assembly is the only option when working with a creature with no genome sequence,
alignment of contigs may be to ESTs, cDNAs etc



Drawbacks for each strategy

* Alignment to genome

— Computationally expensive

— Itis never a good idea to simply align RNA-seq data to the genome Need a spliced aligner or a
surrogate (such as including exon-exon junction sequences in ‘genome’)

* Alignment to transcriptome

— Reads deriving from non-genic structures may be ‘forcibly’ (and erroneously) aligned to genes
* Incorrect gene expression values
* False positive SNVs
* Many other potential problems

 Assembly
— Low expression = difficult/impossible to assemble
— Misassemblies/fragmented contigs due to repeats
— Requires vast amounts of memory

Genome

Transcript model

Exon junction



Benefits of each approach

* Alignment to genome
— Allow reads from unannotated loci, introns et cetera to align to their correct
locations... potential for new biological insights
* Alignment to transcriptome
— Computationally inexpensive
— Spliced (exon junction) reads map correctly
— Pairing distance and junction reads may help distinguish individual isoforms
(informative/unique regions of transcripts)
 Assembly
— Can provide a more long-range view of transcripts
— Allows detection of chimeric transcripts and resolution of ‘breakpoints’
— May not necessarily need a genome



What can you get from Transcriptome Sequencing

Within gene? Within intergenic

region?
Contains ORF?
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Small RNA Sequencing

lllumina SOLEXA sequencing by synthesis

P ——
Total RNA

A Size fractionation (17-27 nt) <>

5’ . 3’
S’-adaptor ligation < -
5 s R Y
3'-adaptor ligation <
55— ¥
RT-PCR @
5 3’
3 3
sequencing < -
O >
g meeeTTTTTE
GHWI-EAS82 3 FC204V1AAXX:6:1:886:345
AGAGTTCTACAGTCCGGACGATCTCGTATGCCGETC

+HWI-EAS82 3 FC204V1AAXX:6:1:886:345
hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh

40,000,000 reads of 35 bp long



Small RNA Sequencing
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Human Exome Sequencing

I. Genomic DNA preparation
and hybrid selection

II. 1G sequencing

A

-
P

SBS primer
5 —»

o0

1. Randomly fragment high-
molecular-weight DNA by
by sonication or nebulization.

2. Repair, blunt and phosphorylate ends.

. Ligate linkers, denature
strands and capture with
385k arrayed probes.

4. Recover selected fragments

by thermal elution followed by
lyophilization and PCR
enrichment of ligated strands.

5. Blunt asymmetric capture linkers.

Phosphorylate and adenylate ends.

Ligate lllumina 1G—compatible adaptors.

Gel purify and PCR enrich.

6. Denatured strands are injected

into eight-lane flow cell. Clusters are
generated from single molecules
by in situ amplification.

7. Sequencing-by-synthesis primer is
hybridized and cluster images are
scanned with each successive
round of fluorescent nucleotide

incorporation.

8. Images are processed with

lllumina base-calling software
and aligned to reference.

TAACATCTGAGTGAT
GCTGAGTGATCGGTA

EECATAAA'ITG

CATA

TGGATCGGTAACATCGCCATAATTGGCTGAGTCG

CGGTAACATCGCCATAATTGGCTG
ACATCGCCATAATT

A single Nimblgen 2.1M array is capable
of enrichment simultaneously more than
180,000 human coding-exon and 550
mMiRNA exons available in the CCDS
database. The methods significantly
improve the efficiency, the cost and
throughput of target enrichment compared
to conventional PCR-based methods.

The human exome captured library
preparation consists of three major
processes and lasts seven days, including
library preparation for sequence capture,
microarray hybridization, elution and
library construction for sequencing, using
lllumina Genome Analyzer can directly get
high quality sequence data for the entire
human exome.

This approach can find the exact genes
and mutations causing several complex
human diseases, such as cancer,
diabetes, obesity and so on.



Metagenomics

Enwvironmental Sample

Genomic DNA

Random Targeted

=l @ 0 O sma
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Random End —_—
Sequencing e = = m= T
—
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Sequence Entire Insert

Target Clones

Predict & Analyze Genes

|
| | I

Metabolism & Transport Lateral Gene Phylegeny Compare Genes
Transfer? from Environments

8% =

% % R oO 8 O
Direct cloning O
%éé 08

©50%,

ATGACTNCTCGATCG . .

y r Carmivones
L .'* | —Other eucaryoles
kS "
CTACTGATTATCGA. .. A Microbes

GACTGCATCCGACGT . . .
CGTTAACGTACG. . .

BLAST E >1e-3; >30 bp

Copynight © 2005 Naturs Publshing Group
Nature Reviews | Genetics



Old paradigm

, Transcriptomics ™ :
* Reference/model e * Mutz 5iS
organism * Microarray A\
* Sanger sequencing » cCDNA sequencing * Mutation mapping

% " Genetics

New paradigm

» Any organism
» Multiple samples
* Genome sequence
e Digital transcriptome )




The “old” biology

The most challenging task for a scientist is to get good data



_.The f‘new
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make sense of lots of data



Computing Power

Next gen sequencers generated Giga bp to Tera bp of data

illumina’

. . CPU
HiSeq2000 (launched in Q1 2010)
Read Length RunTime Output Disk Space
1x35bp ~1.5days 26-35Gb
2 x50 bp ~4 days 75-100 Gb RAM
2 x 100 bp ~8 days 150-200 Gp Bandwidth

Up to 25GB per day for a 2 x100 bp run




CPU

The speed of your CPU determines how quickly it can process
instructions

Many bioinformatics operations fall into the “embarrassingly
parallel” category

Getting a results faster is as simple as adding more CPUs
=> clusters

Though clusters still dominate, increasing attention is being
paid to servers with large number of cores

For current throughputs, you will need ~8 <dual quad core>
nodes per sequencer to handle raw data.

For data analysis, 1-2 nodes is enough for general purpose.

How about use Graphic Processing Unit (GPU) instead?



RAM

Typical sizing is 2GB of RAM per core

This works fine for most aligners

— Certain aligners require a minimum number of cores for optimal
efficiency

— 16-48GB RAM per node
Assemblers typically need much more RAM

If you don’t have enough RAM, the CPU will need to make use
of the disk storage —

When a computer has run out of RAM it is said to be
“swapping”

Some aligners have a minimum memory limit for optimal
performance

Human de novo requires lots of RAM!



Disk Space

Sequencers generate a lot of data

Including quality values and additional files (alignments etc)
create multiplier

Binary formats such as BAM are helping, but there are limited
binary formats for basic data

— Life and lllumina are both moving to binary formats for basic data
Debates on what needs to be stored
RAID

Scaling



Bandwidth

Bandwidth of a connection represents the
maximum rate of transfer between two points

. E.§. An aligner can process X reads per second on a single CPU at a data
rate of Y bytes/sec

— ~200 million reads in 10 hours
— Each read 50 bases at 10 bytes per base
— 2.7 MB/sec

* Design 100TB storage and connect it to a CPU resource
* Design bandwidth to be 10 Mb/sec — plenty of spare bandwidth

* Now we want to complete the job in an hour and get permission to buy 10
more CPUs — great!

BUT

For the 10 CPUs to run at maximum speed, they need to be supplied data at
27MB/sec

Our bandwidth is 10MB/sec

Therefore, no matter how many CPUs we buy, the job will never run faster
than ~ 2.5 hours.

How about optic fibers?



http://petang.cgu.edu.tw

llloleeulof Regulation and
“ Bioinformatics l.obontoﬂj

I Home I MRBLab . Research I cv . Publications I Parasitology '3|o|nfonnat|c3'_ R

The Molecular Regulation & Bioinformatics Laboratory (MRBLab) use bicinformatics LATEST NEWS
approaches to integrate data generated by high-throughput technologies to

compare the gene, protein and miRNA expression levels of protozoan as a basis for  [Anpouncement]

the development of new chemotherapeutic agents, to elucidate the interactome of

pathogen-host and to study the biclogy of longevity in protozoan.

[Lecture]
@ Bioinformatics Databases

ET_ Molecular Regulation & Bivinformatics Laboratory

Dept. Parasitolagy, College of Medicine, Chang Gung University, TAIWAN [Publication]
@May2010 - "DSAP: Deep-

Seguencing Small RNA Analysis
Pipeline” published in Nucleic Acids

Contact Information Research.
@Mar2010 - "The Genome of
Address: Trichomonas vadinalis™ i A
Dept. of Parasitalogy, College of Medicine, naerobic Parasitic Protozoa:
Chang Gung University. Genomics and Molecular Biology
& 259 Wenhwa 1st. Road. Kweishan, @Mar2010 - "Profecmic analysis of
Taoyuan 333. Taiwan. the effect of cyanide on Klebsiells
Phone number: oxytoca” published in Gumrent
+886-3-2118800&5136 Microbiclogy.
Fax: @Feb2010 - "Thchomonas
+886-3-2118122 vaginalis vast BspA-like gene
E-mail: family: evidence for functional
y petang@mail cqu_edu tw diversity from structural organisation
PETRUS TAHG and transcriptomics” published in
PR ] BMC Genomics

@Jan2010 - "Loss of Bikunin in
urine a5 wseful marker of bladder

carcinoma” published in J. Urology.
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